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Preface 

  

 In 1978, Steptoe and Edwards99) reported the birth of “Louise Brown”, the world first 

test tube baby produced by in vitro fertilization (IVF).  After that, the technology has been 

applied to produce offspring in other species such as cattle10), goat36), pig16), sheep16), cat33), 

horse83), and dog77).  Nowadays IVF technology has been widely used commercially for 

producing embryos in cattle67).  In addition, the bovine genome sequences20) and the variation of 

single nucleotide polymorphisms (SNPs)28) have already clarified, and the “genomic selection” 

based on SNPs dramatically has shortened the generation intervals27).  Therefore, the demand 

for producing embryos from younger heifers before the applicable stage of superovulation and 

uterine flush for in vivo embryo collection is increasing17, 61, 67).  Ultrasound-guided ovum-pick 

up (OPU) combined with IVF is widely used to produce embryos in cattle for genetic 

improvement67), and the efficiency of embryo production by OPU-IVF is higher than that by in 

vivo embryo production9, 87).  Therefore, the number of embryos produced in vitro has been 

increased internationally, and become similar to that produced in vivo85).  On the other hand, the 

developmental competence of oocytes matured in vitro by in vitro maturation (IVM) is lower than 

that of oocytes matured in vivo64, 98).  Also, bovine immature oocytes transferred to pre-ovulatory 

follicles and induced maturation in follicles showed higher developmental competence than 

oocytes matured in vitro42, 53).  These results indicate that further studies are necessary to 

investigate the acquisition of oocyte developmental competence in vivo and in vitro for the 

improvement of embryo production in vitro.  

 The primary roles of the ovaries are to support the growth and maturation of oocytes for 

the acquisition of fertilizability and competence for embryonic and fetal developments, as well as 

the production of sex steroid hormones for inducing the estrous cycle and sustaining pregnancy.  
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These ovarian functions are regulated by gonadotrophins and steroid hormones.  In mono-

ovulatory species, the emergence of follicular growth is induced by a surge-like secretion of 

follicle stimulating hormone (FSH).  Then a dominant follicle is selected as the decrease of the 

level of FSH by the inhibitory effect of estradiol-17β (E2) and inhibin secreted by follicles 

themselves.  The dominant follicle continues to grow by luteinizing hormone (LH), and results 

in ovulation5, 29).  Namely, most of follicles degenerate during follicular growth, and only a small 

proportion of follicles develops and ovulates5, 29).  If it is possible to develop a culture system 

that enables oocytes or follicles in early stages to grow to the ovulatory stage in vitro, more 

oocytes having high developmental competence can be produced for the embryo production, and 

an experimental model can be established for investigating the mechanisms underlying follicular 

growth and the acquisition of oocyte developmental competence.   

 In vitro growth (IVG) culture enables small oocytes derived from follicles in early 

developmental stages to grow to oocytes having the competence to develop to the blastocyst stage 

and offspring.  In mice, the organ culture of neonatal ovaries, combined with IVG culture of 

oocyte-cumulus-granulosa complexes (OCGCs), allows pups to be produced from primordial 

follicles in vitro22, 68, 78).  Recently, differentiation from primordial germ cells (PGCs) to 

functional oocytes69) or PGC-like cells derived from embryonic stem cells and induced pluripotent 

stem cells39) were realized in mice, resulting in the production of offspring after IVG of these 

oocytes39, 69).  On the other hand, in cattle, there are no studies produced calves from follicles 

earlier than preantral follicles.  In conventional in vitro embryo production including ultrasound-

guided OPU-IVF, oocytes derived from antral follicles lager than 2 mm in diameter are used80).  

After collection, these oocytes can be directly subjected to conventional IVM, IVF, and in vitro 

culture (IVC) for developing to blastocysts80).  On the other hand, early antral follicles smaller 

than 1 mm in diameter cannot be detected by general ultrasonography51), and the oocytes derived 

from early antral follicles cannot achieve nuclear maturation if they are directly subjected to 

IVM40).  Some studies reported the production of bovine calves derived from IVG oocytes that 

originated from early antral follicles40, 43, 105).  These results suggest that the follicular 
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development from early antral follicle stage (<1 mm in diameter) is critical stage for oocytes to 

acquire maturational and subsequent developmental competences.  Therefore, bovine IVG 

culture system can be utilized as an experimental model for studying factors affecting the 

acquisition of developmental competence of oocytes from small follicles those cannot be detected 

by ultrasonography.  However, in the conventional bovine IVG system, high concentration of E2 

was added into the media to compensate lack of theca cells, that provide androgens to granulosa 

cells for E2 synthesis in the OCGCs40, 43, 109).  It means that we cannot evaluate the ability of E2 

production in granulosa cells, which is important for the acquisition of oocyte developmental 

competence. 

 Bone morphogenetic protein (BMP)-4 is one of a member of growth factors called 

BMPs included in transforming growth factor-β (TGF-β) family.  BMPs are known to regulate 

FSH-dependent steroidogenesis in ovaries, and to inhibit the luteinization of growing follicles96).  

Especially among them, BMP-4 is produced by theca cells in bovine follicles, that was absent 

from current bovine IVG, and its receptor is expressed in oocytes and granulosa cells32).  An in 

situ hybridization analysis of rat ovaries revealed that the expression level of BMP-4 increases 

during follicular growth24).  In addition, BMP-4 suppresses the progesterone (P4) production106) 

and promotes FSH-mediated E2 production46) of granulosa cells.  These findings indicate that 

BMP-4 has an important role in in vivo growth of follicles and oocytes, and that BMP-4 addition 

to IVG media can be alternative method instead of co-culture with theca cells.  In chapter I, 

therefore, I cultured OCGCs in IVG media without exogenous E2 but containing androstenedione 

(A4), and examined effects of BMP-4 and FSH on maturational competence of oocytes and 

steroidogenesis of OCGCs.  In addition, I also evaluated the possibility of the IVG culture 

system as a model of follicular growth. 

 The ovarian reserve, the pool of primordial follicles in a pair of ovaries in individuals, 

is defined as the potential ability of ovarian function12, 104) and is known to be an indicator of 
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female fertility in mono-ovulatory species such as humans12) and cattle47).  The peak number of 

antral follicles in a pair of ovaries during follicular waves counted by ultrasonography (the antral 

follicle count; AFC) positively correlates with the number of primordial follicles50) and can be 

used to estimate the ovarian reserve13).  Although AFC fluctuates during the estrous cycle and 

markedly varies between individuals, the peak AFC during the estrous cycle shows high 

repeatability in individual cattle13).  In general, cattle with high number of antral follicles in a 

pair of ovaries showed higher reproductive performance, such as higher fertility72), a shorter open 

period72), and higher responsiveness to superovulation48) than cattle with low number of antral 

follicles, even though they were in the same age class.  These findings indicate that AFC is 

related to follicular growth and oocyte developmental competence; therefore, the study on the 

difference in the functions of oocytes and granulosa cells of cattle having varied AFC can clarify 

the process of the acquisition of oocyte developmental competence.  In chapter II, I examined 

the relationship between AFC, steroidogenesis of granulosa cells, and oocyte maturational and 

developmental competences of OCGCs derived from early antral follicles (0.5-1.0 mm in 

diameter) by using IVG culture system established in chapter I. 

 In chapter III, I examined bovine follicular growth in vivo in cows having varied AFC 

to investigate the mechanism of the lower E2 production and lower oocyte competence in the low 

AFC cows found in chapter II.  The follicular growth dynamics observed by ultrasonography, 

plasma concentrations of FSH and steroid hormones, and steroidogenesis in the dominant follicles 

in different stages of follicular growth were examined.  I also evaluated the concentration of 

anti-Müllerian hormone (AMH) in plasma, follicular fluid, and IVG media, which has been 

demonstrated a positive correlation with AFC50), and affects FSH-mediated E2 production14, 15, 18, 

34).   
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Chapter I 

Relationship between in vitro growth of bovine oocytes and  

steroidogenesis of granulosa cells cultured in medium supplemented with  

bone morphogenetic protein-4 and follicle stimulating hormone 

 

Introduction 

 A large number of primordial follicles exist in mammalian ovaries, and granulosa cells 

multiply and oocytes become developmentally competent as they grow.  However, most follicles 

degenerate during follicular growth, and only a small proportion of follicles develop sufficiently 

to undergo ovulation2, 3).  If it is possible to develop a culture system that enables early stage 

oocytes or follicles to grow to the ovulatory stage, more embryos may be produced, and an 

experimental model may also be established to investigate the mechanisms underlying follicular 

recruitment, selection, and ovulation. 

 The primary roles of follicular cells are to support the growth and maturation of oocytes, 

as well as the production of sex steroid hormones by granulosa cells.  Therefore, in order to 

mimic in vivo follicular growth via an in vitro culture system, the growth of oocytes and 

production of sex steroid hormones by granulosa cells both need to be investigated.  A previous 

study that combined histological observations with the measurement of sex steroid hormones in 

follicular fluid revealed that E2 concentrations in growing follicles increased as the follicles grew, 

with a peak at estrus in cattle, and the degeneration of follicles led to increases in P4 

concentrations57).  Furthermore, E2 concentrations in dominant follicles increased concomitantly 

with follicular development and the E2/P4 ratio also increased; however, subordinate follicles 

showed low E2/P4 ratios7, 57).  These findings indicate that a culture system of OCGCs that 

produces more E2 and less P4 is needed to mimic in vivo dominant follicular development.  In 
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conventional IVG, serum has typically been added to culture media to promote cell growth and 

survival40, 43, 105).  However, granulosa cells cultured in media containing serum luteinize, 

compromise E2 production, and begin to produce P4
55, 81).  Previous studies attempted to culture 

OCGCs in serum-free media94, 95); however, the oocytes derived from serum-free cultures had low 

maturational competence and low fertilizability.  Thus, a culture system for OCGCs that 

produces oocytes with high developmental competence and inhibits the luteinization of granulosa 

cells under culture conditions containing serum needs to be developed.  As shown in a previous 

study, the addition of BMP-4 to the growth medium inhibited the luteinization of granulosa 

cells109). 

BMP-4 is produced by theca cells in bovine follicles, and its receptor is primarily 

expressed in oocytes and granulosa cells32).  An in situ hybridization analysis of rat ovaries 

revealed that the expression level of BMP-4 increases during follicular growth24).  Based on 

previous studies of cultured granulosa cells without oocytes, BMP-4 promotes E2 production by 

inhibiting apoptosis54) and promoting aromatase (P450arom) activity in cattle32).  In addition, P4 

production is inhibited by the suppression of steroidogenic acute regulatory protein (StAR) in 

cattle106) and sheep86) and cholesterol side-chain cleavage enzyme (P450scc) in sheep86) at the 

messenger ribonucleic acid (mRNA) and protein levels.  Moreover, BMP-4 promotes the FSH-

mediated activation of E2 production, which is increased in the presence of oocytes46).  On the 

other hand, P4 production was inhibited in a manner independent of the presence of oocytes in an 

in vitro study of rat granulosa cells46).  Therefore, the addition of BMP-4, which compensates 

for the lack of theca cells, and FSH to the medium of IVG for bovine OCGCs may promote oocyte 

growth by promoting E2 production and inhibiting P4 production.  According to the previous 

report using bovine IVG, the addition of BMP-4 (10 ng/mL) to an IVG culture suppressed P4 

production and did not affect oocyte growth, nuclear maturation, or fertilization, but impaired 
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subsequent embryonic development, and at a higher concentration (50 ng/mL), even 

compromised the viability of OCGCs by suppressing the proliferation of granulosa cells109).  In 

that study109), OCGCs were cultured in medium that contained high concentrations of E2 (1 

µg/mL) to increase the E2/P4 ratio similar to a dominant follicle7, 57); therefore, the effects of BMP-

4 and FSH on the E2 production of OCGCs were unclear.  In chapter I, I added BMP-4 and FSH 

to the growth medium without the addition of E2 and examined the production of sex steroid 

hormones from individually cultured OCGCs.  I also retrospectively analyzed the correlation 

between the steroidogenesis of OCGCs during the IVG culture and the nuclear maturation of the 

corresponding oocytes. 

 

Materials and Methods 

Chemicals 

All the chemicals used in this study were purchased from Sigma-Aldrich (St. Louis, MO, 

USA), unless indicated otherwise. 

Collection of OCGCs and the IVG culture 

 Ovaries of Holstein cows obtained from a local abattoir were stored in plastic bags at 

20°C and transported to the laboratory within 6-10 hours of their collection.  After the ovaries 

were washed three times with physiological saline, slices of ovarian cortex tissues (thickness <1 

mm) were prepared using a surgical blade (no. 11) and stored in tissue culture medium 199 (TCM-

199; Thermo Fisher Scientific, Roskilde, Denmark) supplemented with 0.1% (w/v) polyvinyl 

alcohol, 25 mM 2-[4-(2-Hydroxyethyl)-1-piperazinyl] ethanesulfonic acid (HEPES), 10 mM 

sodium bicarbonate, and 50 μg/mL gentamicin sulfate (isolation medium, pH 7.4) at 37°C, as 

described elsewhere37).  Under a stereomicroscope, early antral follicles (0.5-1.0 mm in 

diameter) were dissected from sliced ovarian tissues using a surgical blade (no. 20) and fine 

forceps in a 90-mm petri dish that had a 1-mm scale on its bottom (FLAT Co., Ltd., Chiba, Japan).  

OCGCs were isolated from early antral follicles using a pair of fine forceps and subjected to IVG 
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as previously described45).  The growth medium was HEPES buffered TCM-199 supplemented 

with 0.91 mM sodium pyruvate, 5% (v/v) fetal calf serum (FCS; Invitrogen), 4 mM hypoxanthine, 

4% (w/v) polyvinylpyrrolidone (MW 360,000), 50 μg/mL ascorbic acid 2-glucoside (Wako Pure 

Chemical Industries, Osaka, Japan), 55 μg/mL cysteine, 50 μg/mL gentamicin sulfate, and 10 

ng/mL A4 as a precursor for E2
103).  OCGCs with oocytes surrounded by a cumulus investment 

and attached mural granulosa-cell layer (Fig. I-1) were cultured individually in a 96-well culture 

plate (Primaria 353872; Corning Life Sciences, Tewksbury, MA, USA) with 200 μL of growth 

medium at 39°C for 12 days in humidified air with 5% CO2.  At the onset of the IVG culture, 

OCGCs were photographed under an inverted microscope (CK 40; Olympus, Tokyo, Japan) with 

an attached CCD camera (Moticam 2000; Shimadzu Rika, Tokyo, Japan).  The diameters of the 

oocytes without a zona pellucida were assessed using software (Motic Images Plus 2.2s; 

Shimadzu Rika).  Every 4 days of the IVG culture, half (100 μL) of the growth medium was 

replaced with the same amount of fresh medium.  Spent media collected at 4, 8, and 12 days of 

the culture were stored at –30°C until steroid hormone assays were conducted.   

Evaluation of OCGC morphology 

 After 4 days of IVG culture, the morphological appearance of OCGCs was examined 

(Fig. I-1).  OCGCs with an evenly granulated ooplasm that were completely enclosed by several 

layers of healthy cumulus and granulosa cells were defined as normal.  When OCGCs had 

oocytes with an abnormal appearance and/or oocytes were denuded by scattering cumulus and 

granulosa cells, OCGCs were defined as abnormal. 

Evaluation of the characteristics of granulosa cells 

 The total number, viability, and diameter of granulosa cells after growth culture from 

morphologically normal OCGCs on days 8 and 12 were assessed using an acridine 

orange/propidium iodide cell viability kit together with a cell counter (F23001 and L2000, 

respectively; Logos Biosystems, Gyunggi, Republic of Korea) as previously described109).  The 

culture medium in the well of each viable OCGC was removed and replaced with 80 L of 
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Dulbecco's phosphate buffered saline without calcium and magnesium (DPBS (–)) supplemented 

with 0.125% trypsin and 0.05% ethylenediaminetetraacetic acid (EDTA) to prepare the granulosa 

cells for counting.  After 10 minutes of trypsinization and pipetting several times, 20 L of FCS 

were added to stop the digestion.  Denuded oocyte was removed from the well and discarded.   

Evaluation of nuclear status of oocyte after IVG and IVM 

 After 12 days of IVG culture, cumulus-oocyte complexes (COCs) were collected from 

morphologically normal OCGCs by aspiration using a fine glass pipette.  Immediately after IVG, 

some of the oocytes were denuded from cumulus cells by individually pipetting, and fixed in 10 

L of DPBS (–) containing 60% (v/v) methanol in each well of micro-well plates (MiniTrays 

163118, NUNC, Roskilde, Denmark) for 30 minutes.  After fixation, oocytes were stained with 

5 g/mL Hoechst 33342 in 10 L of DPBS (–) in each well of the micro-well plate at 37°C for 

15 minutes in the dark, as described elsewhere62).  The nuclear status was then evaluated under 

an inverted fluorescence microscope (ECLIPSE TE300, Nikon, Tokyo, Japan) using an ultraviolet 

filter (excitation 334-365 nm) to confirm meiotic arrest.  Oocytes with a nuclear envelope were 

defined as being in the germinal vesicle stage.  Other oocytes were submitted to individual IVM 

as previously described75).  COCs were collected from morphologically normal OCGCs and 

were washed with IVM medium, which consisted of HEPES buffered TCM-199 supplemented 

with 0.2 mM sodium pyruvate, 20 g/mL FSH, 1 g/mL E2, 10% FCS, and 50 g/mL gentamicin 

sulfate.  IVM of oocytes was performed in each well of micro-well plates filled with 6 mL of 

IVM medium at 39°C under 5% CO2 in air for 22 hours.  After IVM, oocytes were denuded 

from cumulus cells by individually pipetting, photographed, and their diameters were measured.  

Oocytes were mounted individually on a slide glass and fixed with a mixture of acetic acid and 

ethanol (1:3) for 6 hours.  After fixation, oocytes were stained with 1% (w/v) aceto-orcein and 

the status of their nuclei was examined under a phase contrast microscope, as described 
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elsewhere76).  Oocytes that reached metaphase II and had a polar body were defined as mature; 

oocytes with other nuclear statuses were defined as immature. 

E2 and P4 assays 

 Spent media (100 L) from IVG cultures were assayed to determine the E2 and P4 

concentrations using a competitive double antibody enzyme immunoassay, as previously 

described107).  Samples were subjected to 2- to 2000-fold serial dilutions with assay buffer (145 

mM NaCl, 40 mM Na2HPO4, and 0.1% (w/v) bovine serum albumin (BSA) (pH 7.2).  Diluted 

samples (20 L) were incubated with the primary antisera and horseradish peroxidase (HRP)-

labeled hormone (100 L each) in the wells of a 96-well microplate (Costar 3590, Corning, NY, 

USA) coated with the secondary antiserum for 16-18 hours at 4°C.  The primary antisera used 

for the E2 and P4 assays were anti-estradiol-17β-6-carboxymethyloxime (CMO)-BSA (QF-121, 

Teikoku Hormone Mfg. Co. Ltd., Kanagawa, Japan) and antiprogesterone-3-CMO-BSA (7720-

0504, Biogenesis, Poole, England), respectively.  Goat anti-rabbit serum (270335, Seikagaku, 

Tokyo, Japan) was used as the secondary antiserum.  After washing all wells 4 times with 300 

L of washing buffer (0.05% Tween 80), 150 L of 3, 3', 5, 5'-tetramethylbenzidine (TMB) 

solution (5 mM citric acid, 50 mM Na2HPO4, 500 mM urea hydrogen peroxide, 1 mM TMB, and 

2% dimethyl sulfoxide) were added to each well and incubated at 37°C for 40 minutes.  The 

absorbance of the solution in the wells was measured at 450 nm using a microplate reader (Model 

550, Bio-Rad Laboratories, Tokyo, Japan) after stopping the chromogenic reaction with 50 L of 

4 N H2SO4.  All samples were assayed in triplicate.  Assay sensitivities were 0.098 pg/well for 

E2 and 0.195 pg/well for P4.  The inter- and intra-assay coefficients of variation were 15.8 and 

4.0% for E2 and 17.5 and 3.9% for P4, respectively. 

Experimental design 

Experiment 1. Morphology and steroidogenic capacity of OCGCs 
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 OCGCs were cultured in growth medium without BMP-4 or FSH for 4 days to select 

healthy OCGCs that exhibited steroidogenic activity similar to developing follicles in vivo (Fig. 

I-2).  The correlation between the morphological normality of OCGCs and the production of 

steroid hormones was evaluated by measuring the concentrations of E2 and P4 in spent media.  

OCGCs defined as normal were subjected to subsequent experiments. 

Experiment 2. Effects of BMP-4 and FSH on the viability of OCGCs, the characteristics of 

granulosa cells, growth and maturation of oocytes, and steroidogenesis 

 Normal OCGCs were randomly divided into 6 groups after 4 days of IVG culture to 

evaluate the effects of BMP-4 and FSH on the functions of OCGCs.  I cultured OCGCs for an 

additional 8 days (a total of 12 days of IVG culture) in growth medium supplemented with 

different concentrations of BMP-4 (0, 10, or 50 ng/mL; HZ-1045, Humanzyme, Chicago, IL, 

USA) and FSH (0 or 0.5 ng/mL) (Fig. I-2).  The concentrations of BMP-4 and FSH were 

determined according to previous studies in which granulosa cells were cultured in vitro54, 86, 93).  

In these studies, 10 and 50 ng/mL BMP-4 promoted cell viability54) and suppressed P4 

production86), whereas 0.5 ng/mL FSH enhanced the expression of the P450arom mRNA and E2 

production93).  After 8 and 12 days of IVG culture, the viability of OCGCs was defined by the 

normality of their morphological appearance (Fig. I-1); i.e., morphologically normal OCGCs 

were defined as having survived, whereas morphologically abnormal OCGCs were defined as 

dead.  In addition, antrum formation in the granulosa cell layer40) was noted on day 12 of the 

IVG culture.  On day 12 of the IVG culture, 233 oocytes that were judged as having survived 

were subjected to IVM and nuclear maturation was examined (5-20 oocytes/replicate).  However, 

12 oocytes were accidently collapsed during the pipetting procedures for denudation from 

cumulus cells.  Other oocytes that were not subjected to IVM were used to evaluate meiotic 

arrest immediately after the IVG culture.  In vivo-derived oocytes collected from antral follicles 
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of 2-8 mm in diameter were also subjected to IVM and served as in vivo controls.  Oocyte growth 

was evaluated as the difference in oocyte volume calculated based on diameters41) before the IVG 

culture and after IVM.   

 The concentrations of E2 and P4 in spent media collected on days 8 and 12 of the IVG 

culture were measured to evaluate the steroidogenesis of OCGCs that survived for the 12 days of 

IVG culture.  Steroid hormone production during each period (days 4-8 and days 8-12) was 

calculated using the following formula: 

Steroid hormone production (ng) = 0.2 (mL) × Concentration at the end of the period (ng/mL) - 

0.1 (mL) × Concentration at the start of the period (ng/mL) 

 Three hundred forty-eight OCGCs were cultured to evaluate the characteristics of the 

granulosa cells, and the total number, viability, and diameter of granulosa cells from OCGCs that 

had survived on day 8 (90 OCGCs) and day 12 (93 OCGCs) were assessed.   

 OCGCs were divided based on whether an antrum had formed or not and whether 

OCGCs produced mature or immature oocytes to evaluate the relationship between OCGC 

characteristics and steroidogenesis.  The relationships between these factors and steroidogenesis 

(the production of E2 and P4 and the E2/P4 ratio) were then retrospectively examined. 

Statistical analysis 

 All statistical analyses were performed using software (JMP version 10, SAS Institute, 

Cary, NC, USA and StatView 4.51, Abacus Concepts, Inc., Calabasas, CA, USA).  Differences 

in steroid hormone production from OCGCs which had normal or abnormal appearance were 

analyzed using Student's t-test.  The effects of BMP-4 and FSH on the viability of OCGCs and 

the nuclear maturation of IVG oocytes were analyzed using a chi-square test.  The differences 

in oocyte volumes between experimental groups cultured with the same FSH concentrations were 

analyzed using Tukey-Kramer's honestly significant difference (HSD) test.  Volumes of oocytes 
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cultured with the same BMP-4 concentrations were analyzed using Student's t-test.  Oocyte 

volumes measured before and after IVG were compared using Dunnett's test.  The volume 

before IVG served as a control.  The differences in the production of steroid hormones and the 

characteristics of granulosa cells between experimental groups within the same culture period 

were compared using a one-way analysis of variance (ANOVA) followed by Tukey-Kramer's 

HSD test.  The differences in steroid production and the characteristics of granulosa cells 

between days 4-8 and days 8-12 of culture were analyzed using Student's t-test.  In the 

retrospective analysis, the relationship between antrum formation and steroid production was 

analyzed using Student's t-test.  The characteristics of OCGCs (oocyte volume and steroid 

production) between OCGCs that produced mature and immature oocytes were compared using 

Student's t-test.  The difference in antrum formation between OCGCs that produced mature and 

immature oocytes was analyzed using a chi-square test. 

 

Results 

Experiment 1. Morphology and steroidogenic capacity of OCGCs 

 Nine hundred eight OCGCs (8 to 60 OCGCs/replicate) were cultured in growth medium 

without the addition of BMP-4 or FSH.  After 4 days of the IVG culture in the absence of both 

BMP-4 and FSH, 93.7% (851/908) of OCGCs had a normal appearance.  E2 and P4 levels were 

then measured in culture media collected from 475 OCGCs with a normal appearance and 10 

OCGCs with an abnormal appearance.  As shown in Fig. I-3, OCGCs that had a normal 

appearance produced more E2 (P < 0.01) and less P4 (P < 0.01) than abnormal OCGCs.  

 

Experiment 2. Effects of BMP-4 and FSH on the viability of OCGCs, the characteristics of 

granulosa cells, growth and maturation of oocytes, and steroidogenesis 
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 Eight hundred fifty-one OCGCs were cultured in media containing BMP-4 (0, 10, or 50 

ng/mL) and FSH (0 or 0.5 ng/mL), and 718 OCGCs were cultured until day 12; the remaining 

133 OCGCs were cultured until day 8 to evaluate the characteristic of granulosa cells.  The 

viabilities of OCGCs on days 8 and 12 of IVG culture are shown in Table I-1.  After 8 days of 

culture, the group cultured with 10 ng/mL BMP-4 in the absence of FSH showed higher viability 

than the group cultured with 50 ng/mL BMP-4 in the absence of FSH (P < 0.05).  In the presence 

of 50 ng/mL BMP-4, the group with 0.5 ng/mL FSH showed higher viability than the group 

cultured without FSH on days 8 (P < 0.05).  The viability of the group cultured with 10 ng/mL 

BMP-4 and 0.5 ng/mL FSH was similar between days 8 and 12; however, the viability of other 

groups decreased from days 8-12 (P < 0.05).  As shown in Fig. I-4, on day 8, the group cultured 

with 10 ng/mL BMP-4 and 0.5 ng/mL FSH showed the highest total number of granulosa cells 

(approximately 68,000 cells) , which was larger than that in the group cultured with 50 ng/mL 

BMP-4 and 0.5 ng/mL FSH (approximately 42,500 cells, P < 0.05).  Also, the number was 

slightly larger than that in the group cultured with 10 ng/mL BMP-4 in the absence of FSH 

(approximately 47,000 cells, P = 0.06).  On day 12, no significant differences were observed in 

the total number of granulosa cells between the experimental groups.  The total numbers of 

granulosa cells observed on days 8 and 12 were similar in the same experimental groups.  The 

viability of granulosa cells on day 8 was approximately 100% in all experimental groups.  On 

day 12, viability was greater than 90% in all groups and small differences were observed between 

the experimental groups.  The highest viability was observed for cells cultured with 50 ng/mL 

BMP-4 in the absence of FSH (98.9%), and the lowest viability was observed for cells cultured 

with 50 ng/mL BMP-4 and FSH (92.5%).  The addition of FSH to the groups cultured with 10 

ng/mL BMP-4 (0 ng/mL FSH, 11.5 µm; 0.5 ng/mL FSH, 12.4 µm; P < 0.01) and 50 ng/mL BMP-

4 (0 ng/mL FSH, 11.1 µm; 0.5 ng/mL FSH, 12.0 µm; P = 0.05) increased the diameters of 
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granulosa cells measured on day 8; however, no significant differences were observed between 

experimental groups on day 12. 

 The mean volumes of oocytes in all groups before the IVG culture were similar; 

therefore, the mean values of all groups were used as controls prior to the IVG culture.  As 

shown in Fig. I-5, the mean volumes of oocytes in all groups were larger after IVG culture than 

before IVG (P < 0.05).  In addition, the mean volumes of oocytes were similar in the groups 

cultured with 0 and 10 ng/mL of BMP-4 regardless of whether FSH was added following IVM.  

However, in the groups cultured with 50 ng/mL BMP-4, oocyte volumes were larger in the group 

cultured without FSH than in the group cultured in the presence of FSH (P < 0.05).   

 Two hundred thirty-three oocytes were studied to evaluate effects of BMP-4 and FSH 

on nuclear maturation.  Immediately after IVG, before IVM culture, all oocytes were arrested at 

the stage of the germinal vesicle.  The results are summarized in Table I-2.  After the IVM 

culture, only oocytes derived from OCGCs cultured with 50 ng/mL BMP-4 in the absence of FSH 

showed a maturation rate similar to oocytes grown in vivo, whereas oocytes derived from other 

cultures had lower rates of nuclear maturation compared to the in vivo control (P < 0.05). 

 E2 and P4 productions were evaluated in 364 cultures with BMP-4 (0, 10, or 50 ng/mL) 

and FSH (0 or 0.5 ng/mL), and results are shown in Fig. I-6.  E2 was produced at a lower level 

from days 8-12 than from days 4-8, whereas P4 production increased in all groups during culture 

(P < 0.05).  From days 4-8, E2 production did not significantly differ between the groups cultured 

without FSH, regardless of the presence or absence of BMP-4.  In the presence of FSH, 

production decreased in the group cultured with 50 ng/mL BMP-4 (P < 0.01).  Additionally, the 

addition of FSH to the groups cultured with 0 and 10 ng/mL of BMP-4 increased P4 production 

from days 4-8 (P < 0.05).  Between days 8 and 12, the addition of BMP-4 decreased E2 

production, regardless of whether FSH was added (P < 0.05).  FSH decreased E2 production in 



 

16 

 

the group cultured with 50 ng/mL BMP-4 (P < 0.01).  The group cultured with 10 ng/mL BMP-

4 in the absence of FSH exhibited the lowest production of P4, regardless of the culture period.   

 After 12 days of culture, a total of 364 OCGCs was evaluated for antrum formation, 

which was observed in 96 OCGCs.  As shown in Table I-3, OCGCs with antra on day 12 

produced larger amounts of E2 from days 4 to 8 (P < 0.01) and smaller amounts of P4 in both 

periods than OCGCs without an antrum (P < 0.01).  As shown in Table I-4, oocytes that achieved 

nuclear maturation had larger diameters than oocytes without nuclear maturation (P < 0.01) after 

the IVM culture.  In addition, OCGCs that produced mature oocytes generated slightly larger 

amounts of E2 (P = 0.10) and less P4 (P = 0.09) between days 4 and 8 than OCGCs that produced 

immature oocytes.  Although no significant differences were observed in the mean values 

obtained for E2 and P4 production from days 8-12, the E2/P4 ratio markedly varied.  E2 and P4 

production varied in OCGCs that generated mature oocytes throughout the duration of the IVG 

culture.  Some of the oocytes that achieved nuclear maturation showed markedly high E2/P4 

ratios.  No obvious relationship was observed between the nuclear maturation of IVG oocytes 

and antrum formation in the granulosa cell layer. 

 

Discussion 

 In the present study, OCGCs that had a normal appearance 4 days after the initiation of 

the IVG culture produced a large amount of E2 and less P4 during the initial period of the IVG 

culture.  During the in vivo development of a dominant follicle, E2 concentration increases as 

follicles grow7, 57).  Thus, I only used healthy OCGCs in subsequent experiments to evaluate the 

effects of BMP-4 and FSH on steroidogenesis and oocyte maturation. 

 On day 8 of the IVG culture, the viability of the group cultured with 10 ng/mL BMP-4 

was higher than the group cultured with 50 ng/mL BMP-4 (P < 0.05), when OCGCs were cultured 
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without FSH.  The low viability of OCGCs cultured with 50 ng/mL BMP-4 may stem from a 

decrease in granulosa cell numbers, as reported previously109).  Actually, the lowest number of 

granulosa cells was observed on day 8 in the group cultured with 50 ng/mL BMP-4 

(approximately 41,000 cells/well) among all groups tested (approximately 47,000 cells/well) in 

the absence of FSH, although the values were not significantly different.  On the other hand, 

when 0.5 ng/mL of FSH was added to growth medium, the viability of OCGCs in the group 

cultured with 50 ng/mL BMP-4 improved on days 8 and 12.  In the present study, I only 

examined OCGCs that had survived; therefore, I could not find the increase of granulosa cell 

number.  I speculate that the result may be attributed to the increased proliferation of granulosa 

cells by the addition of 0.5 ng/mL FSH from days 4-835), and was particularly apparent in the 

group cultured with 10 ng/mL BMP-4 and FSH, which showed the highest viability on day 12 

(approximately 68,000 cells/well).   

 Between days 4 and 8 of the IVG culture, the addition of 10 ng/mL BMP-4 and 0.5 

ng/mL of FSH did not affect E2 production by OCGCs; however, this supplementation regime 

decreased P4 production compared to cultures with 0.5 ng/mL FSH in the absence of BMP-4.  

On the other hand, no significant differences were noted between the number of granulosa cells 

in both groups; therefore, under the present culture conditions containing serum, 10 ng/mL BMP-

4 may inhibit P4 production by granulosa cells by suppressing StAR86, 106) and P450scc86) at the 

mRNA and protein levels.  However, P450arom may not be enhanced, because previous studies 

showed that P450arom activity is increased in granulosa cells cultured without serum32, 35).  A 

study that cultured granulosa cells for 6 days in the presence of serum showed that expression of 

the P450arom gene was suppressed, but not StAR and P450scc55).  These findings indicate that 

the luteinization of granulosa cells induced by serum counteracts the stimulatory effects of BMP-

4 on E2 production.  These results demonstrated that this supplementation regime permitted 
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OCGCs to partially mimic developing follicles, which secrete E2 as follicles develop and the E2/P4 

ratio increases7).  However, 0.5 ng/mL FSH increased P4 production from days 4-8 and 

particularly from days 8-12.  Previous studies reported that in vivo-grown large luteal cells (38.4 

μm in diameter) originated from granulosa cells and in vitro-luteinized granulosa cells (38.4 μm) 

are larger than granulosa cells in pre-ovulatory follicles (10.6 μm)65, 79).  Under culture 

conditions in the present study, the mean diameter of granulosa cells on day 8 increased with the 

addition of FSH to medium containing 10 ng/mL BMP-4 (0 ng/mL FSH, 11.5 µm vs. 0.5 ng/mL 

FSH, 12.4 µm; P < 0.01) or 50 ng/mL BMP-4 (0 ng/mL FSH, 11.1 µm vs. 0.5 ng/mL FSH, 12.0 

µm; P = 0.05).  FSH appears to have enhanced the luteinization of granulosa cells under the 

present IVG conditions, as has been reported previously97).  On day 12 of the IVG culture, no 

significant differences were observed in the diameters of granulosa cells between experimental 

groups; however, the group cultured with 50 ng/mL BMP-4 in the absence of FSH showed a larger 

diameter (12.2 µm) than the same group on day 8 of the IVG culture (11.1 µm, P < 0.05).  These 

results indicate that the anti-luteinizing effects of BMP-4 were lost when the culture period was 

extended.   

 A previous study that cultured granulosa cells for 6 days in serum-free media 

demonstrated that E2 and P4 productions increased as the culture period was extended92).  

According to results in the present study, the production of E2 from cultured OCGCs was 

maintained at least until day 8, even when the medium contained serum.  However, granulosa 

cells are apparently unable to stably produce E2 for 12 days of IVG culture.  High densities of 

granulosa cells have been shown to inhibit E2 secretion and P450arom expression and also to 

increase P4 secretion and the levels of mRNA encoding progestogenic enzymes, such as StAR 

and P450scc88).  It is previously reported that the number of granulosa cells peaked on day 12 of 

the IVG culture and then decreased44).  These findings indicate that luteinization progresses as 
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the density of granulosa cells increases.   

 OCGCs cultured with 50 ng/mL BMP-4 in the absence of FSH showed the lowest 

viability; however, the surviving oocytes derived from these OCGCs had the largest volumes and 

highest levels of meiotic competence.  The meiotic competence of bovine oocytes grown in vivo 

increases as oocytes25, 82) and follicles4) grow.  The administration of exogenous BMP-4 during 

IVG (50 ng/mL)109) and IVM (100 ng/mL)26, 60) did not affect oocyte nuclear maturation in 

previous studies.  Thus, BMP-4 does not directly promote oocyte nuclear maturation.  

However, OCGCs, which can produce oocytes with higher maturational competences, may 

survive in the presence of higher concentration of BMP-4 in the absence of FSH, and the highest 

viability of granulosa cells was also observed on day 12 (98.9%).  Based on these results, I 

speculate that OCGCs producing oocytes with high intrinsic developmental competence may 

survive in the presence of high concentrations of BMP-4.  In further studies, the relationship 

between oocyte competence and the function of granulosa cells needs to be examined. 

 In addition, FSH did not promote the nuclear maturation of oocytes in the present study.  

A previous study that cultured bovine OCGCs for 14 days with a higher concentration of FSH 

(3.5 mg/mL) showed that no oocyte progressed to the metaphase II stage and 73.3% of oocytes 

degenerated after IVM58).  According to another study, the addition of 10 g/mL FSH improved 

cumulus expansion, whereas the proportion of oocytes at metaphase II after IVM did not 

significantly differ from cultures that did not include FSH38).  These findings and the present 

results suggest that FSH does not affect the maturational competence of bovine oocytes, although 

FSH improves granulosa cell proliferation35) and cumulus expansion38).  

 In the present study, OCGCs that formed antra produced more E2 and less P4 than those 

without an antrum.  As reported in the study by Endo et al.21), OCGCs that formed antra 

exhibited similar levels of gene expression to healthy follicles that grew in vivo.  Thus, antrum 
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formation in the granulosa cell layer is related to the steroidogenesis of OCGCs.  On the other 

hand, I was unable to detect a relationship between oocyte maturation and antrum formation in 

the granulosa cell layer, as has been described in a previous study21); however, OCGCs that 

produced mature oocytes produced slightly more E2 and less P4 during the IVG culture than 

OCGCs that produced immature oocytes.  Furthermore, some of the OCGCs that produced 

mature oocytes secreted extremely large quantities of E2.  In the present study, I added A4 to 

medium instead of E2 used in the previous study103), and did not observe any effects of BMP-4 on 

nuclear maturation.  These results suggest that the ability to produce E2 by granulosa cells has 

an important effect on the acquisition of oocyte ability.  In future studies, we need to investigate 

the relationship between the maturational competence of oocytes, the steroidogenesis of granulosa 

cells and antrum formation, and the expression dynamics of growth factors and their receptors, 

such as BMP-4, in more detail.  

 Based on the results of the present study, BMP-4 inhibits the luteinization of granulosa 

cells and FSH enhances the proliferation of granulosa cells, viability of OCGCs, and the 

luteinization of granulosa cells.  Moreover, cultured OCGCs with antra that produce a large 

amount of E2 and less P4 are similar to follicles that are grown in vivo.  However, E2 production 

increased until day 8 of the culture and then decreased.  In conclusion, an IVG culture with 10 

ng/mL of BMP-4 in the absence of FSH partially mimics in vivo steroidogenesis and the 

development of growing follicles until day 8 of culture.  The same conditions also mimic the 

steroidogenesis of degenerating follicles from days 8-12 of the culture, particularly in the presence 

of FSH.   

 The addition of serum to the growth medium may have enhanced the luteinization of 

granulosa cells in the present study; however, oocytes derived from serum-free cultures had low 

maturational competence and low fertilizability in previous studies94, 95).  In further studies, we 
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should develop an IVG system that does not use serum but enhances oocyte competence, or a 

system that inhibits the luteinization of granulosa cells even when the growth medium contains 

serum.    



 

22 

 

Tables and figures 

 

Table I-1. Effects of bone morphogenetic protein-4 (BMP-4) and follicle stimulating hormone 

(FSH) on the viability of oocyte-cumulus-granulosa complexes (OCGCs) during the growth 

culture. 

Experimental groups 

 

Day 8 

 

Day 12 

BMP-4 

(ng/mL) 

FSH 

(ng/mL) 

 No. of 

oocytes 

(replicates) 

% of viable 

OCGCs  

 No. of 

oocytes 

(replicates) 

% of viable 

OCGCs 

 0 0.0  158 (14) 72.1ab  132 (11) 62.1ab 

0.5 . 172 (16) 76.8abx  154 (13) 65.6ay 

10 0.0  120 (10) 80.8ax  100 (7) 67.0ay 

0.5  103 (8) 80.6ab   83 (5) 71.1a 

50 0.0  153 (10) 69.9bx  127 (7) 53.5by 

0.5  145 (10) 80.0ax  122 (7) 65.6aby 

Total  851* (68) 76.3  718 (50) 63.6 

a,b Different superscripts indicate differences between groups in the same culture period (P < 0.05). 

x,y Different superscripts indicate significant differences between days 8 and 12 in the same group 

(P < 0.05).  

* One hundred and thirty-three OCGCs were used to evaluate the granulosa cell characteristics 

on day 8.  
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Table I-2. Effects of bone morphogenetic protein-4 (BMP-4) and follicle stimulating hormone 

(FSH) on the nuclear maturation of oocytes after the maturational culture. 

Experimental groups  
No. of oocytes 

(replicate) 

% of nuclear 

maturation 
BMP-4  

(ng/mL) 

FSH 

(ng/mL) 

 0 0.0 32 (4) 78.1b  

0.5 47 (5) 72.3b  

10 0.0 46 (4) 60.9b  

0.5 44 (3) 66.7b  

50 0.0 31 (4) 80.6ab 

0.5 33 (3) 75.8b 

In vivo-grown oocytes 79 (7) 92.4a 

a,b Different superscripts indicate significant differences within a column (P < 0.05).  
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Table I-3. Relationship between antrum formation in the granulosa cell layer on day 12 and 

steroidogenesis in oocyte-cumulus-granulosa complexes (OCGCs) in different culture periods. 

Antrum formation 

on day 12 (n) 

E2 (ng/well) P4 (ng/well) 

Days 4 to 8 Days 8 to 12 Days 4 to 8 Days 8 to 12 

Yes (96) 1.5 ± 0.9a 0.8 ± 1.0 5.8 ± 6.4b 13.9 ± 18.4b 

No (268) 1.2 ± 1.0b 0.7 ± 0.8 10.9 ± 12.4a 42.3 ± 58.4a 

Values are presented as means ± standard deviation (SD). 

a,b Different superscripts indicate significant differences within a column (P < 0.01).
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Table I-4. Relationship between the nuclear maturation of oocytes, oocyte growth, steroidogenesis, and antrum formation by oocyte-cumulus-granulosa 

complexes (OCGCs). 

Values are presented as means ± SD. 

* Oocytes at metaphase II were defined as mature. 

a,b Different superscripts indicate significant differences within a column (P < 0.01). 

Nuclear 

Status* 

(n) 

Diameter of oocytes (µm) E2 (ng/well) P4 (ng/well) 
E2/P4 ratio 

(range) % of antrum 

formation (n) 
before IVG after IVM Days 4-8 Days 8-12 Days 4-8 Days 8-12 Day 8 Day 12 

Mature 

(167) 
97.3 ± 5.0 113.5 ± 4.9a 1.2 ± 0.8 0.5 ± 0.7 9.0 ± 10.7 32.3 ± 57.0 

0.92 ± 3.31 

(0.005-40.7) 

0.37 ± 1.70 

(0.0004-21.6) 

27.5 (46) 

Immature 

(66) 
96.3 ± 5.1 110.0 ± 5.6b 1.0 ± 0.9 0.4 ± 0.7 12.1 ± 16.6 34.6 ± 48.5 

0.35 ± 0.67 

(0.005-5.1) 

0.08 ± 0.11 

(0.005-0.039) 

19.7 (13) 
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Fig. I-1. Oocyte-cumulus-granulosa complexes (OCGCs) before and after day 4 of the growth 

culture.  

The left panel shows an OCGC before the growth culture.  OCGCs with oocytes surrounded by 

a cumulus investment and an attached mural granulosa-cell layer were subjected to the growth 

culture.  The white arrow head indicates the cumulus investment.  The black arrow head 

indicates the mural granulosa-cell layer.  The central panel shows an OCGC with an evenly 

granulated ooplasm and enclosed by several layers of healthy granulosa cells.  The right panel 

shows an OCGC that has an abnormal appearance with a degenerated oocyte.  Scale bars 

indicate 100 µm.  
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Fig. I-2. Schematic of experimental design.  

Firstly, oocyte-granulosa cell complexes (OCGCs) were cultured in growth medium without bone 

morphogenetic protein-4 (BMP-4) and follicle stimulating hormone (FSH) for 4 days.  

Morphologically normal OCGCs were cultured for an additional 8 days in growth medium 

supplemented with different concentrations of BMP-4 (0, 10, or 50 ng/mL) and FSH (0 or 0.5 

ng/mL).  On day 12 of the IVG culture, oocytes judged as having survived were subjected to 

IVM.  The assessments described in the schematic were conducted at days 0, 4, 8, and 12 and 

after IVM.  
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Fig. I-3. Steroidogenesis of oocyte-cumulus-granulosa-complexes (OCGCs) on day 4 of the 

growth culture. 

** Asterisks indicate significant differences between normal and abnormal OCGCs (P < 0.01).   

Numbers in parentheses indicate the number of OCGCs evaluated. 

Error bars indicate the standard error of the mean (SEM).  
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Fig. I-4. Effects of bone morphogenetic protein-4 (BMP-4) and follicle stimulating hormone 

(FSH) on the number, viability, and diameter of granulosa cells at different culture period.  

a,b Different letters indicate significant differences between OCGCs cultured without FSH in the 

same culture period (P < 0.05).   

x,y Different letters indicate significant differences between OCGCs cultured with FSH in the same 

culture period (P < 0.05).   

* Asterisks indicate significant differences between OCGCs cultured with the same BMP-4 

concentration in the same culture period (P < 0.05). 

Error bars indicate SEM.  
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Fig. I-5. Effects of bone morphogenetic protein-4 (BMP-4) and follicle stimulating hormone 

(FSH) on the oocyte volume after the growth culture. 

Values above boxes indicate the mean diameters (m) of oocytes.   

Values under boxes indicate the numbers of oocytes examined and replicates in parentheses.   

Lines on the boxes delineate the 25th, 50th, and 75th percentiles, while the whiskers depict the 

10th and 90th percentiles.   

* An asterisk indicates a significant difference between groups with and without FSH in the 

presence of the same BMP-4 concentration (P < 0.05). 

† A dagger indicates a significant difference between the values measured before and after IVG 

in all groups (P < 0.05).  
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Fig. I-6. Effects of bone morphogenetic protein-4 (BMP-4) and follicle stimulating hormone 

(FSH) on steroidogenesis from oocyte-cumulus-granulosa complexes (OCGCs) at different 

culture periods. 

In all experimental groups, E2 was produced at a lower level between days 8 and 12 than between 

days 4 and 8 (P < 0.05); P4 was produced at a higher level between days 8 and 12 than between 

days 4 and 8 (P < 0.05). 

a,b Different letters indicate significant differences between OCGCs cultured without FSH in the 

same culture period (P < 0.05).   

x,y Different letters indicate significant differences between OCGCs cultured with FSH in the same 

culture period (P < 0.05).   

*,** Asterisks indicate significant differences between OCGCs cultured with the same BMP-4 

concentration in the same culture period (*P < 0.05; **P < 0.01).   

Error bars indicate SEM. 
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Summary 

 Bone morphogenetic protein-4 (BMP-4) and follicle stimulating hormone (FSH) play 

important regulatory roles in follicular growth and steroidogenesis in vivo.  The purpose of this 

study was to investigate the effects of BMP-4 and FSH on in vitro growth (IVG) and 

steroidogenesis of bovine oocyte-cumulus-granulosa complexes (OCGCs).  I cultured OCGCs 

collected from early antral follicles (0.5-1.0 mm) in medium without BMP-4 and FSH for 4 days 

and investigated the appearance of OCGCs and their steroidogenesis.  During the first 4 days of 

IVG, morphologically normal OCGCs produced more estradiol-17β (E2), but less progesterone 

(P4).  Morphologically normal OCGCs were subjected to an additional culture in medium 

supplemented with BMP-4 (0, 10, and 50 ng/mL) and FSH (0 and 0.5 ng/mL) until day 12.  I 

examined the viability and steroidogenesis of OCGCs after 8 and 12 days of culture.  Oocyte 

growth, characteristics of granulosa cells, and the maturational competence of oocytes were also 

investigated.  On day 8, the viability of OCGCs cultured without FSH was higher in the 10 

ng/mL BMP-4 group than in the 50 ng/mL BMP-4 group (P < 0.05).  No significant difference 

was observed in the viability of groups cultured with FSH, regardless of the addition of BMP-4, 

and FSH improved the viability of 50 ng/mL BMP-4 group similar to 10 ng/mL BMP-4 group.  

The total number of granulosa cells was larger in 10 ng/mL BMP-4 group cultured with FSH than 

in 50 ng/mL BMP-4 group cultured with FSH on day 8 (P < 0.05).  E2 production decreased 

from days 8-12, and P4 production increased throughout IVG culture, regardless of the addition 

of BMP-4 and FSH (P < 0.05).  No significant differences in E2 production were observed 

between groups from days 4-8, regardless of whether BMP-4 was added without FSH; however, 

E2 production in the group cultured with 50 ng/mL BMP-4 was suppressed by FSH.  BMP-4 

suppressed E2 production from days 8-12, regardless of whether FSH was added.  The group 

cultured with 10 ng/mL BMP-4 without FSH showed the lowest P4 production among all groups 
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for all culture periods.  OCGCs that produced mature oocytes tended to secrete more E2 and less 

P4 than OCGCs that produced immature oocytes.  In conclusion, until day 8 of the IVG culture, 

P4 production by OCGCs was suppressed by the addition of 10 ng/mL BMP-4 in the absence of 

FSH, without inhibiting E2 production.  These conditions appear to mimic growing follicles until 

day 8 and mimic degenerating follicles from days 8-12 of culture.  
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Chapter II: Relationship between the antral follicle count in bovine ovaries from a local 

abattoir and steroidogenesis of granulosa cells cultured as oocyte-cumulus-granulosa 

complexes 

 

Introduction 

 The ovarian reserve, the number of primordial follicles in a pair of ovaries in individuals, 

is defined as the potential ability of these functions of ovaries such as to support the growth and 

maturation of oocytes, as well as the production of sex steroid hormones104) and is known to be 

an indicator of female fertility in humans12) and cattle47).  The peak AFC positively correlates 

with the number of primordial follicles50) and may be used to estimate the ovarian reserve13).  

Although AFC fluctuates during the estrus cycle and markedly varies between individuals, the 

peak AFC during the estrous cycle shows high repeatability in individual cattle13).  Between 15 

and 20% of individual cattle in a herd were generally classified according to the peak AFC during 

follicular waves into the low AFC group (15 or fewer follicles), while 15-20% were in the high 

AFC group (25 or greater follicles), and the remainder were in the intermediate group (16-24 

follicles)13, 47).  In general, cattle with high number of antral follicles in a pair of ovaries showed 

higher reproductive performance, such as higher fertility72), a shorter open period72), and higher 

responsiveness to superovulation48) than cattle with low number of antral follicles, even though 

they were in the same age class. 

 It is reported that the fertilizability of oocytes collected by ultrasound-guided OPU was 

greater in high AFC cattle with 30 or more follicles in a pair of ovaries at the time of OPU than 

low AFC cattle with less than 30 follicles at a 3- or 4-day interval of OPU73).  In contrast, when 

the interval of OPU was extended to 7 days, the fertilizability of oocytes in high AFC cattle was 

impaired and became less than that in low AFC cattle73).  These findings indicate that the growth 



 

35 

 

dynamics of antral follicles differ between high and low AFC cattle, and the degeneration of antral 

follicles at the selection phase in the follicular wave may occur earlier in high AFC cattle than in 

low AFC cattle.  To investigate the differences underlying follicular growth dynamics and the 

acquisition of oocyte competence between high and low AFC cattle, a study was conducted using 

an IVG culture of bovine oocytes74), a culture system that enables bovine oocytes without 

maturational competence from early antral follicles to grow to the stage acquiring competence for 

maturation and development to the blastocyst stage40, 43, 109).  Consequently, OCGCs derived 

from early antral follicles (0.5-1.0 mm in diameter) in the high AFC group with more than 25 

follicles (≥2.0 mm in diameter) in an ovary collected at a slaughterhouse showed higher oocyte 

maturational competence and fertilizability as well as the higher proliferation of granulosa cells 

than those in the low AFC group (less than 25 follicles)74).  However, in the previous study74), 

OCGCs were cultured in medium containing a high concentration of E2 (1 μg/mL) to increase the 

E2/P4 ratio, similar to a dominant follicle57); therefore, the relationships between AFC, the 

steroidogenesis of granulosa cells, and the developmental competence of oocytes have not yet 

been examined.  In addition, I suggested that granulosa cells surrounding in vitro-grown oocytes 

having higher maturational competence secreted more E2 and less P4 than the granulosa cells 

surrounding less competent in vitro-grown oocytes using medium containing A4 instead of E2 in 

chapter I. 

 In chapter II, I investigated the relationship between AFC and the steroidogenesis of 

granulosa cells using a bovine IVG culture without the exogenous application of E2.  In addition, 

I confirmed the oocyte competence of growth, maturation, and subsequent development to 

blastocysts. 
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Materials and Methods 

Collection of OCGCs and the IVG culture 

 Collection and IVG bovine OCGCs was performed as described in chapter I.  Briefly, 

slaughter-house derived ovaries were sliced at approximately 1 mm thickness.  Under a 

stereomicroscope, early antral follicles (0.5-1.0 mm in diameter) were dissected from sliced 

ovarian tissues.  OCGCs isolated from early antral follicles were cultured individually in a 96-

well culture plate with 200 μL of growth medium at 39°C for 12 days in humidified air with 5% 

CO2.  Every 4 days of the IVG culture, half of the growth medium (100 μL) was replaced with 

the same amount of fresh medium. 

Evaluation of OCGC morphology 

 Morphology of OCGCs was evaluated as described in chapter I (Fig. II-1).  Briefly, 

every 4 days of IVG culture, the viability of OCGCs was assessed by the morphological 

appearance; i.e., OCGCs having an evenly granulated ooplasm that were completely enclosed by 

several layers of healthy cumulus and granulosa cells were defined as survived.  OCGCs having 

oocytes with abnormal appearance and/or oocytes were denuded by scattering cumulus and 

granulosa cells were defined as dead.  Simultaneously antrum formation in the granulosa cell 

layers, which is an indicator of higher ability for E2 production, were also recorded.   

Evaluation of the characteristics of granulosa cells 

 The characteristics of granulosa cells (total number, viability, and diameter) after growth 

culture from survived OCGCs on days 0, 4, 8, and 12 were examined as described in chapter I.  

Briefly, granulosa cells were stained using an acridine orange/propidium iodide dual fluorescence 

staining after trypsinization and pipetting several times.  Characteristics of granulosa cells were 

evaluated by a cell counter. 
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E2 and P4 assays 

 Spent media at days 4, 8, and 12 were assayed for E2 and P4 concentrations using a 

competitive double antibody enzyme immunoassay as described in chapter I with slight 

modifications.  The primary antisera used for the E2 and P4 assays were anti-estradiol-17β-6- 

CMO-BSA (FKA204, Cosmo bio, Tokyo, Japan) and anti-progesterone-3-CMO-BSA (KZ-HS-

P13, Cosmo bio), respectively.  Goat anti-rabbit serum (111-005-003, Jackson Immuno 

Research, West Grave, PA, USA) was used as the secondary antiserum.  Assay sensitivities were 

0.049 pg/well for E2 and 0.391 pg/well for P4.  The inter- and intra-assay coefficients of 

variations were 16.9 and 4.0% for E2 and 7.0 and 3.9% for P4, respectively.  Production of steroid 

hormones during each period (days 0-4, days 4-8, and days 8-12) was calculated as described in 

chapter I. 

Evaluation of the growth, nuclear maturation, and developmental competence of oocytes 

 The growth and nuclear maturation of oocytes were evaluated as described in chapter I.  

Briefly, diameters of oocytes of OCGCs were measured by an inverted microscope with an 

attached CCD camera and an image analysis software at the onset of the IVG culture.  Volumes 

of oocytes based on their diameter were calculated.  After 12 days of IVG, COCs were collected 

from survive OCGCs and submitted to IVM in each well of the micro-well plates filled with 6 

mL of IVM medium at 39°C under 5% CO2 in air for 22 hours.  After IVM, oocytes were 

denuded from cumulus cells by pipetting and their diameters were measured.  Oocytes were 

stained with 1% aceto-orcein and their nuclear status was examined under a phase contrast 

microscope.  Oocytes that reached metaphase II and had a polar body were defined as mature; 

oocytes at other nuclear statuses were defined as immature.  After IVM, some COCs were 

subjected to IVF as previously described102).  Briefly, frozen semen collected from a Holstein 

bull was used for IVF.  After thawing the semen in a 37°C water bath for 40 second, motile 
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sperm (5 × 106 sperm/mL) separated by a Percoll gradient (45% and 90%) were co-incubated with 

COCs in a 100-μL droplet (8 to 12 COCs per droplet) of modified Brackett and Oliphant isotonic 

medium11) containing 3 mg/mL fatty acid-free BSA and 2.5 mM theophylline100) for 18 hours at 

39°C in a humidified atmosphere of 5% CO2, 5% O2, and 90% N2.  IVC of inseminated oocytes 

(presumptive zygotes) was performed as previously described101, 102).  Briefly, after a co-

incubation with sperm, presumptive zygotes were freed from cumulus cells by vortexing for 5 

minutes and washing three times in culture medium.  Cumulus-free zygotes were cultured for 6 

days in 30-μL droplets (8 to 12 zygotes per droplet) of culture medium at 39°C under 5% CO2, 

5% O2, and 90% N2.  The culture medium consisted of modified synthetic oviduct fluid 

containing 1 mM glutamine, 12 essential amino acids for basal medium Eagle, seven non-essential 

amino acids for minimum essential medium, 10 g/mL insulin, 5 mM glycine, 5 mM taurine, 1 

mM glucose, and 3 mg/mL fatty acid-free BSA.  During IVF and IVC, oocytes derived from 

different ovaries were pooled and cultured in a same droplet.  Cleavage and blastocyst 

production rates were measured after 2 days (approximately 30 hours) and 6 days (150 hours) of 

IVC, respectively.  The total live cell numbers of blastocysts obtained after 6 days of IVC were 

counted using an air-drying method100). 

Statistical analysis 

 All statistical analyses were performed using software (StatView 4.51, Abacus Concepts, 

Calabasas, CA, USA).  Data on the viability of and antrum formation by OCGCs and the nuclear 

maturation rate were analyzed by the chi-squared test.  Other data were analyzed using a two-

way ANOVA followed by the Student’s t-test or Tukey-Kramer’s HSD test. 

Experimental design 

 A schematic of the experimental design was shown in Fig. II-2.  AFC in ovaries from 

the local abattoir was assessed by the number of antral follicles (≥2 mm in diameter), and I 
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allocated ovaries having 25 or more follicles to the high AFC group and others to the low AFC 

group as described elsewhere74).  As shown in Fig. II-3, I collected more OCGCs from a higher 

number of antral follicles (≥2 mm in diameter) in ovaries (P < 0.05, Tukey-Kramer’s HSD test).  

I used 186 ovaries as the low AFC group and 70 ovaries as the high AFC group.  I collected 388 

OCGCs in the low AFC group and 410 OCGCs in the high AFC group and subjected them to 

evaluations that have been shown in Tables II-1 and II-2.  However, as shown in Table II-1, 4 

oocytes in the low AFC group and 4 oocytes in the high AFC group were accidentally lost after 

IVM during the pipetting of oocytes for the denudation of cumulus cells.  Three oocytes in the 

low AFC group and 2 oocytes in the high AFC group were accidentally lost after IVF during the 

vortexing procedure (Table II-1).  As shown in Table II-1, 193 OCGCs in the low AFC group 

and 225 in the high AFC group were subjected to IVG followed by IVM for the evaluation of 

oocyte volumes on day 0 of IVG and after IVM and the percentage of metaphase II oocytes after 

IVM.  E2 and P4 concentrations were measured in spent media used for the IVG culture of 95 

OCGCs in the low AFC group and 110 OCGCs in the high AFC group, which were subjected to 

IVM.  Steroid hormone production during each period (days 0 to 4, 4 to 8, and 8 to 12) was 

calculated based on concentrations at the beginning and end of the period as described in chapter 

I.  After IVM, 44 OCGCs in low AFC group and 44 OCGCs in high AFC group were subjected 

to IVF and IVC for the evaluation of developmental competence.  As shown in Table II-2, the 

remaining 151 OCGCs in the low AFC group and 141 OCGCs in the high AFC group were 

subjected to an evaluation of the characteristics of granulosa cells on days 0, 4, 8, and 12.  The 

viability of OCGCs was calculated based on all cultured OCGCs.  The percentage of antrum 

formation in the granulosa cell layer was calculated based on OCGCs judged as surviving on day 

12.  I compared differences in the viability of OCGCs, antrum formation in the granulosa cell 

layer, the total number, viability, and diameter of granulosa cells, production of E2 and P4, the 
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E2/P4 ratio, and volume, nuclear status, and developmental competence of oocytes between the 

AFC groups. 

 

Results 

 As shown in Fig. II-4, the viabilities of OCGCs in the high and low AFC groups 

decreased throughout the culture period (P < 0.05) and did not significantly differ between the 

two groups.  The percentages of OCGCs having antra increased throughout the culture period, 

and became higher in the high AFC group (78.8%) than in the low AFC group (67.7%, P < 0.05) 

on day 12. 

 As shown in Fig. II-5, the two-way ANOVA showed that the interactions between AFC 

and the culture duration on E2 production and the E2/ P4 ratio (P < 0.01), and E2 production and 

the E2/P4 ratio were affected by AFC (P < 0.05) and the culture duration (P < 0.01).  P4 production 

was affected by the culture duration, but not by AFC.  E2 production from days 4 to 8 showed 

the highest values in all culture periods, and E2 production from days 4 to 8 was higher in the high 

AFC group than in the low AFC group (P < 0.05).  P4 production increased with the extension 

of the culture period (P < 0.05), and did not significantly differ between the two groups.  The 

E2/P4 ratio in the high AFC group did not decrease until day 8, and was higher than that in the low 

AFC group (P < 0.05) on day 8; however, the E2/P4 ratio decreased with the extension of the 

culture period (P < 0.05) in the low AFC group. 

 As shown in Fig. II-6, the two-way ANOVA showed that the culture duration affected 

the total number, viability, and diameter of granulosa cells (P < 0.01) and AFC affected the 

diameter of granulosa cells (P < 0.05); however, there were no interactions between AFC and the 

culture duration on the total number, viability, and diameter of granulosa cells.  The total number 

of granulosa cells increased throughout the culture period (P < 0.05) and did not significantly 
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differ between the two groups.  The viability of granulosa cells was higher than 97% throughout 

the culture and similar between the two groups.  The mean diameters of granulosa cells were 

larger in the low AFC group than in the high AFC group during all culture periods (P < 0.05), and 

became larger on day 4 of the culture than that on day 0 (before IVG) (P < 0.05). 

 As shown in Fig. II-7, the two-way ANOVA showed that IVG culture and AFC affected 

the volume of oocytes (P < 0.01); however, there was no interaction between AFC and IVG culture 

on the volume of oocytes.  The volume of oocytes became larger after than before IVG in each 

group (P < 0.05), and the high AFC group showed a larger volume than the low AFC group after 

IVG (P < 0.05).  The nuclear maturation rate was higher in the high AFC group (78.9%, 105/133) 

than in the low AFC group (66.4%, 71/107) (P < 0.05).  As shown in Table II-1, cleavage rates 

were similar between the low AFC (63.2%, 12/19) and the high AFC group (68.2%, 15/22), but 

no oocytes (0/19) in the low AFC group developed to the blastocyst stage after IVF and IVC, 

while 9.1% (2/22) oocytes in the high AFC group developed to blastocysts. 

 

Discussion 

 In the present study, E2 production was greater in the high AFC group than in the low 

AFC group.  Furthermore, I confirmed a higher nuclear maturation rate and blastocyst 

development in the high AFC group.  These results on oocyte competence support a previous 

findings showing that oocytes derived from early antral follicles in ovaries with high AFC had a 

greater maturational ability, and were assumed to have greater fertilizability than ovaries with low 

AFC74).  Moreover, the present study suggests that greater E2 production and a higher E2/P4 ratio 

contributed to superior oocyte competence in the high AFC group.   

 Granulosa cell numbers and viabilities were similar between the two groups in the 

present study; however, the proliferation of granulosa cells was greater in the high AFC group 
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than in the low AFC group in the previous study74).  I speculate that this difference in granulosa 

cell proliferation may be related to the addition of different steroid hormones to culture media in 

the two studies.  In the previous study, a high concentration of E2 was used74), whereas I used A4 

in the present study.  Taketsuru et al.103) reported that the viability of OCGCs was approximately 

80% when OCGCs were cultured in E2-supplemented medium for 14 days, but approximately 

65% when OCGCs were cultured in A4-supplemented medium.  These findings suggest that the 

effects of A4 on the enhancement of granulosa cell proliferation were weaker than those of E2.  

The mean number of granulosa cells was 8.5 × 104 cells after 12 days of IVG in a previous study 

using E2-supplemented medium109), but were 5.6 × 104 and 6.6 × 104 cells in the low and high 

AFC groups, respectively, in the present study.  Although the previous study evaluating the 

effects of AFC on the granulosa cell number using E2-supplemented medium74) showed lower 

values (approximately 4.0-5.0 × 104 cells) than the present results, granulosa cells were collected 

and counted after retrieving COCs74), thereby reducing the number of remaining granulosa cells 

in a well.   

 The mean diameter of granulosa cells was larger in the low AFC group (11.3 ± 0.4 μm) 

than in the high AFC group (10.2 ± 0.3 μm) even before IVG.  Previous studies reported that in 

vivo-grown large luteal cells (38.4 μm in diameter) originated from granulosa cells and in vitro-

luteinized granulosa cells (38.4 μm) were larger than granulosa cells in preovulatory follicles 

(10.6 μm)65, 79).  In addition, Scheetz et al.93) suggested that P4 production and the expression 

level of the oxytocin-neurophysin I precursor, both of which are markers of granulosa cell 

luteinization, were higher in granulosa cells from low AFC ovaries having 15 or fewer follicles 

in a pair of ovaries than from high AFC ovaries having 25 or greater follicles; however, they did 

not measure the diameter of granulosa cells.  The difference in the diameter of granulosa cells 

may support luteinization or luteinization-like changes in the low AFC group, although P4 
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production was not significantly different between both groups in the present study.  Endo et 

al.21) reported that E2 promoted the growth and maturational competence of oocytes derived from 

early antral follicles using bovine IVG.  Moreover, as described in chapter I, I suggested that E2 

production by OCGCs producing matured oocytes after IVM was slightly higher than that of 

OCGCs producing immature oocytes after IVM.  In the present study, the development rate to 

blastocyst was 9.1% in the high AFC group, and the developmental competence was similar to 

that of bovine oocytes with <115 μm in diameter (11.9%) in a previous study1).  On the other 

hand, I could not produce blastocysts from the oocytes in the low AFC group, although the 

cleavage rate after IVF was similar between both groups.  The result may indicate the impaired 

developmental competence of oocytes in the low AFC group.  In the previous study74), some 

oocytes in the low AFC group developed to blastocysts when we used E2 (1 μg/mL) for the growth 

medium instead of A4 to increase the E2/P4 ratio like a dominant follicle57).  E2 addition may 

enhance the granulosa cell proliferation because the numbers of granulosa cells were relatively 

greater in the previous study (8.5 × 104 cells/well at day 12)109) compared to this results, 5.6 and 

6.6 × 104 cells/well in the low and high AFC groups, respectively.  These results suggest that the 

impaired E2 production of granulosa cells in the low AFC group had a negative impact on oocyte 

growth, maturation, and developmental competence.  In addition, 10-hours culture of in vivo-

grown oocytes with low FSH containing medium before IVM culture (pre-IVM) were performed 

in the previous study74).  Also, it is reported that pre-IVM improved the developmental 

competence of bovine oocytes derived from IVG43) and oocytes with <115 μm in diameter1).  In 

further study, the effects of E2/P4 ratio during IVG culture and FSH treatment before IVM on the 

acquisition of developmental competence of in vitro-grown oocytes should be examined.   

 Scheetz et al.93) also reported that FSH-mediated E2 production was lower in granulosa 

cells from low AFC ovaries than from high AFC ovaries by culturing granulosa cells under serum-
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free conditions.  However, I demonstrated that the addition of FSH did not enhance E2 

production and accelerated P4 production in chapter I, which may have been due to the addition 

of serum to the medium for the IVG culture.  Granulosa cells cultured in media containing serum 

were found to have luteinized, compromised E2 production, and begun to produce P4
55, 81).  

Previous studies attempted to culture OCGCs in serum-free media94, 95); however, the oocytes 

derived from serum-free cultures had low maturational competence and low fertilizability.  In 

the future, we need to develop an IVG system that does not use serum, but enhances oocyte 

competence, or that inhibits the luteinization of granulosa cells even when growth medium 

contains serum. 

 In conclusion, E2 production by bovine granulosa cells cultured as OCGCs was greater 

in the high AFC group than in the low AFC group, whereas P4 production by granulosa cells was 

similar in each group.  The diameter of granulosa cells was larger in the low AFC group than in 

the high AFC group.  These results indicate that granulosa cells in the low AFC group are starting 

luteinization, and the reduced production of E2 by granulosa cells in the low AFC group may 

impair the growth and meiotic competence of oocytes.  In future studies, we need to identify 

possible factors inducing luteinization-like changes in the low AFC group.
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Tables and figures 

 

Table II-1. Number of oocyte-cumulus-granulosa complexes (OCGCs) cultured for the evaluation of nuclear maturation, production of estradiol-17β (E2) and 

progesterone (P4), and developmental competence. 

a Four oocytes were lost during pipetting after in vitro maturation. 

b Three oocytes were lost during vortexing after in vitro fertilization. 

c Two oocytes were lost during vortexing after in vitro fertilization. 

The numbers in parentheses indicate rates of cleaved oocytes or oocytes developed to blastocysts after in vitro fertilization and in vitro culture. 

The cell numbers in blastocysts were 65 and 88 in the high AFC group.  

Groups 

No. of OCGCs used for 

oocyte volume and nuclear maturation 
 

No. of OCGCs used for 

oocyte developmental competence 

Cultured Survived Evaluated 
E2 and P4 

measurement 
 Cultured Survived Evaluated 

Cleaved 

(%) 

Blastocysts 

(%) 

Low 193 111 107 a 95  44 22 19 b 12 (63.2) 
0 

(0.0) 

High 225 137 133 a 110  44 24 22 c 15 (68.2) 
2 

(9.1) 
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Table II-2. Number of oocyte-cumulus-granulosa complexes (OCGCs) cultured for the evaluation of granulosa cell characteristics. 

 

Groups Total 

No. of OCGCs used for granulosa characteristics at each duration 

Day 0 

Day 4  Day 8  Day 12 

Cultured Survived  Cultured Survived  Cultured Survived 

Low 151 26 34 32  38 27  53 25 

High 141 27 27 23  37 24  50 28 
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Fig. II-1. Oocyte-cumulus-granulosa complexes (OCGCs) before and after day 12 of the growth 

culture.   

A: An OCGC before the growth culture.  The OCGC has an oocyte surrounded by a cumulus 

investment and attached mural granulosa-cell layer.  The white arrowhead indicates the 

cumulus investment.  The black arrowhead indicates the mural granulosa-cell layer.   

B: A surviving OCGC without antrum formation in the granulosa cell layer after a 12-day growth 

culture.  OCGCs having oocytes with an evenly granulated ooplasm and enclosed by several 

layers of healthy granulosa cells were defined as surviving.   

C: A surviving OCGC with the formation of antra (white arrowheads) in the granulosa cell layer. 

D: A dead OCGC having a degenerated oocyte.   

The white arrow indicates an oocyte.  Scale bars indicate 100 μm.  

B 

D 

A 

C 
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Fig. II-2. Schematic of the experimental design.  

Antral follicle count (AFC) in an ovary from the local abattoir was assessed by the number of 

antral follicles (≥2 mm in diameter), and I allocated ovaries having 25 or more follicles to the 

high AFC group and others to the low AFC group.  Oocyte-cumulus-granulosa complexes 

(OCGCs) from each ovary were cultured for 0, 4, 8, or 12 days in an in vitro growth (IVG) culture.  

Oocyte volume was evaluated on day 0 of IVG.  Granulosa cell characteristics were evaluated 

on every 4 days of IVG (days 0, 4, 8, and 12).  On every 4 days of IVG, the morphology of 

OCGCs (viability of OCGCs and antrum formation in granulosa cell layers) was evaluated.  

After 12 days of IVG, oocyte-cumulus complexes (COCs) derived from surviving OCGCs were 

subjected to in vitro maturation (IVM).  The concentrations of estradiol-17β (E2) and 

progesterone (P4) in the IVG media of some of these OCGCs at each period of IVG every 4 days 

(days 0, 4, 8, and 12) were evaluated.  After IVM, the volume and nuclear status of some oocytes 

were evaluated.  The remaining oocytes were subjected to in vitro fertilization (IVF) and an in 

vitro culture (IVC) for the evaluation of developmental competence to blastocysts.  
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Fig. II-3. Relationship between antral follicle count (AFC) and number of collected oocyte-

cumulus-granulosa complexes (OCGCs) in each ovary.  

A total of 186 ovaries as the low AFC group and 70 ovaries as the high AFC group were used, 

and 388 OCGCs in the low AFC group and 410 OCGCs in the high AFC group were collected. 

a-f Different letters indicate significant differences between different AFC (P < 0.05).  

Error bars indicate SEM. 
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Fig. II-4. Relationships between antral follicle count (AFC), viability, and antrum formation in 

granulosa cell layers of oocyte-cumulus-granulosa complexes (OCGCs). 

Numbers in parentheses indicate the number of OCGCs; namely, the number of OCGCs 

a-c Different letters indicate significant differences between different culture periods in the same 

group (P < 0.05).  

* An asterisk indicates a significant difference between the low and high AFC groups on the same 

day (P < 0.05).  
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Fig. II-5. Relationships between antral follicle counts (AFC), the production of estradiol-17β (E2) 

and progesterone (P4) by oocyte cumulus-granulosa complexes (OCGCs), and the E2/P4 ratio in 

culture media.  

a-c Different letters indicate significant differences between different culture periods in the same 

group (P < 0.05). 

* An asterisk indicates a significant difference between the low and high AFC groups (P < 0.05). 

Numbers in parentheses indicate the number of OCGCs on the same day.  

Error bars indicate SEM. 
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Fig. II-6. Relationships between antral follicle counts (AFC) and the total number, viability, and 

diameter of granulosa cells of oocyte-cumulus-granulosa complexes (OCGCs).  

a-c Different letters indicate significant differences between different culture periods in the same 

group (P < 0.05).  

* An asterisk indicates a significant difference between the low and high AFC groups on the same 

day (P < 0.05).  

Numbers in parentheses indicate the number of OCGCs. 

Error bars indicate SEM.  
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Fig. II-7. Relationships between antral follicle counts (AFC) and oocyte growth and maturation. 

Values above boxes in the box-and-whisker plot indicate the mean diameters (μm) of oocytes.  

Numbers in parentheses indicate the number of oocytes submitted to IVM (Table II-1) derived 

from 193 OCGCs in the low AFC group and 225 in the high AFC group.  

Lines on the boxes in the box-and whisker plot delineate the 25th, 50th, and 75th percentiles, 

while the whiskers depict the 10th and 90th percentiles.   

a, b Different letters indicate significant differences between before and after IVG (P < 0.05).  

* An asterisk indicates a significant difference between the low and high AFC groups on the same 

day (P < 0.05).  
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Summary 

 The antral follicle count (AFC) is used as an indicator of cow fertility.  I herein 

investigated the relationship between AFC and the steroidogenesis of granulosa cells and 

confirmed the developmental competence of oocytes derived from early antral follicles (0.5-1.0 

mm) using in vitro growth culture.  Slaughterhouse-derived ovaries were divided into high (≥25 

follicles) and low AFC groups (<25 follicles) based on AFC (≥2.0 mm).  Oocyte-cumulus-

granulosa complexes (OCGCs) collected from early antral follicles were cultured for 12 days.  

The total number, viability, and diameter of granulosa cells and estradiol-17β (E2) and 

progesterone (P4) production during the culture were evaluated.  Surviving oocytes on day 12 

were subjected to in vitro maturation, and their volume and nuclear status were evaluated.  Some 

oocytes were subjected to the evaluation of developmental competence to blastocysts.  Although 

the total number and viability of granulosa cells did not differ between the groups, granulosa cell 

diameters were smaller in the high AFC group than in the low AFC group (P < 0.05).  The E2 

and P4 ratio on day 8 was higher in the high AFC group than in the low AFC group (P < 0.05).  

Oocyte volumes and nuclear maturation rates were greater in the high AFC group than in the low 

AFC group (P < 0.05).  The development rate to blastocysts was 9.1% in the high AFC group, 

while no oocytes developed to blastocysts in the low AFC group.  E2 production by granulosa 

cells appears to be greater in high AFC cattle than in low AFC cattle, thereby promoting the 

acquisition of oocyte competence.  
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Chapter III: Relationship between the antral follicle count, steroidogenesis,  

and secretions of follicle stimulating hormone and anti-Müllerian hormone  

during follicular growth in cattle 

 

Introduction 

 In mono-ovulatory species, the recruitment of follicular growth is induced by a surge-

like secretion of FSH.  According to the decrease of the level of FSH by the inhibitory effect of 

E2 and inhibin secreted by follicles themselves, a dominant follicle is selected.  The dominant 

follicle continues growth by LH, and results in ovulation5, 29).  On the other hand, most of 

follicles recruited at the same time as the dominant follicle degenerates5, 29).   

 The ovarian reserve, the pool of primordial follicles in a pair of ovaries in individuals, 

is defined as the potential ability of ovarian function12, 104) and is known to be an indicator of 

female fertility in mono-ovulatory species such as humans12) and cattle47).  As mentioned earlier, 

the peak AFC positively correlates with the number of primordial follicles50) and can be used to 

estimate the ovarian reserve13).  The peak AFC between follicular waves seems consistent in 

individual cattle13), cattle with high number of antral follicles have been linked to higher 

reproductive performance, such as higher fertility72), a shorter open period72), and higher 

responsiveness to superovulation48), than cattle with low number of antral follicles, even though 

they were in the same age class.  A previous report showed that the fertilizability of oocytes 

collected from cattle by ultrasound-guided OPU was higher in high AFC cows having 30 or more 

antral follicles in a pair of ovaries at the time of OPU than in low AFC cows having less than 30 

antral follicles at a 3- or 4-day interval of OPU73).  In contrast, at the interval of OPU to 7 days, 

the fertilizability of oocytes in high AFC cows was impaired and became less than that in low 

AFC cows, although the fertilizability of oocytes derived from low AFC cows was similar 

regardless of OPU interval73).  These findings indicate that the growth dynamics of antral 

follicles differ between high and low AFC cows, and the degeneration of antral follicles at the 

selection phase in the follicular wave may occur earlier in the high AFC cows than in the low 
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AFC cows.  However, the reason of this reversal of the relationship between AFC and oocyte 

fertilizability is uncertain.  In addition, I conducted IVG culture of bovine OCGCs in chapter II, 

which enables bovine oocytes without maturational competence from early antral follicles to grow 

to the stage acquiring competence for maturation and development to the blastocyst stage40, 43, 109) 

and offspring40, 43).  By using this technology, I investigated the follicular function, the 

acquisition of oocyte competence, and the steroidogenesis in granulosa cells, and I estimated the 

follicular growth dynamics from the period which we cannot detect the follicles by 

ultrasonography in vivo to the period which oocytes acquire the developmental competence in 

high and low AFC cows.  Consequently, OCGCs derived from early antral follicles (0.5-1.0 mm 

in diameter) in the high AFC group having 25 or more antral follicles (≥2.0 mm in diameter) in 

an ovary collected at a slaughterhouse showed higher oocyte maturational competence and 

fertilizability than those in the low AFC group having less than 25 antral follicles.  Although 

proliferation of granulosa cells was same in both groups, E2 production of OCGCs was higher in 

the high AFC group than in the low AFC group.  In addition, I revealed that granulosa cells 

surrounding IVG oocytes having higher maturational competence secreted more E2 and less P4 

than the granulosa cells surrounding less competent in vitro-grown oocytes using medium 

containing A4 instead of E2 in chapter I.   

 AMH is one of a member of TGF-β family and produced by granulosa cells of primary 

to early antral follicles59).  In AMH deficient mice, premature depletion of primordial follicles 

occurred19), and AMH inhibited activation of primordial follicles in cattle108).  AMH inhibited 

FSH-stimulated growth of antral follicles and E2 production by decreasing the sensitivity of 

preantral and antral follicles to FSH in mice18), humans15, 34), and sheep14).  These results suggest 

that AMH is an important regulator of follicular activation, follicular growth, and steroidogenesis 

in growing follicles.  Further, the plasma concentration of AMH was positively correlated with 

the number of primordial follicles and AFC in humans59) and cattle50).  In cattle, the 

concentration of AMH in follicular fluid of antral follicles (≥3 mm in diameter) decreased during 

follicular growth66, 90).  Granulosa cells derived from antral follicles (3-5 mm in diameter) 
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produced more E2 and AMH in the high AFC cows having 25 or more follicles in a pair of ovaries 

than in the low AFC cows having 15 or fewer antral follicles regardless of FSH addition in in 

vitro culture of granulosa cells93).  In follicular fluid of antral follicles (5-7 mm in diameter), 

immediately before selection of dominant follicles, AMH concentration was similar between in 

the high AFC heifers and in the low AFC heifers, while E2 concentration was lower in the high 

AFC heifers than in the low AFC heifers49).  On the other hand, E2 concentration of follicular 

fluid in ovulatory follicles (approximately 15 mm in diameter) was higher in the high AFC heifers 

than in the low AFC heifers70).  These results indicate that AMH regulates FSH-stimulated E2 

production during follicular growth, and the regulation can be different between each stage of 

follicular growth.  However, there is no information about the relationship between AMH 

concentration in follicles after selection (≥8 mm in diameter) or before recruitment (<4 mm in 

diameter) and AFC.  In chapter III, I investigated the relationship between AFC, follicular 

growth dynamics, the concentrations of FSH in plasma and steroid hormones, E2, testosterone (T, 

one of the precursors of E2), and P4 in plasma and follicular fluid as the factors affecting the oocyte 

developmental competence in high and low AFC cattle.  In addition, I also investigated the 

relationship between AMH and AFC at follicular stages before and after recruitment by IVG of 

OCGCs derived from early antral follicles (<1 mm in diameter) and ultrasound-guided follicular 

aspiration, respectively. 

 

Materials and Methods 

Animals 

 This study was approved by the Institutional Animal Care and Use Committee of 

Hokkaido University.  The cows were kept at the experimental farm of Hokkaido University (n 

= 7; 3 lactating and 4 dry cows).  Their age and parity were 9.0 ± 4.7 (mean ± SD) and 4.0 ± 2.2, 

respectively.   

Collection of follicular fluid, blood, and ultrasound examination 

 The schematic drawing of ultrasound-guided follicular aspiration schedule was 
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described in Fig. III-1.  Estrous cycles and follicular waves of the cows were synchronized for 

collecting follicular fluid from follicles just before the expected time of the LH surge as previously 

described91).  Briefly, cows were inserted an intra vaginal P4 device (1.9 g, CIDR 1900; Zoetis 

Japan, Tokyo, Japan) (day –18).  Five days after insertion of the P4 devise, prostaglandin F2α 

(PGF2α, 25 mg, Pronalgon F containing 5 mg/mL of dinoprost; Zoetis Japan) was injected 

intramusculaly (day –13).  Then P4 devise was removed 8 days after insertion (day –10).  Two 

days later, gonadotropin releasing hormone (GnRH) analogue (200 µg, Conceral injection 

containing 50 µg/mL fertirelin acetate; Intervet, Osaka, Japan) was injected intramusculaly (day 

–8).  After 8 days, large follicles were ablated under an ultrasound imaging device (HS-2100; 

Honda Electronics, Aichi, Japan) equipped with a 9.0 MHz long-handled convex transducer 

(HCV-4710MV; Honda Electronics) for synchronization of the emergence of the follicular wave8) 

(day 0).  Follicles were aspirated using a single-lumen needle (17-gauge, 490 mm long; Misawa 

Medical, Ibaraki, Japan) connected to a 50 mL tube (Falcon 2070; Becton Dickinson, Franklin 

Lakes, NJ, USA) via a silicone tube (100 cm long, 1 mm internal diameter).  Four days later, 

PGF2α was injected intramusculaly (day 4).  After 40 hours of PGF2α injection, a follicular fluid 

of a dominant follicle (ovulatory phase) was collected under the ultrasonography (day 6).  For 

the collection of follicular fluid, the single-lumen needle was connected to a 5- or 10-mL syringe.  

Two cows had a large subordinate follicle (≥8 mm in diameter) after collection of follicular fluid, 

respectively, then these follicles were also ablated.  After that, GnRH was injected 

intramusculaly to induce LH surge.  Five days after GnRH injection, formation of corpus luteum 

was confirmed by ultrasonography in all cows (day 11), and 2 days later, follicular fluid was 

collected from a dominant follicle (luteal phase) (day 13).  Then all visible follicles were ablated.  

Four days later, follicular fluid was collected from the largest follicle (selection phase) (day 17).  

A cow had 2 large follicles (9.6 and 8.7 mm) and I could not distinguish the dominant follicle that 

expressed LH receptors6) under ultrasonography; therefore, I collected follicular fluids from these 

follicles and pooled as a sample.  In three cows (1 low AFC and 2 high AFC), follicular ablation 

was performed again at day 16 and follicular fluid was collected at day 20.  During days 0 to 16, 
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I daily examined ovaries by the ultrasound imaging device equipped with a 7.5 MHz rectal linear 

transducer (HLV-575M; Honda Electronics) and moving images of ultrasonography were saved 

into a video recorder (VR570; Toshiba Teli, Tokyo, Japan).  I also daily collected blood by 

jugular or caudal venipuncture using EDTA-loaded vacuum tubes for hormone measurements.  

Each tube was centrifuged at 4ºC, 3000 rpm for 10 minutes.  Plasma samples were stored at –

30ºC until hormone assays were conducted.  In addition, I performed ovarian ultrasonography 

and blood collection at the days of hormone treatments, ablation of follicles, and sampling of 

follicular fluid.  For analyzing follicular growth dynamics, recorded moving images were 

subjected to frame-by-frame playback using a media player (Windows Media Player; Microsoft, 

WA, USA).  The number of antral follicles were counted, and diameter of each antral follicle 

was measured by a digital calipers-software (Hakarundesu; Onegland.net, Sizuoka, Japan).  

Antral follicles were divided into 3 categories according to their diameters (small: <4 mm, 

intermediate: 4-8 mm, and large: ≥8 mm) since follicles of 4 mm or larger in diameter are usually 

defined as representing the emergence of follicles31) and follicles of 8 mm or larger in diameter 

start to express LH receptors6). 

Collection of OCGCs and the IVG culture 

 Collection and IVG of bovine OCGCs was performed as described in chapter I.  Briefly, 

slaughter-house derived ovaries were sliced at approximately 1 mm thickness.  Under a 

stereomicroscope, early antral follicles (0.5-1.0 mm in diameter) were dissected from sliced 

ovarian tissues.  OCGCs isolated from early antral follicles were cultured individually in a 96-

well culture plate with 200 μL of growth medium at 39ºC for 12 days in humidified air with 5% 

CO2.  Every 4 days of the IVG culture, half of the growth medium (100 μL) was replaced with 

the same amount of fresh medium.  Spent media of surviving OCGCs collected on days 4, 8, 

and 12 of the culture were stored at –30ºC until assays of steroid hormone and AMH.   

E2, P4, FSH, and AMH assays 

 Steroid hormones in plasma samples were extracted as described previously with slight 
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modifications for T assay107).  For the E2 assay, 2 mL of plasma was extracted with 6 mL of 

diethyl ether (Kanto chemical, Tokyo, Japan).  For the T assay, 1 mL of plasma was extracted 

with 3 mL of diethyl ether.  For the P4 assay, 200 μL of plasma were extracted with 2 mL of 

diethyl ether.  Then the diethyl ether was decanted into a new tube after freezing the plasma.  

After evaporating the diethyl ether, 0.5 mL of acetonitrile (Kanto chemical) and 1 mL of hexane 

(Kanto chemical) were added and mixed well in the extracted samples for E2 and T assays for 

delipidation.  Thereafter, 1 mL of hexane was added again, and all the hexane was discarded 

using an aspirator.  The acetonitrile was evaporated after repeating delipidation by hexane three 

times.  Samples were reconstituted with 100 μL (E2) or 200 μL (T) of assay buffer.  The 

extracted samples for P4 reconstituted with 200 μL of assay buffer without delipidation using 

acetonitrile and hexane.  Follicular fluid samples and spent media were assayed without 

extraction.  Samples were diluted with assay buffer.  Extracted samples from plasma were 

assayed without dilution or subjected to 10-fold dilution.  Follicular fluids were subjected to 

100- or 1000-fold dilution.  Spent media were subjected to 2- to 2000-fold serial dilutions.  The 

concentrations of E2, T, and P4 were determined using competitive double-antibody enzyme 

immunoassays as described in chapter II with slight modification for T assay.  The primary 

antisera used for T assays were anti-teatosterone-3-CMO-BSA (FKA102; Cosmo bio).  

Amounts of the solution of the primary antisera and HRP-labeled hormone into the wells of a 96-

well microplate in T assay were 50 μL.  Assay sensitivities were 0.049 pg/well for E2, 0.195 

pg/well for T, and 0.391 pg/well for P4.  The inter- and intra-assay coefficients of variations were 

15.1 and 4.0% for E2, 7.1 and 7.4% for T and 14.9 and 3.9% for P4, respectively.   

 The concentrations of FSH in plasma samples were determined using competitive 

double-antibody time-resolved fluoroimmunoassay using Eu-labeled FSH as probes with slight 

modifications52).  A bovine FSH immunoassay kit consisting of bovine FSH antisera 

(AFP7722291), bovine FSH (iodination grade, AFP-9294C), and reference standard of bovine 

FSH (AFP-5346D) was provided by the National Institute of Diabetes and Digestive and Kidney 

Diseases (NIDDK) National Hormone and Pituitary Program (NHPP) (Dr. A. F. Parlow, NHPP, 
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Torrance, CA, USA).  I mixed 10 µL of bovine FSH solution (500 µg/mL) with Eu-labelling 

reagent (PerkinElmer, Waltham, MA, USA), and incubated at 37°C overnight according to the 

manufacturer’s instructions.  The Eu-labeled FSH was separated from free Eu by gel filtration 

with a column (1.5 cm inner diameter, 12.0 cm, Econo-Pac column; Bio-Rad Laboratories) of 

Sephadex G-50 (GE Healthcare, Chicago, IL, USA).  The bovine FSH antisera and the reference 

standard of bovine FSH were diluted by assay buffer (PerkinElmer) containing 0.1% gelatin.  

The bovine FSH antisera (100 μL) were incubated in the wells of a 96-well microplate 

(FluoroNunc Modules; Nalge Nunc International, Rochester, NY, USA) coated with the 

secondary antiserum overnight at 34°C.  Goat anti-rabbit IgG (AP132; Merck Millipore, 

Burlington, MA, USA) was used as the secondary antibody.  After the washing of all wells 10 

times with 300 μL of washing buffer (0.1% (w/v) Tween 20, 150 mM NaCl, 0.05% (w/v) NaN3 

in 5 mM Tris buffer, pH 7.8), plasma samples without dilution (100 μL) were added into the wells 

and incubated overnight at 34°C.  After incubation, the wells were washed 12 times, Eu-labeled 

FSH was added to wells, and incubated for 6 hours at 34°C.  After the wells were washed 12 

times, enhancement solution (100 μL, PerkinElmer) was added to each well and incubated 5 

minutes at 34°C.  The fluorescence of the solution in the wells was measured using a microplate 

reader (1420 ARVOSX DELFIA; PerkinElmer).  Assay sensitivities was 204.8 pg/mL for FSH.  

The inter- and intra-assay coefficients of variations were 17.2 and 13.3%, respectively.   

 The concentrations of AMH in plasma, follicular fluid, and spent media were 

determined using a commercial-kit (Bovine AMH ELISA; Ansh Labs., Webster, TX, USA) 

according to the manufacture’s instruction.  Samples were diluted with a sample diluent in the 

kit.  Follicular fluid was subjected to 100- or 1000-fold dilution.  Plasma samples were assayed 

without dilution or subjected to 4-fold dilution.  Spent media were subjected to 100-fold dilution.  

The absorbance of the solution in the wells was measured at 450 nm with background wavelength 

correction at 630 nm using a microplate reader (iMark; Bio-Rad Laboratories, Tokyo, Japan).  

Assay sensitivities was 11.0 pg/mL for AMH.  The inter- and intra-assay coefficients of 

variations were 4.3 and 2.5%, respectively.   
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Experimental design 

 The cows were classified into the low AFC group (less than 30 follicles) and the high 

AFC group (more than 30 follicles) based on the peak number of antral follicles (≥3 mm in 

diameter) in a pair of ovaries from days 0 to 16 as described in the previous report73).  The 

number of small, intermediate, and large follicles from days 0 to 16 were compared between 

groups and days.  In addition, the transition of number of intermediate and large follicles from 

1 to 6 days after follicular ablation and sampling at days 0 and 6, respectively, were examined, 

and I compared the number of antral follicles between groups, days after follicular ablation and 

sampling.  The plasma concentrations of FSH, E2, T, and P4 from days 0 to 16 were compared 

between groups and days.  In addition, those concentrations during selection phase (2 to 4 days 

after follicular ablation at days 0 and 6) were also compared between groups.  Plasma 

concentrations of AMH on the representative date of each stage of follicular growth (selection 

phase; day 4, luteal phase; day 13, and ovulatory phase; day 6) were compared between groups 

and each stage of follicular growth.  Concentrations of E2, T, P4, and AMH in follicular fluid 

samples were compared between groups and each stage of follicular growth.  However, in a 

session of collection of follicular fluid, the follicular fluid was scattered in the line of the needle 

and the tube due to the small volume of the follicular fluid.  For collecting the follicular fluid, I 

washed the line by DPBS (–).  The total amount of collected solution was 10 mL (cm3).  

Therefore, the concentrations of hormones in the follicular fluid were calculated based on the 

formula as described below.  

Concentrations in the follicular fluid (ng/mL) = 

Concentrations in the collected solution (ng/mL) × volume of the follicle (cm3)/10 (cm3)  

Volume of the follicle in the formula was calculated based on a formula for the volume of a sphere 

and the radius of the follicle measured using ultrasonography.   

 In IVG study, the OCGCs were divided into the low AFC group (less than 25 follicles) 

and the high AFC group (25 or more follicles) based on the number of antral follicles (≥2 mm in 

diameter) in an ovary as described in chapter II.  Concentrations of E2, P4, and AMH in IVG 
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media derived from surviving 5 OCGCs after 12-days culture in each group were compared 

between groups and days of culture (days 4, 8, and 12). 

Statistical analysis 

 All statistical analyses were performed using software (JMP Pro 14, SAS Institute, Cary, 

NC, USA).  All data were analyzed using a two-way ANOVA.  The Student’s t-test or Tukey-

Kramer’s HSD test were used as post-hoc tests.   

 

Results 

 The mean diameters of aspirated largest follicles at each stage of follicular growth were 

similar in the low and the high AFC groups.  As shown in Fig. III-2A, the number of small and 

intermediate follicles were higher in the high AFC group than in the low AFC group (P < 0.01).  

In addition, the numbers of intermediate and large follicles were changed after the days of 

follicular ablation (P < 0.01).  The numbers of small (<4 mm) and intermediate follicles (4-8 

mm) fluctuated in the high AFC group, while those numbers were stable in the low AFC group.  

When the transition of the number of small (<4 mm), intermediate (4-8 mm), and large (≥8 mm) 

follicles in the follicular wave was analyzed as shown in Fig. III-2B, the number of small (<4 

mm) and intermediate (4-8 mm) antral follicles did not show the significant change according to 

the days after follicular ablation in each AFC group, although the number of large antral follicles 

(≥8 mm) increased in both groups.  And the selection of dominant follicles (≥8 mm) occurred 

on 4 days after follicular ablation in both groups.   

 As shown in Fig. III-3A, the plasma concentration of FSH was higher in the low AFC 

group than in the high AFC group (P < 0.01), while the plasma concentrations of E2 and T were 

higher in the high AFC group than in the low AFC group (P < 0.01).  There was no difference in 

the plasma concentration of P4 between both groups.  The plasma concentrations of each 

hormone during the selection phase (2 to 4 days after follicular ablation) were shown in Fig. III-

3B.  FSH concentration was higher in the low AFC group than in the high AFC group (P < 0.05), 

while E2 and T concentrations were higher in the high AFC group than in the low AFC group (P 



 

64 

 

< 0.01).   

 As shown in Fig. III-4, the concentration of E2 and the E2/P4 ratio in follicular fluid were 

affected by AFC groups (P < 0.05) and the stages of follicular growth (P < 0.05).  Namely, in the 

high AFC group, the concentrations of E2 in follicular fluid were higher in the luteal and the 

ovulatory phases than the selection phase (P < 0.05), while there was no difference in the 

concentrations of E2 in follicular fluid in the low AFC group regardless of follicular growth phase.  

The concentration of E2 in follicular fluid in the high AFC group was higher than in the low AFC 

group in the ovulatory phase (P < 0.05).  E2/P4 in follicular fluid was the highest in the ovulatory 

phase in the high AFC group, and that was higher than in the low AFC group (P < 0.05).  The 

concentration of T in follicular fluid was slightly higher in the high AFC group (P = 0.07), but not 

affected by the stage of follicular growth.  The concentration of P4 in follicular fluid was not 

affected by AFC and the stage of follicular growth.   

 As shown in Fig. III-5, E2 production from days 4 to 8 showed the highest values in all 

culture periods regardless of AFC, and was higher in the high AFC group than in the low AFC 

group (P < 0.05).  P4 production increased with the extension of the culture period (P < 0.05), 

and did not differ between the two groups.  The E2/P4 ratio in the high AFC group increased 

from days 4 to 8 (P < 0.05), and was higher than that in the low AFC group (P < 0.05) on days 8 

and 12; however, the E2/ P4 ratio decreased with the extension of the culture period (P < 0.05) in 

both groups. 

 As shown in Fig. III-6A, the plasma concentration of AMH was higher in the high AFC 

group than in the low AFC group (P < 0.01) regardless of follicular growth phase.  The 

concentration of AMH in follicular fluid was slightly higher in the high AFC group than in the 

low AFC group (P = 0.08).  As shown in Fig. 6B, the concentration of AMH increased 

throughout IVG culture in each group (P < 0.01) and was higher in the high AFC group than in 

the low AFC group (P ≤ 0.05). 
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Discussion 

 In the previous study73), normal fertilizability of oocytes was higher in the high AFC 

group than in the low AFC group in 3- or 4-day interval of OPU-IVF, while the result became 

reversed in 7-day interval of OPU-IVF; namely, normal fertilizability of oocytes was higher in 

the low AFC group than in the high AFC group.  In the present study, the number of intermediate 

follicles increased after follicular ablation then decreased within a few days in the high AFC 

group; approximately 3 to 4 days after follicular ablation, the number of intermediate follicles 

became the peak value in the high AFC group (Fig. III-2A).  It means that most follicles after 3-

4 days after follicular ablation are at growing phase in the high AFC group, resulting in higher 

fertilizability of oocytes as described in the previous report73).  However, after 7 days of 

follicular ablation, follicles already start to regress and the oocyte fertilizability becomes low.  

On the other hand, in the low AFC group, the number of intermediate follicles were stable 

regardless of the days after follicular ablation.  In the present study and the previous study13, 71), 

high FSH concentration in the low AFC cows were shown compared to that in the high AFC 

group.  These results indicate that intermediate follicles in the low AFC group are consistently 

growing by the high concentration of FSH, resulting in the higher fertilizability in the low AFC 

group than in the high AFC group at 7-day interval of OPU.  The early degradation of 

intermediate antral follicles can be caused by the higher concentration of E2 in the dominant 

follicle in the high AFC group, which should cause degeneration of subordinate follicles30). 

 In the present study, the concentrations of E2 and E2/P4 ratio in follicular fluid at 

ovulatory phase were higher in the high AFC group (1127 ng/mL) than in the low AFC group 

(332 ng/mL).  Mossa et al.70) also showed that the higher E2 concentration in the dominant 

follicle of high AFC heifers (588 ng/m) than those of low AFC heifers (435 ng/mL).  A study 

using in vitro culture of granulosa cells suggested that the lower expression level of FSH receptors 

and P450arom resulted in impaired response to FSH and E2 production by granulosa cells in the 

low AFC cattle93).  These results suggest the difference of the response to FSH stimulus between 

high and low AFC cattle.  However, Ireland et al.49) showed that E2 concentration in follicles (5-
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7 mm) at emergence of the follicular wave (24 to 48 hours after the ovulation) was higher in the 

low AFC heifers (approximately 90 ng/mL) than in the high AFC heifers (approximately 40 

ng/mL).  In the present study, E2 concentrations in follicles with >8 mm in diameter at selection 

phase were 168 ng/mL in the low AFC cows and 203 ng/mL in the high AFC cows.  These results 

may indicate that the function of granulosa cells in the follicles in the low and high AFC cattle 

alters before and after the expression of LH receptor at around 8 mm6).  Also, these results 

suggest that the ability of LH-mediated E2 production is impaired in the low AFC group, resulting 

in lower concentration of E2 in the dominant follicles after selection phase.  Endo et al.21) 

reported that E2 promoted the growth and maturational competence of bovine IVG oocytes.  In 

chapter I, I indicated that E2 production by OCGCs producing matured oocytes after IVM was 

higher than that of OCGCs producing immature oocytes after IVM.  In addition, OCGCs derived 

from high AFC ovaries showed higher E2 production of granulosa cells and higher oocyte 

developmental competence than those from low AFC ovaries in chapter II.  Consequently, the 

impairment of E2 production in the low AFC cattle should have a negative impact on growth, 

maturation, and developmental competence of oocytes, resulting in lower fertility in the low AFC 

cattle than in the high AFC cattle.   

 The concentrations of E2 and T were higher in the high AFC group than in the low AFC 

group not only in follicular fluid, but also in plasma, although FSH concentration was higher in 

the low AFC group than in the high AFC group in the present study.  Previous studies reported 

that the plasma T concertation was higher in the high AFC group than in the low AFC group in 

heifers and cows70) and the plasma FSH concentration was higher in the low AFC group than in 

the high AFC group in heifers48) and cows13, 71); however, the plasma concentrations of E2 in low 

and high AFC cattle were similar13, 48, 71).  One of the possible reasons of the difference in plasma 

concentrations of E2 between the present and the previous studies is the difference in the age of 

cattle used for the experiment.  In the present study, we used elder cows (3.7, 11.4, and 14.5 

years old in the low AFC cows; 3.9, 4.8, 11.8, and 12.9 years old in the high AFC cows) than  

cattle used in the previous studies (14-33 months old48), 3-5 years old13), and 2.6-10.8 years old71)).  
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In cattle, the numbers of primordial and preantral follicles are stable after birth until 4 to 6 years 

old and then decrease23).  In human, serum E2 concentration begin to decrease, and serum FSH 

concentration increases considerably 2 years before the last menstrual period89).  In the present 

study, average E2 concentration in plasma from days 0 to 16 was similar in the low AFC group 

(3.2 ± 1.5 pg/mL) and in the high AFC group (3.8 ± 1.9 pg/mL) in cows younger than 10 years 

old; however, that was higher in the high AFC cows (4.3 ± 1.8 ng/mL) than in the low AFC cows 

(3.0 ± 1.4 ng/mL) in the cows older than 10 years (P < 0.01, Student’s t-test).  These results may 

indicate the age-related decrease in the plasm concentration of E2 especially in the low AFC cows, 

and that the fertility of cows decrease younger ages in the low AFC cows than in the high AFC 

cows.  In addition to E2, inhibin is one of the major hormones causing negative-feedback to FSH 

secretion56).  A previous study using 3-5 years old cows13) suggested that the serum concentration 

of inhibin-A was slightly higher in high AFC cows than in low AFC cows at the ovulatory phase 

(P = 0.07), but not at the selection phase of dominant follicles.  Another study using 11-13 

months old heifers49) suggested that the inhibin-A concentration in follicles (5-7 mm) at the 

emergence of the follicular wave (24 to 48 hours after the ovulation) was similar between the high 

and low AFC heifers.  In further study, we should investigate the relationship between AFC, age, 

and the competence of E2 and inhibin production in granulosa cells.   

 In the present study, AMH concentrations of follicular fluids derived from large follicles 

(≥8 mm) in different stages of follicular growth (selection phase, luteal phase, and ovulatory 

phase) were slightly higher in the high AFC group than in the low AFC group.  In addition, the 

concentrations of AMH in IVG media of OCGCs derived from 4 to 12 days of culture were higher 

in the high AFC group than in the low AFC group.  Scheetz et al.93) reported that the production 

of AMH and the expression of mRNA of AMH were higher in cultured granulosa cells derived 

from high AFC cows than those from low AFC cows.  These results indicate that the ability to 

produce AMH of granulosa cells is higher in the high AFC cows than in the low AFC cows 

throughout the follicular development.  On the other hand, it was reported that AMH decreased 

the expression of FSH receptor in human granulosa cells84), and E2 production was impaired by 
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decreasing the response of preantral and antral follicles to FSH in mice18), human15, 34), and 

sheep14).  In the present study and a previous study70), higher E2 concentration in follicular fluids 

was shown in the high AFC group, although AMH concentration which suppressed E2 secretion 

was higher in the high AFC group than in the low AFC group.  The reason for the contradiction 

of AMH and E2 concentrations can be explained by the T concentration in follicular fluid.  It was 

reported that T increased transcription of FSH receptor in bovine cultured granulosa cells63), and 

in vivo results in the present study showed higher T concentration in the high AFC group.  These 

results may suggest that higher T production from theca cells may counteract the function of AMH 

in the reduction of FSH-mediated E2 production in the high AFC cattle.  In further study, the 

roles of theca cells for follicular growth should be investigate in detail. 

 In conclusion, the plasma concentration of FSH was higher in the low AFC cows than 

in the high AFC cows, whereas concentrations of E2 and T were higher in the high AFC cows than 

in the low AFC cows.  These findings suggest that lower function of E2 production of granulosa 

cells in the low AFC cows causes low E2 concentration in systemic level, resulting in high FSH 

concentration and a consistent development of intermediate follicles in the low AFC cows.  

Conversely, higher E2 concentration suppresses FSH secretion in the high AFC cows, resulting in 

a drastic degradation of intermediate follicles at selection phase.  In vivo and in vitro AMH 

productions of granulosa cells were higher in the high AFC cows than in the low AFC cows, 

indicating the existence of stage-dependent regulatory roles of not only AMH but also other 

factors possibly derived from theca cells on the FSH-mediated follicular growth and 

steroidogenesis in cattle.  
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Figures 

 

 

Fig. III-1. Schematic of the experimental design.  

Estrous cycles and follicular waves of cows were synchronized using hormonal treatment and 

follicular ablation between day –18 and day 091).  At day 4, prostaglandin F2α (PGF2α) was 

injected for inducing estrus.  After 40 hours, a dominant follicle just before the luteinizing 

hormone surge was aspirated and a collected follicular fluid was defined as the ovulatory phase 

(day 6).  Soon after follicular aspiration, gonadotropin releasing hormone (GnRH) was injected 

for inducing luteinization of the dominant follicle.  After 7 days, a dominant follicle growing 

with corpus luteum was aspirated and a collected follicular fluid was defined as the luteal phase 

(day 13).  After that, all visible follicles were ablated.  Four days later, the largest follicle was 

aspirated, and a collected follicular fluid was defined as the selection phase (day 17).  In three 

cows (1 low AFC and 2 high AFC), follicular ablation was performed again at day 16 and 

follicular fluid was collected at day 20.  During days 0 to 16, I daily collected blood sample and 

monitored ovaries by ultrasonography.  
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Fig. III-2. Relationship between antral follicle counts (AFC) and follicular growth dynamics 

monitored by ultrasonography. 

A: The number of follicles after the first follicular ablation were monitored by ultrasonography.  

Diameters of each follicles were measured.  Follicles were classified into 3 groups according 

to their diameters (small: <4 mm, intermediate: 4-8 mm, and large: ≥8 mm).  I compared the 

number of antral follicles in each category between groups and days after follicular ablation.  

White arrowheads indicate the timings of follicular ablation and the sampling of follicular 

fluids.   

B: The number of small, intermediate, and large antral follicles in two follicular waves from 1 to 

6 days after follicular ablation (days 0 and 6) were pooled, and I compared the number of 

antral follicles between groups and days after follicular ablation. 

Results of factorial analysis by two-way ANOVA were shown above each panel.   
a, b Different letters indicate significant differences between each day (P < 0.05). 

Numbers in parentheses indicate the number of cows (A) or the number of follicular wave (B).   

Error bars indicate SEM.  
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Fig. III-3. Relationship between antral follicle counts (AFC) and plasma concentrations of follicle 

stimulating hormone (FSH), estradiol-17β (E2), testosterone (T), and progesterone (P4). 

A: FSH and steroid hormones were measured from days 0 to 16, and I compared concentrations 

of each hormone in plasma between groups and days after follicular ablation.  White 

arrowheads indicate the timings of follicular ablation and the sampling of follicular fluids.   

B: Two to four days after follicular ablation were defined as the selection phase of follicles.  The 

selection phases in two follicular waves after follicular ablation were pooled, and I compared 

concentrations of each hormone in plasma between groups and days after follicular ablation 

during the period.   

Results of factorial analysis by two-way ANOVA were shown above each panel. 

a, b Different letters indicate significant differences between each day (P < 0.05). 

Numbers in parentheses indicate the number of cows (A) or the number of follicular wave (B).   

Error bars indicate SEM. 
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Fig. III-4. Relationship between antral follicle counts (AFC) and concentrations of estradiol-17β 

(E2) testosterone (T), progesterone (P4), and the E2/P4 ratio in follicular fluid. 

Steroid hormones in follicular fluid collected from largest follicles in each stage of follicular 

growth (selection, luteal, ovulatory) were measured , and I compared concentrations of each 

steroid hormone and the E2/P4 ratio in follicular fluid between groups and stages of follicular 

growth.   

Results of factorial analysis by two-way ANOVA were shown above each panel. 

* An asterisk indicates a significant difference between the low and high AFC groups (P < 0.05).  

a, b Different letters indicate significant differences between each stage (P < 0.05). 

Numbers in parentheses indicate the number of cows.   

Error bars indicate SEM.  
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Fig. III-5. Relationships between antral follicle counts (AFC), the production of estradiol-17β (E2) 

and progesterone (P4) by oocyte-cumulus-granulosa complexes (OCGCs), and the E2/P4 ratio in 

culture media 

Steroid hormones in IVG media of OCGCs in days 4, 8, and 12 of culture were measured, and 

the production of E2, P4, and the E2/P4 ratio were calculated as described in chapter I.  I compared 

concentrations of E2, P4, and the E2/P4 ratio in IVG media between groups and the day of culture.   

Results of factorial analysis by two-way ANOVA were shown above each panel. 

a-c: Different letters indicate significant differences between different culture periods in the same 

group (P < 0.05). 

* An asterisk indicates a significant difference between the low and high AFC groups (P < 0.05).  

Numbers in parentheses indicate the number of OCGCs on the same day.   

Error bars indicate SEM.  
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Fig. III-6. Relationships between antral follicle counts (AFC) and concentrations of anti-

Müllerian hormone (AMH) in plasma, follicular fluid, and in vitro growth (IVG) media.  

A: Plasma concentrations of AMH were measured on the representative days of each stage of 

follicular growth (selection; day 4, luteal; day 13, ovulatory; day 6).  Concentrations of AMH 

in follicular fluid in each stage of follicular growth were measured using same sample as 

steroid hormones.  I compared concentrations of AMH between groups and stages of 

follicular growth.  

B: Concentrations of AMH in IVG media of oocyte-cumulus-granulosa complexes (OCGCs) 

were measured.  I compared concentrations of AMH between groups and day of culture (days 

4, 8, and 12). 

Results of factorial analysis by two-way ANOVA were shown above each panel. 

* An asterisk indicates a significant difference between the low and high AFC groups (P < 0.05).  

†A dagger indicates a difference between the low and high AFC groups (P = 0.05). 

a, b Different letters indicate significant differences between each day (P < 0.05). 

Numbers in parentheses indicate the number of cows (A) or the number of OCGCs (B).   

Error bars indicate SEM.  
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Summary 

 The antral follicle count (AFC) in mammalian ovaries positively correlates with female 

fertility.  To clarify the causes of the difference of fertility between low AFC cows and high 

AFC cows, I investigated follicular growth dynamics and hormone concentrations in plasma, 

follicular fluid, and in vitro growth (IVG) media in different stages of follicular growth.  Seven 

cows were separated into the high AFC group (n = 4, >30 follicles) and the low AFC group (n = 

3, <30 follicles) based on the peak AFC detected by ultrasonography.  I ablated their follicles 8 

days after estrus and gave prostaglandin F2α (PGF2α) on day 12.  After 40 hours of PGF2α 

injection, follicular fluid of a dominant follicle (ovulatory phase) was collected, and subordinate 

follicles were ablated.  Then, gonadotropin releasing hormone (GnRH) were injected to induce 

the luteinizing hormone surge.  Seven days after GnRH and the confirmation of corpora lutea, 

follicular fluids were collected from dominant follicles (luteal phase), and all follicles were 

ablated.  Four days later, follicular fluids were collected from the largest follicles (selection 

phase).  Concentrations of estradiol-17β (E2), testosterone (T), progesterone (P4), and anti-

Müllerian hormone (AMH) in follicular fluids were measured.  I daily examined ovaries by 

ultrasonography and collected blood for hormone measurements of follicle stimulating hormone 

(FSH), E2, T, P4, and AMH.  Concentrations of E2, P4, and AMH in IVG media were also 

measured.  The numbers of small (<4 mm) and intermediate (4-8 mm) follicles were larger in 

the high AFC group than in the low AFC group (P < 0.05), whereas numbers of large follicles 

(>8 mm) were similar in both groups regardless of any phase.  Although the number of 

intermediate follicles was stable in the low AFC group, the number of those follicles fluctuated 

in the high AFC group.  Plasma FSH concentration was higher, but E2 and T concentrations were 

lower in the low AFC group than in the high AFC group (P < 0.05).  Although diameters of 

aspirated follicles were similar in both groups at each phase, E2 and E2/P4 ratio were higher in the 

high AFC than in the low AFC group (P < 0.05).  E2 and E2/P4 ratio in IVG media were also 

higher in the high AFC group than in the low AFC group on day 8 of culture (P < 0.05).  

Concentrations of AMH in plasma (P < 0,01), follicular fluid (P = 0.08), and IVG media (P < 
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0.01) were higher in the high AFC group than in the low AFC group.  These findings suggest 

that lower response to FSH of granulosa cells causes low E2 production in the low AFC group, 

resulting in high FSH concentration and a consistent development of intermediate follicles.  

Conversely, higher E2 concentration suppresses FSH secretion in high AFC group.   
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Summary and Conclusions 

 The technology for in vitro embryo production in cattle industry has become important 

in a last decade, but the competence of in vitro-derived oocytes is lower than in vivo-derived 

oocytes.  Therefore, detailed understanding of factors affecting in vivo follicular growth and the 

acquisition of oocyte developmental competence in vivo and in vitro are necessary.  Although 

oocytes acquire the developmental competence during follicular development from 1 to 2 mm in 

diameter, we cannot detect the follicular growth in vivo during this stage because of their small 

diameter.  Therefore, in the present study, the author tried to establish an in vitro growth (IVG) 

culture system that can be used as a follicular growth model.  In addition, I also examined 

possible factors affecting follicular growth and oocyte developmental competence by using IVG 

culture for evaluating small-sized follicular development and by using ultrasonography and the 

analysis of hormonal dynamics during estrous cycle for evaluating large-sized follicular 

development. 

 Bone morphogenetic protein-4 (BMP-4) and follicle stimulating hormone (FSH) play 

important regulatory roles in follicular growth and steroidogenesis in vivo.  I conducted a study 

to investigate the effects of BMP-4 and FSH on IVG and steroidogenesis of bovine oocyte-

cumulus-granulosa complexes (OCGCs) in chapter I.  I cultured OCGCs collected from early 

antral follicles (0.5-1.0 mm) in medium without BMP-4 and FSH for 4 days and investigated the 

appearance of OCGCs and their steroidogenesis.  During the first 4 days of IVG, 

morphologically normal OCGCs produced more estradiol-17β (E2), but less progesterone (P4).  

Morphologically normal OCGCs were subjected to an additional culture in medium supplemented 

with BMP-4 (0, 10, and 50 ng/mL) and FSH (0 and 0.5 ng/mL) until day 12.  I examined the 

viability and steroidogenesis of OCGCs after 8 and 12 days of culture.  Oocyte growth, 

characteristics of granulosa cells, and the maturational competence of oocytes were also 

investigated.  On day 8, the viability of OCGCs cultured without FSH was higher in the 10 

ng/mL BMP-4 group than in the 50 ng/mL BMP-4 group (P < 0.05).  No significant difference 

was observed in the viability of groups cultured with FSH, regardless of the addition of BMP-4, 
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and FSH improved the viability of 50 ng/mL BMP-4 group similar to 10 ng/mL BMP-4 group.  

The total number of granulosa cells was larger in 10 ng/mL BMP-4 group cultured with FSH than 

in 50 ng/mL BMP-4 group cultured with FSH on day 8 (P < 0.05).  E2 production decreased 

from days 8-12, and P4 production increased throughout IVG culture, regardless of the addition 

of BMP-4 and FSH (P < 0.05).  No significant differences in E2 production were observed 

between groups from days 4-8, regardless of whether BMP-4 was added without FSH; however, 

E2 production in the group cultured with 50 ng/mL BMP-4 was suppressed by FSH.  BMP-4 

suppressed E2 production from days 8-12, regardless of whether FSH was added.  The group 

cultured with 10 ng/mL BMP-4 without FSH showed the lowest P4 production among all groups 

for all culture periods.  OCGCs that produced mature oocytes tended to secrete more E2 and less 

P4 than OCGCs that produced immature oocytes.  In conclusion, until day 8 of the IVG culture, 

P4 production by OCGCs was suppressed by the addition of 10 ng/mL BMP-4 in the absence of 

FSH, without inhibiting E2 production.  These conditions appear to mimic growing follicles until 

day 8 and mimic degenerating follicles from days 8-12 of culture.  

 In chapter II, I investigated the relationship between the antral follicle count (AFC), 

which is used as an indicator of cow fertility, and the steroidogenesis of granulosa cells.  Also, I 

examined the developmental competence of oocytes derived from early antral follicles (0.5-1.0 

mm) collected from ovaries with varied AFC using IVG culture.  Slaughterhouse-derived 

ovaries were divided into high (≥25 follicles) and low AFC groups (<25 follicles) based on AFC 

(≥2.0 mm).  OCGCs collected from early antral follicles were cultured for 12 days.  The total 

number, viability, and diameter of granulosa cells and E2 and P4 production during the culture 

were evaluated.  Surviving oocytes on day 12 were subjected to in vitro maturation, and their 

volume and nuclear status were evaluated.  Some oocytes were subjected to the evaluation of 

developmental competence to blastocysts.  Although the total number and viability of granulosa 

cells did not differ between the groups, granulosa cell diameters were smaller in the high AFC 

group than in the low AFC group (P < 0.05).  The E2 and P4 ratio on day 8 was higher in the high 

AFC group than in the low AFC group (P < 0.05).  Oocyte volumes and nuclear maturation rates 
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were greater in the high AFC group than in the low AFC group (P < 0.05).  The development 

rate to blastocysts was 9.1% in the high AFC group, whereas no oocytes developed to blastocysts 

in the low AFC group.  E2 production by granulosa cells appears to be greater in high AFC cattle 

than in low AFC cattle, thereby promoting the acquisition of oocyte competence. 

 In chapter III, I investigated follicular growth dynamics and hormone concentrations in 

plasma, follicular fluid, and IVG media in different stages of follicular growth to clarify the causes 

of the difference of fertility between low AFC cows and high AFC cows.  Seven cows were 

separated into the high AFC group (n = 4, >30 follicles) and the low AFC group (n = 3, <30 

follicles) based on the peak AFC detected by ultrasonography.  I ablated their follicles 8 days 

after estrus and gave prostaglandin F2α (PGF2α) on day 12.  After 40 hours of PGF2α injection, 

follicular fluid of a dominant follicle (ovulatory phase) was collected, and subordinate follicles 

were ablated.  Then, gonadotropin releasing hormone (GnRH) were injected to induce the 

luteinizing hormone surge.  Seven days after GnRH and the confirmation of corpora lutea, 

follicular fluids were collected from dominant follicles (luteal phase), and all follicles were 

ablated.  Four days later, follicular fluids were collected from the largest follicles (selection 

phase).  Concentrations of E2, testosterone (T), P4, and anti-Müllerian hormone (AMH) in 

follicular fluids were measured.  I daily examined ovaries by ultrasonography and collected 

blood for hormone measurements of FSH, E2, T, P4, and AMH.  Concentrations of E2, P4, and 

AMH in IVG media were also measured.  The numbers of small (<4 mm) and intermediate (4-

8 mm) follicles were larger in the high AFC group than in the low AFC group (P < 0.05), whereas 

numbers of large follicles (>8 mm) were similar in both groups regardless of any phase.  

Although the number of intermediate follicles was stable in the low AFC group, the number of 

those follicles fluctuated in the high AFC group.  Plasma FSH concentration was higher, but E2 

and T concentrations were lower in the low AFC group than in the high AFC group (P < 0.05).  

Although diameters of aspirated follicles were similar in both groups at each phase, E2 and E2/P4 

ratio were higher in the high AFC than in the low AFC group (P < 0.05).  E2 and E2/P4 ratio in 

IVG media were also higher in the high AFC group than in the low AFC group on day 8 of culture 
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(P < 0.05).  Concentrations of AMH in plasma (P < 0,01), follicular fluid (P = 0.08), and IVG 

media (P < 0.01) were higher in the high AFC group than in the low AFC group.  These findings 

suggest that lower response to FSH of granulosa cells causes low E2 production in the low AFC 

group, resulting in high FSH concentration and a consistent development of intermediate follicles.  

Conversely, the higher E2 concentration suppresses FSH secretion in high AFC group. 

 In the present study, the author has developed the IVG culture system for incompetent 

bovine oocytes and confirmed the relationship between oocyte developmental competence and 

the ability of granulosa cells to produce E2.  Also, the author clarified the acquisition of oocyte 

developmental competence and the control of follicular growth by analyzing the hormonal 

dynamics in plasma and follicular fluids using in vivo derived materials.  The detailed 

information enables us to develop a new procedure of embryo production in cattle and to progress 

the physiological studies on the follicular development and infertility problems of not only cattle 

but also many mammals. 

  



 

81 

 

Acknowledgements 

 Firstly, I would like to thank Professor Seiji KATAGIRI of Department of 

Environmental Veterinary Sciences, Faculty of Veterinary Medicine, Hokkaido University for 

supporting my research throughout my PhD, and teaching me the importance of thinking about 

“a big picture” in a research. 

 I would also like to thank Professor Yasuhiro KON of Laboratory of Anatomy and 

Professor Toshio TSUBOTA of Laboratory of Wildlife Biology and Medicine for reviewing my 

thesis and making insightful comments. 

 I would also like to express my gratitude to my supervisors, Associate Professor Masashi 

NAGANO of Laboratory of Theriogenology, who kindled my interest in the follicular 

development and oocyte growth, for countless discussions and positive encouragements, and 

Assistant Professor Yojiro YANAGAWA of Laboratory of Theriogenology, the grand master of 

enzyme immune assays, for patient assistance of experiments and critical advices based on his 

abundant experiences. 

 My special thanks also go to the members of Laboratory of Theriogenology for not only 

their kind supports in my experiments but also conversation everyday about scientific and non-

scientific topics.  

 I would like to extend enormous thanks to Mr. Katsuro TAIRA, Mr. Norikazu YAMAKI, 

and Mr. Tatsuo TATEBE, of the Experimental Farm of Hokkaido University, for supporting with 

my experiment using living cows with warm heart.  I also thank to all cows for their contribution 

to my study. 

 I also would like to extend my sincere thanks to Dr. Koji YOSHIOKA and Mrs. Tomoko 

SUDA, of National Institute of Animal Health, National Agriculture and Food Research 

Organization, for gracious support to conduct FSH measurement during my time in Tsukuba.  

 I wish to appreciate to Genetics Hokkaido Association for the donation of frozen bull 

sperm. 



 

82 

 

 I thank Dr. Albert F. PARLOW and National Hormone and Pituitary Program of the 

National Institute of Diabetes and Digestive and Kidney Diseases for providing the bovine FSH 

immunoassay kit. 

 I am sincerely grateful for the financial supports provided by the Program for Leading 

Graduate Schools “Fostering Global Leader in Veterinary Science toward Contributing to One 

Health” and the Japan Society for the Promotion of Science.   

 I want to acknowledge my parents, Kenta and Sayuri, for bringing up me and allowing 

me to decide my way by myself.   

 Last but not least, I want to extend my heartful appreciation to my daughter, Shizuka, 

for encouragement with her smile, and my wife, Tomoko, for trusting me, supporting me, and 

following me.    



 

83 

 

References 

1) Abdel-Ghani, M. A., Sakaguchi, K., Kanno, C., Yanagawa, Y., Katagiri, S. and Nagano, 

M. 2018. Effects of pre-maturational culture duration on developmental competence of 

bovine small-sized oocytes. J Reprod Dev, 64: 365-369. 

2) Aerts, J. M. and Bols, P. E. 2010. Ovarian follicular dynamics: A review with emphasis 

on the bovine species. Part I: Folliculogenesis and pre-antral follicle development. 

Reprod Domest Anim, 45: 171-179. 

3) Aerts, J. M. and Bols, P. E. 2010. Ovarian follicular dynamics. A review with emphasis 

on the bovine species. Part II: Antral development, exogenous influence and future 

prospects. Reprod Domest Anim, 45: 180-187. 

4) Arlotto, T., Schwartz, J. L., First, N. L. and Leibfried-Rutledge, M. L. 1996. Aspects of 

follicle and oocyte stage that affect in vitro maturation and development of bovine oocytes. 

Theriogenology, 45: 943-956. 

5) Baerwald, A. R., Adams, G. P. and Pierson, R. A. 2012. Ovarian antral folliculogenesis 

during the human menstrual cycle: a review. Hum Reprod Update, 18: 73-91. 

6) Bao, B., Garverick, H. A., Smith, G. W., Smith, M. F., Salfen, B. E. and Youngquist, R. 

S. 1997. Changes in messenger ribonucleic acid encoding luteinizing hormone receptor, 

cytochrome P450-side chain cleavage, and aromatase are associated with recruitment and 

selection of bovine ovarian follicles. Biol Reprod, 56: 1158-1168. 

7) Beg, M. A., Bergfelt, D. R., Kot, K., Wiltbank, M. C. and Ginther, O. J. 2001. Follicular-

fluid factors and granulosa-cell gene expression associated with follicle deviation in cattle. 

Biol Reprod, 64: 432-441. 

8) Berfelt, D. R., Lightfoot, K. C. and Adams, G. P. 1994. Ovarian synchronization 

following ultrasound-guided transvaginal follicle ablation in heifers. Theriogenology, 42: 

895-907. 

9) Blondin, P. 2016. Logistics of large scale commercial IVF embryo production. Reprod 

Fertil Dev, 29: 32-36. 



 

84 

 

10) Brackett, B. G., Bousquet, D., Boice, M. L., Donawick, W. J., Evans, J. F. and Dressel, 

M. A. 1982. Normal development following in vitro fertilization in the cow. Biol Reprod, 

27: 147-158. 

11) Brackett, B. G. and Oliphant, G. 1975. Capacitation of rabbit spermatozoa in vitro. Biol 

Reprod, 12: 260-274. 

12) Broekmans, F. J., Kwee, J., Hendriks, D. J., Mol, B. W. and Lambalk, C. B. 2006. A 

systematic review of tests predicting ovarian reserve and IVF outcome. Hum Reprod 

Update, 12: 685-718. 

13) Burns, D. S., Jimenez-Krassel, F., Ireland, J. L., Knight, P. G. and Ireland, J. J. 2005. 

Numbers of antral follicles during follicular waves in cattle: evidence for high variation 

among animals, very high repeatability in individuals, and an inverse association with 

serum follicle-stimulating hormone concentrations. Biol Reprod, 73: 54-62. 

14) Campbell, B. K., Clinton, M. and Webb, R. 2012. The role of anti-Müllerian hormone 

(AMH) during follicle development in a monovulatory species (sheep). Endocrinology, 

153: 4533-4543. 

15) Chang, H. M., Klausen, C. and Leung, P. C. 2013. Anti müllerian hormone inhibits 

follicle-stimulating hormone-induced adenylyl cyclase activation, aromatase expression, 

and estradiol production in human granulosa-lutein cells. Fertil Steril, 100: 585-592.e581. 

16) Cheng, W., Moor, R. and Polge, C. 1986. In vitro fertilization of pig and sheep oocytes 

matured in vivo and in vitro. Theriogenology, 25: 146. 

17) Currin, L., Michalovic, L., Bellefleur, A. M., Gutierrez, K., Glanzner, W., Schuermann, 

Y., Bohrer, R. C., Dicks, N., da Rosa, P. R., De Cesaro, M. P., Lopez, R., Grand, F. X., 

Vigneault, C., Blondin, P., Gourdon, J., Baldassarre, H. and Bordignon, V. 2017. The 

effect of age and length of gonadotropin stimulation on the in vitro embryo development 

of Holstein calf oocytes. Theriogenology, 104: 87-93. 

18) Durlinger, A. L., Gruijters, M. J., Kramer, P., Karels, B., Kumar, T. R., Matzuk, M. M., 

Rose, U. M., de Jong, F. H., Uilenbroek, J. T., Grootegoed, J. A. and Themmen, A. P. 



 

85 

 

2001. Anti-Müllerian hormone attenuates the effects of FSH on follicle development in 

the mouse ovary. Endocrinology, 142: 4891-4899. 

19) Durlinger, A. L., Kramer, P., Karels, B., de Jong, F. H., Uilenbroek, J. T., Grootegoed, J. 

A. and Themmen, A. P. 1999. Control of primordial follicle recruitment by anti-Müllerian 

hormone in the mouse ovary. Endocrinology, 140: 5789-5796. 

20) Elsik, C. G., Tellam, R. L., Worley, K. C., Gibbs, R. A., Muzny, D. M., Weinstock, G. M., 

Adelson, D. L., Eichler, E. E., Elnitski, L., Guigó, R., Hamernik, D. L., Kappes, S. M., 

Lewin, H. A., Lynn, D. J., Nicholas, F. W., Reymond, A., Rijnkels, M., Skow, L. C., 

Zdobnov, E. M., Schook, L., Womack, J., Alioto, T., Antonarakis, S. E., Astashyn, A., 

Chapple, C. E., Chen, H. C., Chrast, J., Câmara, F., Ermolaeva, O., Henrichsen, C. N., 

Hlavina, W., Kapustin, Y., Kiryutin, B., Kitts, P., Kokocinski, F., Landrum, M., Maglott, 

D., Pruitt, K., Sapojnikov, V., Searle, S. M., Solovyev, V., Souvorov, A., Ucla, C., Wyss, 

C., Anzola, J. M., Gerlach, D., Elhaik, E., Graur, D., Reese, J. T., Edgar, R. C., McEwan, 

J. C., Payne, G. M., Raison, J. M., Junier, T., Kriventseva, E. V., Eyras, E., Plass, M., 

Donthu, R., Larkin, D. M., Reecy, J., Yang, M. Q., Chen, L., Cheng, Z., Chitko-McKown, 

C. G., Liu, G. E., Matukumalli, L. K., Song, J., Zhu, B., Bradley, D. G., Brinkman, F. S., 

Lau, L. P., Whiteside, M. D., Walker, A., Wheeler, T. T., Casey, T., German, J. B., Lemay, 

D. G., Maqbool, N. J., Molenaar, A. J., Seo, S., Stothard, P., Baldwin, C. L., Baxter, R., 

Brinkmeyer-Langford, C. L., Brown, W. C., Childers, C. P., Connelley, T., Ellis, S. A., 

Fritz, K., Glass, E. J., Herzig, C. T., Iivanainen, A., Lahmers, K. K., Bennett, A. K., 

Dickens, C. M., Gilbert, J. G., Hagen, D. E., Salih, H., Aerts, J., Caetano, A. R., 

Dalrymple, B., Garcia, J. F., Gill, C. A., Hiendleder, S. G., Memili, E., Spurlock, D., 

Williams, J. L., Alexander, L., Brownstein, M. J., Guan, L., Holt, R. A., Jones, S. J., Marra, 

M. A., Moore, R., Moore, S. S., Roberts, A., Taniguchi, M., Waterman, R. C., Chacko, J., 

Chandrabose, M. M., Cree, A., Dao, M. D., Dinh, H. H., Gabisi, R. A., Hines, S., Hume, 

J., Jhangiani, S. N., Joshi, V., Kovar, C. L., Lewis, L. R., Liu, Y. S., Lopez, J., Morgan, 

M. B., Nguyen, N. B., Okwuonu, G. O., Ruiz, S. J., Santibanez, J., Wright, R. A., Buhay, 



 

86 

 

C., Ding, Y., Dugan-Rocha, S., Herdandez, J., Holder, M., Sabo, A., Egan, A., Goodell, 

J., Wilczek-Boney, K., Fowler, G. R., Hitchens, M. E., Lozado, R. J., Moen, C., Steffen, 

D., Warren, J. T., Zhang, J., Chiu, R., Schein, J. E., Durbin, K. J., Havlak, P., Jiang, H., 

Liu, Y., Qin, X., Ren, Y., Shen, Y., Song, H., Bell, S. N., Davis, C., Johnson, A. J., Lee, 

S., Nazareth, L. V., Patel, B. M., Pu, L. L., Vattathil, S., Williams, R. L., Jr., Curry, S., 

Hamilton, C., Sodergren, E., Wheeler, D. A., Barris, W., Bennett, G. L., Eggen, A., Green, 

R. D., Harhay, G. P., Hobbs, M., Jann, O., Keele, J. W., Kent, M. P., Lien, S., McKay, S. 

D., McWilliam, S., Ratnakumar, A., Schnabel, R. D., Smith, T., Snelling, W. M., 

Sonstegard, T. S., Stone, R. T., Sugimoto, Y., Takasuga, A., Taylor, J. F., Van Tassell, C. 

P., Macneil, M. D., Abatepaulo, A. R., Abbey, C. A., Ahola, V., Almeida, I. G., Amadio, 

A. F., Anatriello, E., Bahadue, S. M., Biase, F. H., Boldt, C. R., Carroll, J. A., Carvalho, 

W. A., Cervelatti, E. P., Chacko, E., Chapin, J. E., Cheng, Y., Choi, J., Colley, A. J., de 

Campos, T. A., De Donato, M., Santos, I. K., de Oliveira, C. J., Deobald, H., Devinoy, E., 

Donohue, K. E., Dovc, P., Eberlein, A., Fitzsimmons, C. J., Franzin, A. M., Garcia, G. R., 

Genini, S., Gladney, C. J., Grant, J. R., Greaser, M. L., Green, J. A., Hadsell, D. L., 

Hakimov, H. A., Halgren, R., Harrow, J. L., Hart, E. A., Hastings, N., Hernandez, M., Hu, 

Z. L., Ingham, A., Iso-Touru, T., Jamis, C., Jensen, K., Kapetis, D., Kerr, T., Khalil, S. S., 

Khatib, H., Kolbehdari, D., Kumar, C. G., Kumar, D., Leach, R., Lee, J. C., Li, C., Logan, 

K. M., Malinverni, R., Marques, E., Martin, W. F., Martins, N. F., Maruyama, S. R., 

Mazza, R., McLean, K. L., Medrano, J. F., Moreno, B. T., Moré, D. D., Muntean, C. T., 

Nandakumar, H. P., Nogueira, M. F., Olsaker, I., Pant, S. D., Panzitta, F., Pastor, R. C., 

Poli, M. A., Poslusny, N., Rachagani, S., Ranganathan, S., Razpet, A., Riggs, P. K., 

Rincon, G., Rodriguez-Osorio, N., Rodriguez-Zas, S. L., Romero, N. E., Rosenwald, A., 

Sando, L., Schmutz, S. M., Shen, L., Sherman, L., Southey, B. R., Lutzow, Y. S., Sweedler, 

J. V., Tammen, I., Telugu, B. P., Urbanski, J. M., Utsunomiya, Y. T., Verschoor, C. P., 

Waardenberg, A. J., Wang, Z., Ward, R., Weikard, R., Welsh, T. H., Jr., White, S. N., 

Wilming, L. G., Wunderlich, K. R., Yang, J. and Zhao, F. Q. 2009. The genome sequence 



 

87 

 

of taurine cattle: a window to ruminant biology and evolution. Science, 324: 522-528. 

21) Endo, M., Kawahara-Miki, R., Cao, F., Kimura, K., Kuwayama, T., Monji, Y. and Iwata, 

H. 2013. Estradiol supports in vitro development of bovine early antral follicles. 

Reproduction, 145: 85-96. 

22) Eppig, J. J. and O'Brien, M. J. 1996. Development in vitro of mouse oocytes from 

primordial follicles. Biol Reprod, 54: 197-207. 

23) Erickson, B. H. 1966. Development and senescence of the postnatal bovine ovary. J Anim 

Sci, 25: 800-805. 

24) Erickson, G. F. and Shimasaki, S. 2003. The spatiotemporal expression pattern of the 

bone morphogenetic protein family in rat ovary cell types during the estrous cycle. 

Reprod Biol Endocrinol, 1: 9. 

25) Fair, T., Hyttel, P. and Greve, T. 1995. Bovine oocyte diameter in relation to maturational 

competence and transcriptional activity. Mol Reprod Dev, 42: 437-442. 

26) Fatehi, A. N., van den Hurk, R., Colenbrander, B., Daemen, A. J., van Tol, H. T., Monteiro, 

R. M., Roelen, B. A. and Bevers, M. M. 2005. Expression of bone morphogenetic 

protein2 (BMP2), BMP4 and BMP receptors in the bovine ovary but absence of effects 

of BMP2 and BMP4 during IVM on bovine oocyte nuclear maturation and subsequent 

embryo development. Theriogenology, 63: 872-889. 

27) García-Ruiz, A., Cole, J. B., VanRaden, P. M., Wiggans, G. R., Ruiz-López, F. J. and Van 

Tassell, C. P. 2016. Changes in genetic selection differentials and generation intervals in 

US Holstein dairy cattle as a result of genomic selection. Proc Natl Acad Sci U S A, 113: 

E3995-4004. 

28) Gibbs, R. A., Taylor, J. F., Van Tassell, C. P., Barendse, W., Eversole, K. A., Gill, C. A., 

Green, R. D., Hamernik, D. L., Kappes, S. M., Lien, S., Matukumalli, L. K., McEwan, J. 

C., Nazareth, L. V., Schnabel, R. D., Weinstock, G. M., Wheeler, D. A., Ajmone-Marsan, 

P., Boettcher, P. J., Caetano, A. R., Garcia, J. F., Hanotte, O., Mariani, P., Skow, L. C., 

Sonstegard, T. S., Williams, J. L., Diallo, B., Hailemariam, L., Martinez, M. L., Morris, 



 

88 

 

C. A., Silva, L. O., Spelman, R. J., Mulatu, W., Zhao, K., Abbey, C. A., Agaba, M., Araujo, 

F. R., Bunch, R. J., Burton, J., Gorni, C., Olivier, H., Harrison, B. E., Luff, B., Machado, 

M. A., Mwakaya, J., Plastow, G., Sim, W., Smith, T., Thomas, M. B., Valentini, A., 

Williams, P., Womack, J., Woolliams, J. A., Liu, Y., Qin, X., Worley, K. C., Gao, C., Jiang, 

H., Moore, S. S., Ren, Y., Song, X. Z., Bustamante, C. D., Hernandez, R. D., Muzny, D. 

M., Patil, S., San Lucas, A., Fu, Q., Kent, M. P., Vega, R., Matukumalli, A., McWilliam, 

S., Sclep, G., Bryc, K., Choi, J., Gao, H., Grefenstette, J. J., Murdoch, B., Stella, A., Villa-

Angulo, R., Wright, M., Aerts, J., Jann, O., Negrini, R., Goddard, M. E., Hayes, B. J., 

Bradley, D. G., Barbosa da Silva, M., Lau, L. P., Liu, G. E., Lynn, D. J., Panzitta, F. and 

Dodds, K. G. 2009. Genome-wide survey of SNP variation uncovers the genetic structure 

of cattle breeds. Science, 324: 528-532. 

29) Ginther, O. J. 2016. The theory of follicle selection in cattle. Domest Anim Endocrinol, 

57: 85-99. 

30) Ginther, O. J., Bergfelt, D. R., Kulick, L. J. and Kot, K. 2000. Selection of the dominant 

follicle in cattle: role of estradiol. Biol Reprod, 63: 383-389. 

31) Ginther, O. J., Kastelic, J. P. and Knopf, L. 1989. Composition and characteristics of 

follicular waves during the bovine estrous cycle. Animal Reproduction Science, 20: 187-

200. 

32) Glister, C., Kemp, C. F. and Knight, P. G. 2004. Bone morphogenetic protein (BMP) 

ligands and receptors in bovine ovarian follicle cells: actions of BMP-4, -6 and -7 on 

granulosa cells and differential modulation of Smad-1 phosphorylation by follistatin. 

Reproduction, 127: 239-254. 

33) Goodrowe, K. L., Wall, R. J., O'Brien, S. J., Schmidt, P. M. and Wildt, D. E. 1988. 

Developmental competence of domestic cat follicular oocytes after fertilization in vitro. 

Biol Reprod, 39: 355-372. 

34) Grossman, M. P., Nakajima, S. T., Fallat, M. E. and Siow, Y. 2008. Müllerian-inhibiting 

substance inhibits cytochrome P450 aromatase activity in human granulosa lutein cell 



 

89 

 

culture. Fertil Steril, 89: 1364-1370. 

35) Gutiérrez, C. G., Campbell, B. K. and 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. Biol Reprod, 

56: 608-616. 

36) Hanada, A. 1985. In vitro fertilization in goat. Jpn J Anim Reprod, 31: 21-26. 

37) Harada, M., Miyano, T., Matsumura, K., Osaki, S., Miyake, M. and Kato, S. 1997. Bovine 

oocytes from early antral follicles grow to meiotic competence in vitro: effect of FSH and 

hypoxanthine. Theriogenology, 48: 743-755. 

38) Harper, K. M. and Brackett, B. G. 1993. Bovine blastocyst development after in vitro 

maturation in a defined medium with epidermal growth factor and low concentrations of 

gonadotropins. Biol Reprod, 48: 409-416. 

39) Hikabe, O., Hamazaki, N., Nagamatsu, G., Obata, Y., Hirao, Y., Hamada, N., Shimamoto, 

S., Imamura, T., Nakashima, K., Saitou, M. and Hayashi, K. 2016. Reconstitution in vitro 

of the entire cycle of the mouse female germ line. Nature, 539: 299-303. 

40) Hirao, Y., Itoh, T., Shimizu, M., Iga, K., Aoyagi, K., Kobayashi, M., Kacchi, M., Hoshi, 

H. and Takenouchi, N. 2004. In vitro growth and development of bovine oocyte-granulosa 

cell complexes on the flat substratum: effects of high polyvinylpyrrolidone concentration 

in culture medium. Biol Reprod, 70: 83-91. 

41) Hirao, Y., Naruse, K., Kaneda, M., Somfai, T., Iga, K., Shimizu, M., Akagi, S., Cao, F., 

Kono, T., Nagai, T. and Takenouchi, N. 2013. Production of fertile offspring from oocytes 

grown in vitro by nuclear transfer in cattle. Biol Reprod, 89: 57. 

42) Hoelker, M., Kassens, A., Salilew-Wondim, D., Sieme, H., Wrenzycki, C., Tesfaye, D., 

Neuhoff, C., Schellander, K. and Held-Hoelker, E. 2017. Birth of healthy calves after 

intra-follicular transfer (IFOT) of slaughterhouse derived immature bovine oocytes. 

Theriogenology, 97: 41-49. 

43) Huang, W., Kang, S. S., Nagai, K., Yanagawa, Y., Takahashi, Y. and Nagano, M. 2016. 



 

90 

 

Mitochondrial activity during pre-maturational culture in in vitro-grown bovine oocytes 

is related to maturational and developmental competences. Reprod Fertil Dev, 28: 349-

356. 

44) Huang, W., Kang, S. S., Yanagawa, Y., Yang, Y., Takahashi, Y. and Nagano, M. 2014. 

Effects of in vitro-growth culture duration on fertilizability of bovine growing oocytes 

and proliferation of cells surrounding oocytes. Jpn J Vet Res, 62: 135-141. 

45) Huang, W., Nagano, M., Kang, S. S., Yanagawa, Y. and Takahashi, Y. 2013. Effects of in 

vitro growth culture duration and prematuration culture on maturational and 

developmental competences of bovine oocytes derived from early antral follicles. 

Theriogenology, 80: 793-799. 

46) Inagaki, K., Otsuka, F., Miyoshi, T., Yamashita, M., Takahashi, M., Goto, J., Suzuki, J. 

and Makino, H. 2009. p38-Mitogen-activated protein kinase stimulated steroidogenesis 

in granulosa cell-oocyte cocultures: role of bone morphogenetic proteins 2 and 4. 

Endocrinology, 150: 1921-1930. 

47) Ireland, J. J., Smith, G. W., Scheetz, D., Jimenez-Krassel, F., Folger, J. K., Ireland, J. L., 

Mossa, F., Lonergan, P. and Evans, A. C. 2011. Does size matter in females? An overview 

of the impact of the high variation in the ovarian reserve on ovarian function and fertility, 

utility of anti-Müllerian hormone as a diagnostic marker for fertility and causes of 

variation in the ovarian reserve in cattle. Reprod Fertil Dev, 23: 1-14. 

48) Ireland, J. J., Ward, F., Jimenez-Krassel, F., Ireland, J. L., Smith, G. W., Lonergan, P. and 

Evans, A. C. 2007. Follicle numbers are highly repeatable within individual animals but 

are inversely correlated with FSH concentrations and the proportion of good-quality 

embryos after ovarian stimulation in cattle. Hum Reprod, 22: 1687-1695. 

49) Ireland, J. J., Zielak-Steciwko, A. E., Jimenez-Krassel, F., Folger, J., Bettegowda, A., 

Scheetz, D., Walsh, S., Mossa, F., Knight, P. G., Smith, G. W., Lonergan, P. and Evans, 

A. C. 2009. Variation in the ovarian reserve is linked to alterations in intrafollicular 

estradiol production and ovarian biomarkers of follicular differentiation and oocyte 



 

91 

 

quality in cattle. Biol Reprod, 80: 954-964. 

50) Ireland, J. L., Scheetz, D., Jimenez-Krassel, F., Themmen, A. P., Ward, F., Lonergan, P., 

Smith, G. W., Perez, G. I., Evans, A. C. and Ireland, J. J. 2008. Antral follicle count 

reliably predicts number of morphologically healthy oocytes and follicles in ovaries of 

young adult cattle. Biol Reprod, 79: 1219-1225. 

51) Jaiswal, R. S., Singh, J. and Adams, G. P. 2004. Developmental pattern of small antral 

follicles in the bovine ovary. Biol Reprod, 71: 1244-1251. 

52) Kaneko, H., Noguchi, J., Kikuchi, K., Todoroki, J. and Hasegawa, Y. 2002. Alterations in 

peripheral concentrations of inhibin A in cattle studied using a time-resolved 

immunofluorometric assay: relationship with estradiol and follicle-stimulating hormone 

in various reproductive conditions. Biol Reprod, 67: 38-45. 

53) Kassens, A., Held, E., Salilew-Wondim, D., Sieme, H., Wrenzycki, C., Tesfaye, D., 

Schellander, K. and Hoelker, M. 2015. Intrafollicular oocyte transfer (IFOT) of abattoir-

derived and in vitro-matured oocytes results in viable blastocysts and birth of healthy 

calves. Biol Reprod, 92: 150. 

54) Kayamori, T., Kosaka, N., Miyamoto, A. and Shimizu, T. 2009. The differential pathways 

of bone morphogenetic protein (BMP)-4 and -7 in the suppression of the bovine granulosa 

cell apoptosis. Mol Cell Biochem, 323: 161-168. 

55) Kayani, A. R., Glister, C. and Knight, P. G. 2009. Evidence for an inhibitory role of bone 

morphogenetic protein(s) in the follicular-luteal transition in cattle. Reproduction, 137: 

67-78. 

56) Knight, P. G. 1996. Roles of inhibins, activins, and follistatin in the female reproductive 

system. Front Neuroendocrinol, 17: 476-509. 

57) Kruip, T. A. and Dieleman, S. J. 1985. Steroid hormone concentrations in the fluid of 

bovine follicles relative to size, quality and stage of the oestrus cycle. Theriogenology, 

24: 395-408. 

58) Kątska-Książkiewicz, L., Alm, H., Torner, H., Heleil, B., Tuchscherer, A. and Ryńska, B. 



 

92 

 

2011. Mitochondrial aggregation patterns and activity in in vitro cultured bovine oocytes 

recovered from early antral ovarian follicles. Theriogenology, 75: 662-670. 

59) La Marca, A. and Volpe, A. 2006. Anti-Müllerian hormone (AMH) in female 

reproduction: is measurement of circulating AMH a useful tool? Clin Endocrinol (Oxf), 

64: 603-610. 

60) La Rosa, I., Camargo, L., Pereira, M. M., Fernandez-Martin, R., Paz, D. A. and Salamone, 

D. F. 2011. Effects of bone morphogenic protein 4 (BMP4) and its inhibitor, Noggin, on 

in vitro maturation and culture of bovine preimplantation embryos. Reprod Biol 

Endocrinol, 9: 18. 

61) Landry, D. A., Bellefleur, A. M., Labrecque, R., Grand, F. X., Vigneault, C., Blondin, P. 

and Sirard, M. A. 2016. Effect of cow age on the in vitro developmental competence of 

oocytes obtained after FSH stimulation and coasting treatments. Theriogenology, 86: 

1240-1246. 

62) Lodde, V., Modina, S., Galbusera, C., Franciosi, F. and Luciano, A. M. 2007. Large-scale 

chromatin remodeling in germinal vesicle bovine oocytes: interplay with gap junction 

functionality and developmental competence. Mol Reprod Dev, 74: 740-749. 

63) Luo, W. and Wiltbank, M. C. 2006. Distinct regulation by steroids of messenger RNAs 

for FSHR and CYP19A1 in bovine granulosa cells. Biol Reprod, 75: 217-225. 

64) Matoba, S., Yoshioka, H., Matsuda, H., Sugimura, S., Aikawa, Y., Ohtake, M., Hashiyada, 

Y., Seta, T., Nakagawa, K., Lonergan, P. and Imai, K. 2014. Optimizing production of in 

vivo-matured oocytes from superstimulated Holstein cows for in vitro production of 

embryos using X-sorted sperm. J Dairy Sci, 97: 743-753. 

65) Meidan, R., Girsh, E., Blum, O. and Aberdam, E. 1990. In vitro differentiation of bovine 

theca and granulosa cells into small and large luteal-like cells: morphological and 

functional characteristics. Biol Reprod, 43: 913-921. 

66) Monniaux, D., Clemente, N., Touzé, J. L., Belville, C., Rico, C., Bontoux, M., Picard, J. 

Y. and Fabre, S. 2008. Intrafollicular steroids and anti-müllerian hormone during normal 



 

93 

 

and cystic ovarian follicular development in the cow. Biol Reprod, 79: 387-396. 

67) Moore, S. G. and Hasler, J. F. 2017. A 100-Year Review: Reproductive technologies in 

dairy science. J Dairy Sci, 100: 10314-10331. 

68) Morohaku, K., Hirao, Y. and Obata, Y. 2016. Developmental competence of oocytes 

grown in vitro: Has it peaked already? J Reprod Dev, 62: 1-5. 

69) Morohaku, K., Tanimoto, R., Sasaki, K., Kawahara-Miki, R., Kono, T., Hayashi, K., 

Hirao, Y. and Obata, Y. 2016. Complete in vitro generation of fertile oocytes from mouse 

primordial germ cells. Proc Natl Acad Sci U S A, 113: 9021-9026. 

70) Mossa, F., Jimenez-Krassel, F., Folger, J. K., Ireland, J. L., Smith, G. W., Lonergan, P., 

Evans, A. C. and Ireland, J. J. 2010. Evidence that high variation in antral follicle count 

during follicular waves is linked to alterations in ovarian androgen production in cattle. 

Reproduction, 140: 713-720. 

71) Mossa, F., Jimenez-Krassel, F., Walsh, S., Berry, D. P., Butler, S. T., Folger, J., Smith, G. 

W., Ireland, J. L., Lonergan, P., Ireland, J. J. and Evans, A. C. 2010. Inherent capacity of 

the pituitary gland to produce gonadotropins is not influenced by the number of ovarian 

follicles > or = 3 mm in diameter in cattle. Reprod Fertil Dev, 22: 550-557. 

72) Mossa, F., Walsh, S. W., Butler, S. T., Berry, D. P., Carter, F., Lonergan, P., Smith, G. W., 

Ireland, J. J. and Evans, A. C. 2012. Low numbers of ovarian follicles ≥3 mm in diameter 

are associated with low fertility in dairy cows. J Dairy Sci, 95: 2355-2361. 

73) Nagai, K., Yanagawa, Y., Katagiri, S. and Nagano, M. 2015. Fertilizability of oocytes 

derived from Holstein cows having different antral follicle counts in ovaries. Anim 

Reprod Sci, 163: 172-178. 

74) Nagai, K., Yanagawa, Y., Katagiri, S. and Nagano, M. 2016. The relationship between 

antral follicle count in a bovine ovary and developmental competence of in vitro-grown 

oocytes derived from early antral follicles. Biomed Res, 37: 63-71. 

75) Nagano, M., Kang, S. S., Koyama, K., Huang, W., Yanagawa, Y. and Takahashi, Y. 2013. 

In vitro maturation system for individual culture of bovine oocytes using micro-volume 



 

94 

 

multi-well plate. Jpn J Vet Res, 61: 149-154. 

76) Nagano, M., Katagiri, S. and Takahashi, Y. 2006. Relationship between bovine oocyte 

morphology and in vitro developmental potential. Zygote, 14: 53-61. 

77) Nagashima, J. B., Sylvester, S. R., Nelson, J. L., Cheong, S. H., Mukai, C., Lambo, C., 

Flanders, J. A., Meyers-Wallen, V. N., Songsasen, N. and Travis, A. J. 2015. Live births 

from domestic dog (Canis familiaris) embryos produced by in vitro fertilization. PLoS 

One, 10: e0143930. 

78) O'Brien, M. J., Pendola, J. K. and Eppig, J. J. 2003. A revised protocol for in vitro 

development of mouse oocytes from primordial follicles dramatically improves their 

developmental competence. Biol Reprod, 68: 1682-1686. 

79) O'Shea, J. D., Rodgers, R. J. and D'Occhio, M. J. 1989. Cellular composition of the cyclic 

corpus luteum of the cow. J Reprod Fertil, 85: 483-487. 

80) Oliveira, L. H., Sanches, C. P., Seddon, A. S., Veras, M. B., Lima, F. A., Monteiro, P. L. 

J., Jr., Wiltbank, M. C. and Sartori, R. 2016. Short communication: Follicle 

superstimulation before ovum pick-up for in vitro embryo production in Holstein cows. 

J Dairy Sci, 99: 9307-9312. 

81) Orly, J., Sato, G. and Erickson, G. F. 1980. Serum suppresses the expression of 

hormonally induced functions in cultured granulosa cells. Cell, 20: 817-827. 

82) Otoi, T., Yamamoto, K., Koyama, N., Tachikawa, S. and Suzuki, T. 1997. Bovine oocyte 

diameter in relation to developmental competence. Theriogenology, 48: 769-774. 

83) Palmer, E., Bézard, J., Magistrini, M. and Duchamp, G. 1991. In vitro fertilization in the 

horse. A retrospective study. J Reprod Fertil Suppl, 44: 375-384. 

84) Pellatt, L., Rice, S., Dilaver, N., Heshri, A., Galea, R., Brincat, M., Brown, K., Simpson, 

E. R. and Mason, H. D. 2011. Anti-Müllerian hormone reduces follicle sensitivity to 

follicle-stimulating hormone in human granulosa cells. Fertil Steril, 96: 1246-1251.e1241. 

85) Perry, G. 2017. 2016 Statistics of embryo collection and transfer in domestic farm animals. 

Embryo Technology Newsletter, 35: 8-23. 



 

95 

 

86) Pierre, A., Pisselet, C., Dupont, J., Mandon-Pépin, B., Monniaux, D., Monget, P. and 

Fabre, S. 2004. Molecular basis of bone morphogenetic protein-4 inhibitory action on 

progesterone secretion by ovine granulosa cells. J Mol Endocrinol, 33: 805-817. 

87) Pontes, J. H., Nonato-Junior, I., Sanches, B. V., Ereno-Junior, J. C., Uvo, S., Barreiros, T. 

R., Oliveira, J. A., Hasler, J. F. and Seneda, M. M. 2009. Comparison of embryo yield 

and pregnancy rate between in vivo and in vitro methods in the same Nelore (Bos indicus) 

donor cows. Theriogenology, 71: 690-697. 

88) Portela, V. M., Zamberlam, G. and Price, C. A. 2010. Cell plating density alters the ratio 

of estrogenic to progestagenic enzyme gene expression in cultured granulosa cells. Fertil 

Steril, 93: 2050-2055. 

89) Randolph, J. F., Jr., Zheng, H., Sowers, M. R., Crandall, C., Crawford, S., Gold, E. B. and 

Vuga, M. 2011. Change in follicle-stimulating hormone and estradiol across the 

menopausal transition: effect of age at the final menstrual period. J Clin Endocrinol 

Metab, 96: 746-754. 

90) Rico, C., Fabre, S., Médigue, C., di Clemente, N., Clément, F., Bontoux, M., Touzé, J. L., 

Dupont, M., Briant, E., Rémy, B., Beckers, J. F. and Monniaux, D. 2009. Anti-müllerian 

hormone is an endocrine marker of ovarian gonadotropin-responsive follicles and can 

help to predict superovulatory responses in the cow. Biol Reprod, 80: 50-59. 

91) Rizos, D., Ward, F., Duffy, P., Boland, M. P. and Lonergan, P. 2002. Consequences of 

bovine oocyte maturation, fertilization or early embryo development in vitro versus in 

vivo: implications for blastocyst yield and blastocyst quality. Mol Reprod Dev, 61: 234-

248. 

92) Sahmi, M., Nicola, E. S., Silva, J. M. and Price, C. A. 2004. Expression of 17beta- and 

3beta-hydroxysteroid dehydrogenases and steroidogenic acute regulatory protein in non-

luteinizing bovine granulosa cells in vitro. Mol Cell Endocrinol, 223: 43-54. 

93) Scheetz, D., Folger, J. K., Smith, G. W. and Ireland, J. J. 2012. Granulosa cells are 

refractory to FSH action in individuals with a low antral follicle count. Reprod Fertil Dev, 



 

96 

 

24: 327-336. 

94) Senbon, S., Fukumi, Y., Hamawaki, A., Yoshikawa, M. and Miyano, T. 2004. Bovine 

oocytes grown in serum-free medium acquire fertilization competence. J Reprod Dev, 50: 

541-547. 

95) Senbon, S. and Miyano, T. 2002. Bovine oocytes in early antral follicles grow in serum-

free media: effect of hypoxanthine on follicular morphology and oocyte growth. Zygote, 

10: 301-309. 

96) Shimasaki, S., Zachow, R. J., Li, D., Kim, H., Iemura, S., Ueno, N., Sampath, K., Chang, 

R. J. and Erickson, G. F. 1999. A functional bone morphogenetic protein system in the 

ovary. Proc Natl Acad Sci U S A, 96: 7282-7287. 

97) Silva, J. M. and Price, C. A. 2000. Effect of follicle-stimulating hormone on steroid 

secretion and messenger ribonucleic acids encoding cytochromes P450 aromatase and 

cholesterol side-chain cleavage in bovine granulosa cells in vitro. Biol Reprod, 62: 186-

191. 

98) Sirard, M. A. and Blondin, P. 1996. Oocyte maturation and IVF in cattle. Anim Reprod 

Sci, 42: 417-426. 

99) Steptoe, P. C. and Edwards, R. G. 1978. Birth after the reimplantation of a human embryo. 

In: Lancet, Vol. 2, p. 366, England. 

100) Takahashi, Y. and First, N. L. 1992. In vitro development of bovine one-cell embryos: 

Influence of glucose, lactate, pyruvate, amino acids and vitamins. Theriogenology, 37: 

963-978. 

101) Takahashi, Y., Hishinuma, M., Matsui, M., Tanaka, H. and Kanagawa, H. 1996. 

Development of in vitro matured/fertilized bovine embryos in a chemically defined 

medium: influence of oxygen concentration in the gas atmosphere. J Vet Med Sci, 58: 

897-902. 

102) Takahashi, Y. and Kanagawa, H. 1998. Effects of glutamine, glycine and taurine on the 

development of in vitro fertilized bovine zygotes in a chemically defined medium. J Vet 



 

97 

 

Med Sci, 60: 433-437. 

103) Taketsuru, H., Hirao, Y., Takenouchi, N., Iga, K. and Miyano, T. 2012. Effect of 

androstenedione on the growth and meiotic competence of bovine oocytes from early 

antral follicles. Zygote, 20: 407-415. 

104) te Velde, E. R. and Pearson, P. L. 2002. The variability of female reproductive ageing. 

Hum Reprod Update, 8: 141-154. 

105) Yamamoto, K., Otoi, T., Koyama, N., Horikita, N., Tachikawa, S. and Miyano, T. 1999. 

Development to live young from bovine small oocytes after growth, maturation and 

fertilization in vitro. Theriogenology, 52: 81-89. 

106) Yamashita, H., Murayama, C., Takasugi, R., Miyamoto, A. and Shimizu, T. 2011. BMP-

4 suppresses progesterone production by inhibiting histone H3 acetylation of StAR in 

bovine granulosa cells in vitro. Mol Cell Biochem, 348: 183-190. 

107) Yanagawa, Y., Matsuura, Y., Suzuki, M., Saga, S., Okuyama, H., Fukui, D., Bando, G., 

Nagano, M., Katagiri, S., Takahashi, Y. and Tsubota, T. 2015. Accessory corpora lutea 

formation in pregnant Hokkaido sika deer (Cervus nippon yesoensis) investigated by 

examination of ovarian dynamics and steroid hormone concentrations. J Reprod Dev, 61: 

61-66. 

108) Yang, M. Y., Cushman, R. A. and Fortune, J. E. 2017. Anti-Müllerian hormone inhibits 

activation and growth of bovine ovarian follicles in vitro and is localized to growing 

follicles. Mol Hum Reprod, 23: 282-291. 

109) Yang, Y., Kanno, C., Huang, W., Kang, S. S., Yanagawa, Y. and Nagano, M. 2016. Effect 

of bone morphogenetic protein-4 on in vitro growth, steroidogenesis and subsequent 

developmental competence of the oocyte-granulosa cell complex derived from bovine 

early antral follicles. Reprod Biol Endocrinol, 14: 3. 

 


