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study question: What are the direct effects of progesterone (P4) and estradiol (E2) on the development and function of primate follicles
in vitro from the pre-antral to early antral stage?

summary answer: In a steroid-depleted milieu, E2 improved follicle survival, growth, antrum formation and oocyte health, whereas P4
exerted minimal beneficial effects on follicle survival and reduced oocyte health.

what is known already: Effects of P4 and E2 on follicle development have been studied primarily in large antral and pre-ovulatory
follicles. Chronic P4 exposure suppresses antral follicle growth, but acute P4 exposure promotes oocyte maturation in pre-ovulatory follicles.
Effects of E2 can be stimulatory or inhibitory depending upon species, dose and duration of exposure.

study design, size, duration: Non-human primate model, randomized, control versus treatment. Macaque (n ¼ 6) secondary
follicles (n ¼ 24 per animal per treatment group) were cultured for 5 weeks.

participants/materials, setting, methods: Adult rhesus macaque secondary follicles were encapsulated in 0.25% alginate
and cultured individually in media containing follicle stimulating hormone plus (i) vehicle, (ii) a steroid-synthesis inhibitor, trilostane (TRL, 250 ng/ml),
(iii) TRL + low E2 (100 pg/ml) or progestin (P, 10 ng/ml R5020) and (iv) TRL + high E2 (1 ng/ml E2) or P (100 ng/ml R5020). Follicles reaching the
antral stage (≥750 mm) were treated with human chorionic gonadotrophin for 34 h. End-points included follicle survival, antrum formation, growth
pattern, plus oocyte health and maturation status, as well as media concentrations of P4, E2 and anti-Müllerian hormone (AMH).

main results and the role of chance: In a steroid-depleted milieu, low dose, but not high dose, P improved (P , 0.05) follicle
survival, but had no effect (P . 0.05) on antrum formation and AMH production. Low-dose P increased (P , 0.05) P4 production in fast-grow
follicles, and both doses of P elevated (P , 0.05) E2 production in slow-grow follicles. Additionally, low-dose P increased (P , 0.05) the percentage
of no-grow follicles, and high-dose P promoted oocyte degeneration. In contrast, E2, in a steroid-depleted milieu, improved (P , 0.05) follicle
survival, growth, antrum formation and oocyte health. E2 had no effect on P4 or E2 production. Follicles exposed to E2 yielded mature oocytes
capable of fertilization and early cleavage, at a rate similar to untreated control follicles.

limitations, reasons for caution: This study is limited to in vitro effects of P and E2 during the interval from the secondary to small
antral stage of macaque follicles.

wider implications of the findings: This study provides novel informationonthe direct actionsofP4 and E2onprimatepre-antral
follicle development. Combined with our previous report on the actions of androgens, our findings suggest that androgens appear to be a survival
factorbuthinderantral follicle differentiation, E2appears tobea survival and growth factorat the pre-antral and earlyantral stage,whereas P4 may not
be essential during early folliculogenesis in primates.
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Introduction
The ultimate goal of folliculogenesis is to produce a mature oocyte.
The process requires early follicular growth (proliferation of oocyte-
surrounding granulosa and theca cells and the formation of fluid-filled
antrum) and subsequent follicular differentiation that facilitates matur-
ation of the oocyte and ovulation. Granulosa and theca cells are also
steroid-secreting cells; the latter synthesize progesterone (P4) and
androgens, which diffuse to granulosa cells and serve as precursors for
estrogen (E) synthesis (Hillieret al., 1994). P4 and E have important endo-
crine functions and are crucial for ovulation; however, whether growing
ovarian follicles are direct targets for P4 or E′s action are less clear, espe-
cially in the primates.

To understand the role ofP4and E signaling in the ovary, knockout (KO)
mouse models lacking genomic progesterone receptor (PR), progester-
one receptor membrane component 1 (PGRMC1) and estrogen recep-
tors (ERs; two subtypes, a and b) were generated (for review, see
Barnett et al., 2006; Peluso and Pru, 2014). Defects during early follicle
growthwereobserved inbERKOmicethatweresubfertilewithdecreased
numbers of large antral follicles (Krege et al., 1998), as well as in PGRMC1
KO mice that exhibited a dysregulation in pre-antral to antral follicle devel-
opment (Peluso and Pru, 2014). In contrast, deficiencies in ovulation
were observed in PRKO and aERKO mice (Lydon et al., 1996; Couse
and Korach, 1999). While transgenic mouse models provide insight into
P4 and E′s roles in ovarian function, there are known species-specific dif-
ferences inPR andERexpression, signaling and action in the ovarybetween
rodents and primates. Nuclear PR is temporarily expressed in granulosa
cells of pre-ovulatory follicles following the gonadotrophin surge in
rodents, monkeys, pigs and human (Iwai et al., 1990; Natraj and Richards,
1993; Teilmann et al., 2006; Durlej et al., 2010). However, while PR is also
observed in the theca of pre-antral and small antral follicles in rhesus
monkeys (Hild-Petito et al., 1988) and women (Suzuki et al., 1994), it is
absent in all stages of mouse follicles (Shao et al., 2003). In addition,
recent discovery of the membrane-bound PGRMC1, which locates in
granulosa and theca cells of pre-antral and antral follicles, postulates a
greater involvement of P4’s action during follicle development (for
review, see Peluso, 2013). It is generally believed that P4 suppresses
follicle growth, as demonstrated by a correlation between circulating P4
levels and delayed antral follicle development in rats, rabbit and
monkeys (Buffler and Roser, 1974; diZerega and Hodgen, 1982; Setty
and Mills, 1987). However, local actions of P4 on growing follicles
remain to be established.

ER expression in the ovary is more conserved among different species:
ERb is expressed in granulosa cells, while ERa is expressed in theca cells
of growing follicles in rodents (Tetsuka et al., 1998; Sar and Welsch,
1999), cows(Rosenfeld et al., 1999), pigs (Slomczynska and Wozniak,
2001) and primates (Pelletier and El-Alfy, 2000; Saunders et al., 2000).
However, E′s ovarian action is more complex and can be stimulatory
or inhibitory depending on the species, dosage and treatment duration
(for review, see Hutz, 1989). Diethylstilbestrol, a synthetic estrogen, sti-
mulates granulosa cell proliferation and follicle growth in vivo (Golden-
berg et al., 1972; Reiter et al., 1972), and 17b estradiol (E2) promotes
DNA synthesis in cultured granulosa cells (Bendell and Dorrington,
1991) of rats. On the contrary, exogenous diethylstilbestrol did not
alter follicle growth and E2 exposure disrupted ovulation and caused fol-
licle atresia in monkeys (Clark et al., 1981; Dierschke et al., 1985). Add-
itionally, a synergistic effect of E and follicle stimulating hormone (FSH) in

granulosa cell proliferation and function is well established in rodents
(Richards, 1980). Whether such synergism exits in primates is unclear
(for review, see Hutz, 1989; Zelinski-Wooten and Stouffer, 1996;
Chaffin and VandeVoort, 2013). Together, studies to date have not
tackled direct actions of P4 and E on primate follicles during early
folliculogenesis.

Our group developed a 3-dimensional (D) follicle culture system that
allows the manipulation of individual follicles from rhesus macaques, and
the study of their growth and function (Xu et al., 2010). Using this
system, we observed that macaque secondary follicles can grow, form
an antrum, produce steroid hormones (including P4 and E2) and growth
factors, and in some instances yield healthy oocytes capable of maturation,
fertilization and early cleavage. Previously, using an ‘ablation-replacement’
approach, we reported that trilostane (TRL), a steroid-synthesis inhibitor,
diminished survival, growth and maturation of macaque follicles in vitro
(Rodrigues et al., 2015). Replacement of androgens, testosterone (T) or
dihydrotestosterone (DHT) demonstrated direct actionsof thesesteroids
on the pre-antral and antral-stage follicles in primates (Rodrigues et al.,
2015). In the current study, two doses of R5020, a non-metabolizable pro-
gestin (P) analog, and E2, were used to study P4 and E′s direct effects, re-
spectively, on early follicular growth, function, as well as oocyte
competence in a steroid-depleted milieu in the rhesus macaque. The
doses of E2 and P were chosen based on circulating levels (low dose,
Young et al., 2003) as well as levels produced by the follicles (high dose,
Xu et al., 2010) of P4 and E2.

Materials and Methods

Ethical approval
The studies were conducted according to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. All protocols were
approved by ONPRC’s Institutional Animal Care and Use Committee.

Animals and ovary collection
The general care and housing of rhesus macaque monkeys (Macaca mulatta)
was provided by the Division of Comparative Medicine, Oregon National
Primate Research Center (ONPRC). Animals were pair-caged in a tempera-
ture-controlled (228C) light-regulated (12L:12D) room and fed monkey
chow twice a day and water ad libitum.

Ovarieswerecollectedatnecropsy fromsixadults, female rhesusmonkeys
(9.5+2.1 years old) terminated for reasons unrelated to reproductive
health. All animals exhibited regular menstrual cycles prior to necropsy.
Ovaries were placed in 3-(N-morpholino) propane sulfonic acid-buffered
holding media (CooperSurgical, Inc., Trumbull, CT, USA) and immediately
transported to the laboratory at 378C. All chemicals used in the study
were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise
noted.

Follicle isolation, encapsulation and culture
Two or three outermost layers (0.5-mm thick) of the ovarian cortex
were collected using a Stadie-Riggs tissue slicer (Thomas Scientific, Swedes-
boro, NJ, USA). Cortical slices were cut into 1 × 1 mm2 fragments using a
McIlwain tissue chopper (Ted Pella, Inc., Redding, CA, USA). Follicle isola-
tion, encapsulation and culture were performed as described previously
(Xu et al., 2010). Briefly, healthy secondary follicles (125–250 mm) were iso-
lated mechanically in holding media using 31-gauge needles. Each follicle was
then placed individually in �5 ml of 0.25% (w/v) sterile sodium alginate (FMC
BioPolymers, Philadelphia, PA, USA), and the droplet cross linked in 50 mM
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CaCl2 solution. Encapsulated follicles were cultured individually in 300 ml of
alpha minimum essential medium (Invitrogen, Carlsbad, CA, USA) supple-
mented with 0.3% (v/v) human Serum Protein Substitute (CooperSurgical),
0.5 mg/ml bovine fetuin, 5 mg/ml transferrin, 0.5 mg/ml insulin and 5 ng/ml
sodium selenite. Follicles were cultured at 378C under 5% O2 and 6% CO2

with recombinant human FSH (NV Organon, Oss, Netherlands) at 3 ng/ml
(100 mIU) for the first 21 days to promote pre-antral follicle survival; then
the FSH concentration was decreased to 0.3 ng/ml for the remainder of
the culture period to support antral follicle and oocyte growth (Sanchez
et al., 2010; Xu et al., 2011, 2013b). Every other day, half of the culture
media was exchanged with fresh media (prepared weekly) and stored at
2208C for subsequent hormone measurements. Recombinant human
chorionic gonadotrophin (hCG; 100 ng/ml; Ovidrel, Serono, Geneva, Switz-
erland) was added to the culture medium to initiate meiotic oocyte matur-
ation in a subset of follicles that reached the antral stage and 750 mm in
diameter (Peluffo et al., 2010).

Experiment 1: progesterone replacement
The 3b-hydroxysteroid dehydrogenase (3b-HSD) inhibitor, TRL (Vetoryl,
Dechra Veterinary Products, Overland Park, KS, USA) was used to
produce a steroid-hormone depleted milieu. At 250 ng/ml, TRL effectively
blocks P4 production by primate granulosa cells (Duffy et al., 1996) as well
as secondary follicles (Rodrigues et al., 2015) in vitro. To evaluate the direct
action of P4 during folliculogenesis, two doses of R5020 (in 100% ethanol),
a non-aromatizable P, thus eliminating the conversion of P4 to E or androgen,
were added in addition to TRL (in 100% ethanol), plus a vehicle control
(CONT) group. Rhesus monkey (n ¼ 3) secondary follicles (n ¼ 24 per
monkey per treatment group) were randomly divided into four treatment
groups: (i) CONT: control media plus vehicle (100% ethanol), (ii) TRL
(250 ng/ml, Rodrigues et al., 2015), (iii) TRL + low R5020 concentration
(10 ng/ml, TRL + LP, Young et al., 2003) and (iv) TRL + high R5020 concen-
tration (100 ng/ml, TRL + HP; Xu et al., 2010).

Experiment 2: estrogen replacement
Similarly, to evaluate the direct action of E, two doses of E2 (in 100% ethanol)
were added to the culture media containing TRL, plus vehicle control and
TRL alone. Rhesus monkey (n ¼ 3) secondary follicles (n ¼ 24 per
monkey per treatment group) were randomly divided into four treatment
groups: (i) CONT: control media plus vehicle (100% ethanol), (ii) TRL
(250 ng/ml), (iii) TRL + low E2 concentration (100 pg/ml; TRL + LE;
Young et al., 2003) and (iv) TRL + high E2 concentration (1 ng/ml; TRL +
HE; Xu et al., 2010).

Follicle survival, growth, antrum formation
and classification of follicular growth
All follicles were cultured for 5 weeks. Follicles that underwent hCG
treatment were maintained for up to 1 additional week of culture. Weekly
images were taken using an Olympus DP11 digital camera attached to an
Olympus CK40 microscope (Olympus Imaging America, Inc., Center
Valley, PA, USA), and survival as well as antrum formation were assessed
(Xu et al., 2010). Follicles were considered to be degenerating if the
oocyte became dark or no longer surrounded by a layer of granulosa cells,
the granulosa cells were dark or lysed, or the diameter of the follicle
decreased. For surviving follicles, two diameters (the longest diameter of
the follicle plus a second measurement perpendicular to the first) were mea-
sured using the ImageJ 1.44 p software (National Institutes of Health,
Bethesda, MD, USA) and the average was recorded as the follicle diameter.
Based on prior studies (Xu et al., 2010), surviving follicles were stratified into
three categories according to their size at Week 5: (i) fast-grow: diameters

≥500 mm, (ii) slow-grow: diameters between 250 and 500 mm and (iii)
no-grow: diameters ,250 mm.

Anti-Müllerian hormone and ovarian steroid
measurements
Peak concentrations (Xu et al., 2010) of anti-Müllerian hormone (AMH)
(Week 3), P4 (Week 5) and E2 (Week 5) in media of fast-growand slow-grow
follicles were measured by the ONPRC Endocrine Technology Support
Core. Hormones produced by no-grow follicles are minimal (Xu et al.,
2010) and not measured. AMH levels were analyzed by enzyme-linked im-
munosorbent assay using a DSL-10-14400 kit (Diagnostic Systems Labora-
tories, Inc., Webster, TX, USA) based on the manufacturers’ instructions.
An Immulite 2000 chemiluminescence based automatic clinical platform
(Siemens Healthcare Diagnostics, Deerfield, IL, USA) was used for steroid
assays. All assays were validated previously for macaque follicle culture
media (Xu et al., 2010).

Oocyte retrieval, maturation and fertilization
The cumulus–oocyte complex was harvested 34 h after hCG treatment,
oocytes stripped of granulosa and cumulus cells (hyaluronidase, 2 mg/ml;
Peluffo et al., 2010) and their meiotic maturation status determined. Conven-
tional in vitro fertilization (IVF) was performed using oocytes reaching the meta-
phase I (MI) or II (MII) stage of meiosis, and fresh sperm (Assisted Reproductive
Technologies Core, ONPRC) as previously described (Lanzendorf et al.,
1990). Fourteen to sixteen hour post-IVF, oocytes were stripped of attached
sperm and fertilization was confirmed by the presence of two polar bodies and
two pronuclei. Fertilized oocytes were transferred to Global embryo culture
media supplemented with Life Global Protein Supplement (Life Global;
Guilford, CT, USA) and embryo images and development was recorded
every other day (Xu et al., 2013a).

Oocyte immunofluorescence
Healthy oocytes harvested from hCG-treated follicles that remained at the
germinal vesicle (GV) stage were fixed in 4% paraformaldehyde at 378C,
immunolabeled for actin (Alexa488-phalloidin; Invitrogen), tubulin (anti-
alpha-tubulin; Sigma) and DNA (Hoechst 33342; Invitrogen) as described
previously (Peluffo et al., 2012). Fluorescent labeled oocytes were analyzed
with confocal microscopy (Leica SP5 AOBS spectral confocal system, Buffalo
Grove, IL, USA; ONPRC Imaging Support Core).

Statistical analysis
Data are presented as mean+ SEM. Statistical significance was determined
using one-way analysis of variance (ANOVA) and Student–Newman–Keuls
post hoc analysis (SigmaPlot 11.0; Systat Software, Inc., San Jose, CA, USA) for
data comparison among different treatment groups. One-way ANOVA with
repeated measurements was performed for comparing data among different
time points within the same group. Difference was considered significant
when P is ≤ 0.05.

Results

Follicle survival and growth
Five-week survival rate
An average of 74+ 5 and 72+ 6% of control follicles remained healthy
after 5 weeks in culture in the P (Fig. 1A) and E2 (Fig. 1B) replacement
experiments, respectively. Survival rate decreased (P , 0.05) in TRL,
compared with vehicle control (CONT) in both experiments.
Low-dose R5020 (LP, 10 ng/ml) increased (P , 0.05) survival rate
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compared with TRL alone (Fig. 1A), but remained lower (P , 0.05) than
the control level. Survival rates in TRL + high P (HP; 100 ng/ml R5020)
were not different from TRL alone. In the E2 replacement experiment,
survival was restored to the CONT level by the addition of low-dose
E2 (LE, 100 pg/ml) in TRL, but not as well by the higher concentration
(HE, 1 ng/ml) in TRL.

Growth characteristics
At Week 5, surviving follicles werestratified into threegroups (fast-grow,
slow-grow and no-grow). In the P replacement experiment, the control
group was comprised of 60+10% fast-grow, 33+ 5% slow-grow and
6+4% no-grow follicles (Fig. 2A). The percentage of fast-grow follicles
decreased (P , 0.05) and the percentage of slow-grow increased during
TRL treatment. Neither dose of R5020 was able to restore the propor-
tion of fast-grow and slow-grow follicles in the presence of TRL. In fact,
low-dose R5020 increased the percentage of no-grow follicles in TRL +
LP, compared with CONT. In the E2 replacement experiment, the
control group was comprised of 52+ 12% fast-grow, 46+10% slow-
grow and 2+2% no-grow follicles (Fig. 2B). The percentage of fast-grow
follicles again decreased (P , 0.05) during TRL treatment. This effect
was partially prevented by the low-dose E2 with TRL and completely

reversed by the high-dose E2 with TRL, to the control level. No signifi-
cant changes were found in the proportion of slow-grow and no-grow
populations; however, no-grow follicles were absent in TRL + HE.

Antrum formation rate
An average of 71+ 11 and 68+ 3% of the surviving control follicles
formed an antrum in P (Fig. 3A) and E2 (Fig. 3B) replacement experi-
ments, respectively. TRL decreased (P , 0.05) antrum formation
rates, compared with the controls, in both experiments. Neither low-
or high-dose R5020 increased antrum formation, compared with TRL
alone (Fig. 3A). In contrast, E2 addition to TRL seemed to restore the
antrum formation rate to the CONT level (not different from control
or TRL, Fig. 3B).

AMH, P and E concentrations
AMH levels in control fast-grow and slow-grow follicles at Week 3 of
culture averaged 12+ 2 and 6+1 ng/ml, respectively, in the P replace-
ment experiment (Fig. 4A), and 12+ 2 and 8+1 ng/ml, respectively, in
the E2 replacement experiment (Fig. 4B). As expected (Xu et al., 2013a),
fast-grow follicles produced higher (P , 0.05) levels of AMH compared
with slow-grow follicles in control conditions in both experiments. AMH

Figure 1 Follicle (n ¼ 72 follicles/treatment group) survival rate
after 5 weeks (Wks) of culture in progestin (P; R5020, A) and estradiol
(E2, B) replacement experiments. CONT, control; TRL, trilostane; LP,
low-dose P; HP, high-dose P; LE, low-dose E2 and HE, high-dose E2.
Data are presented as mean+ SEM. Different letters represent signifi-
cant differences between treatment groups in each experiment.

Figure 2 Growth characteristics of surviving follicles in progestin
(P, A) and estradiol (E2, B) replacement experiments. CONT, control,
TRL, trilostane, LP, low-dose P, HP, high-dose P, LE, low-dose E2 and
HE, high-dose E2. Different capital, lower case and Greek letters re-
present statistical differences in fast-grow, slow-grow and no-grow follicle
populations, respectively, between treatment groups in each experiment.
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concentrations remained similar among different treatment groups in
fast-grow follicles in both experiments. However, in slow-grow follicles,
AMH levels increased (P , 0.05) during TRL exposure but returned to
that of controls with the addition of R5020 in TRL + LP and TRL +
HP groups, or E2 in TRL + LE and TRL + HE groups.

As expected (Xu et al., 2013a), fast-grow follicles produced higher
(P , 0.05) levels of P4 compared with slow-grow follicles in control con-
ditions during the P (Fig. 5A) replacement experiments. Additionally,
TRL exposure markedly decreased (P , 0.05) P4 levels in both fast-grow
and slow-grow populations in both P (Fig. 5A) and E2 (Fig. 5B) replace-
ment experiments. However, low-dose P seemed to increase P4 in
fast-grow follicles to levels not significantly different from controls,
even though R5020 does not cross react with P4 in the assay utilized
and is not reflected in the P4 levels (Fig. 5A). High-dose P did not alter
P4 levels compared with TRL in slow-grow or fast-grow follicles.
Neither dose of E2 altered P4 concentrations, compared with the sup-
pressed (P , 0.05) P4 levels in TRL alone for either fast- or slow-grow
follicles (Fig. 5B).

As expected (Xu et al., 2013a), fast-grow follicles produced higher
(P , 0.05) levels of E2 compared with slow-grow follicles in control

conditions of both the P (Fig. 6A) and E2 (Fig. 6B) replacement experi-
ments. For fast-grow follicles, E2 levels remained similar among all treat-
ment groups in both experiments. For slow-grow follicles, TRL exposure
decreased (P , 0.05) E2 levels, compared with CONT in both experi-
ments. This reduction was reversed to control levels by the addition of
either dose of R5020 (Fig. 6A), as well as low-dose E2 (Fig. 6B). The add-
ition of high-dose E2 elevated (P , 0.05) E2 levels above that of controls.

Follicle, oocyte and embryo development
During 5 weeks of culture, fast-grow follicles exhibited increased dia-
meters and formed an antrum in both P (Fig. 7A) and E2 (Fig. 7B) replace-
ment experiments. The number of follicles harvested and oocytes
retrieved after hCG treatment, as well as oocyte meiotic status and diam-
eter, is summarized in Table I. TRL treatment increased (P , 0.05) the
percentage of degenerated oocytes, compared with controls in both
experiments; therefore, fewer healthy oocytes were available for

Figure 3 Antrum formation rate of surviving follicles in progestin
(P, A) and estradiol (E2, B) replacement experiments. CONT, control,
TRL, trilostane, LP, low-dose P, HP, high-dose P, LE, low-dose E2 and
HE, high-dose E2. Data are presented as mean+ SEM. Different letters
represent significant differences between treatment groups in each ex-
periment.

Figure 4 Media anti-Müllerian Hormone (AMH) concentrations
(ng/ml) in fast-grow and slow-grow follicles in progestin (P, A) and es-
tradiol (E2, B) replacement experiments at Week 3 of culture. CONT,
control, TRL, trilostane, LP, low-dose P, HP, high-dose P, LE, low-dose
E2 and HE, high-dose E2. Data are presented as mean+ SEM. Different
capital and lower case letters represent differences in fast-grow and
slow-grow follicle populations, respectively, between treatment
groups in each experiment. Asterisk represents differences between
fast-grow and slow-grow follicles within the same treatment group.
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analysis. Neither dose of R5020 was able to prevent oocyte degener-
ation. In fact, high-dose P increased (P , 0.05) the percentage of degen-
erated oocytes compared with controls. One oocyte showed
progression to the MI stage in control follicles in the P replacement
study, but failed to show evidence of fertilization after IVF (Fig. 7A). In
contrast, low- or high-dose E2, reduced oocyte degeneration to
control levels (Table I). Oocyte maturation to the MI and MII stage
(n ¼ 1–2 per treatment group) was observed in controls, and follicles
treated with low- and high-dose E2 with TRL. Mature oocytes (MII) dis-
played a diameter of ≥112 mm and were capable of fertilization and early
cleavage (Fig. 7B).

GV chromatin and TZPs in GV oocytes
Many oocytes retrieved from hCG-exposed antral follicles did not rein-
itiate meiosis, but appeared to be healthy. Immunoflourescent labeling
revealed that these oocytes exhibited normal chromatin configuration
at the GV stage with extensive transzonal projections (TZPs; Fig. 8).

Discussion
As previously reported, the steroid synthesis inhibitor, TRL decreased
survival, growth and function including antrum formation and hormone
production in macaque secondary follicles in culture (Rodrigues et al.,
2015), suggesting important roles of steroid hormones in primate
folliculogenesis. In addition, we recently reported that androgen
(T and/or DHT) replacement, in a steroid-depleted milieu, promoted
pre-antral follicle survival and growth, but suppressed follicular activities
such as AMH and E2 production (Rodrigues et al., 2015). The current
study examined the direct effects of E (E2 replacement) or P4 (R5020
replacement) on early primate folliculogenesis in a steroid-depleted
milieu, using a 3D culture system.

Our results suggest that P4 acts directly on pre-antral follicles and at
a lower, but not higher, concentration, promotes follicle survival.
However, low-dose R5020 only partially restored follicle survival, sug-
gesting other steroid hormones, such as androgen (Rodrigues et al.,
2015) or E, are required for normal follicular health. The role of P4 as

Figure 5 Media progesterone concentrations (ng/ml) in fast-grow
and slow-grow follicles in progestin (P, A) and estradiol (E2, B) replace-
ment experiments at Week 5 of culture. CONT, control, TRL, trilos-
tane, LP, low-dose P, HP, high-dose P, LE, low-dose E2 and HE,
high-dose E2. Data are presented as mean+ SEM. Different capital
and lower case letters represent differences in fast-grow and slow-grow
follicle populations, respectively, between treatment groups in each ex-
periment. Asterisk represents differences between fast-grow and slow-
grow follicles within the same treatment group.

Figure 6 Media estradiol (E2) concentrations (pg/ml) in fast-grow
and slow-grow follicles in progestin (P, A) and E2 (B) replacement
experiments at Week 5 of culture. CONT, control, TRL, trilostane,
LP, low-dose P, HP, high-dose P, LE, low-dose E2 and HE, high-dose
E2. Data are presented as mean+ SEM. Different capital and lower
case letters represent differences in fast-grow and slow-grow follicle
populations, respectively, between treatment groups in each experi-
ment. Asterisk represents differences between fast-grow and slow-
grow follicles within the same treatment group.
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an anti-apoptotic factor was observed in granulosa cells of large antral
folliclesin rodents (Peluso and Pappalardo, 1998; Peluso et al., 2006),
monkeys (Chaffin and Stouffer, 2000; Puttabyatappa et al., 2013) and
women (Svensson et al., 2001). In addition, it is well established that

P4 exhibits two modes of action on ovarian follicles: anti-apoptotic
(Peluso, 1997) and growth inhibitory (Peluso and Pappalardo, 1998).
Indeed, concentrations of norgestomet, another synthetic P, correlate
negatively with the rate of ovarian follicle growth (Sanchez et al.,

Figure 7 Follicle, oocyte and embryo development in progestin (P, A) and estradiol (E2, B) replacement experiments. Represented photomicrographs
from both experiments showing secondary follicles that grew and formed an atrum (�week [Wk] 3) with diameters that can reach 1.2 mm (not shown)
during 5 weeks of culture. Thirty-four hours after human chorionic gonadotrophin treatment, some oocytes matured to the metaphase I (MI) or MII stage
and when subjected to in vitro fertilization, a few exhibited two pronuclei (2PN) formation and early cleavage (3–4 cell on Day [D] 2, 6–8 cell on D3 and
10–16 cell on D4).

................................................................................................................................... ...............................

...........................

.............................................................................................................................................................................................

Table I Health, meiotic maturation status and diameter of oocytes retrieved from antral follicles at Week 5 (34 h after the
addition of hCG) in progestin (P, R5020) and estradiol (E2) replacement experiments.

Number (n) of Oocyte diameter
(mm)

Follicles harvested Oocytes retrieved Degenerated oocytes (%) Healthy oocytes GV MI MII

GV MI MII

P replacement

Control 22 22 9 (41+10)a 12 1 0 102+1 108 –

TRL 8 8 5 (58+8)b 3 0 0 101+4 – –

TRL + LP 12 11 6 (47+7)a,b 5 0 0 99+1 – –

TRL + HP 5 5 4 (83+17)b 1 0 0 101 – –

E2 replacement

Control 13 12 5 (38+7)A 6 0 1 102+2 – 115

TRL 9 9 7 (87+13)B 2 0 0 96+1 – –

TRL + LE 14 13 4 (28+15)A 7 1 1 100+1 103 112

TRL + HE 9 9 3 (25+14)A 5 1 0 104+3 107 –

CONT, control, TRL, trilostane, LP, low-dose P, HP, high-dose P, LE, low-dose E2 and HE, high-dose E2.
Different lower and capital case letters represent differences in P and E2 replacement experiments, respectively, between treatment groups.
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1995). Therefore, it is possible that the high dose, unlike the low dose, of
R5020 exerted inhibitory effect on follicle survival in the current study. In
contrast, both doses of E2, in the presence of TRL, improved and
restored follicle survival rate to the control level. This is consistent
with previous reports demonstrating that E inhibits granulosa cell apop-
tosis (Billig et al., 1993) and diminishes follicle atresia (Harman et al.,
1975) in rats. Thus, E2 and to a lesser extent, Pact as pro-survival
factors in primate follicles in culture.

Our results showed that the addition of P did not improve follicle
growth. This might be expected as P4 is generally considered a suppres-
sor of follicle growth (for review, see Peluso, 2006). On the contrary, the
addition of E2 promoted follicle growth, and high-dose E2 completely
eliminated no-grow follicles. This is consistent with studies showing
that E increases the number and size of rodent and bovine follicles
in vivo and in vitro (for review, see Hutz, 1989; Rosenfeld et al., 2001).
Thus, E2, but not P, promotes early follicular growth in primate follicles
in culture.

FSH stimulates antrum-like reorganization of granulosa cells in rats,
which is augmented by E2 (Gore-Langton and Daniel, 1990). In the
current study, TRL disrupted antrum formation in cultured follicles,
suggesting that even in the presence of FSH, steroid hormones are im-
portant for antrum formation. Our results demonstrated that P is not
crucial during antrum development. This is not surprising as P4 sup-
presses antrum follicle development as mentioned above (Peluso and
Pappalardo, 1998). On the contrary, E2 restored antrum formation
rates to the control level, implying a role of E in antrum formation in
primate follicles. Effects of E on antrum formation were not reported
previously, although mice lacking ERb exhibit lack of progression from
small to large antral follicles (Emmen et al., 2005). Whether this is a
direct effect of E2 or a combined effect with FSH is unclear. Thus, E2,
but not P, promotes antrum formation in primate follicles in vitro.

AMH is produced by granulosa cells and its level correlates with
follicle size and growth pattern in pre-antral follicles, but decreases in
large antral follicles in monkeys and women (Weenen et al., 2004;
Thomas et al., 2007; Xu et al., 2010). Previously, we suggested that
high AMH production in the pre-antral stage predicts those follicles des-
tined to be fast-grow follicles and yield MII oocytes (Xu et al., 2013a). In
the current study, there is no treatment effect on AMH levels in fast-grow
follicles. It is possible that once stratified based on their size, follicles
produce maximal levels of AMH in the presence of FSH regardless of

their treatment. We speculate that a modestly increased AMH after
TRL treatment in slow-grow follicles is due to TRL’s inhibitory effect
on granulosa cell differentiation and antrum development; therefore,
AMH levels remained high in TRL-treated follicles which have delayed
or diminished antrum development. Thus, neither E2 nor P affected
AMH production by primate follicles in culture.

TRL, a competitive inhibitor of 3b-HSD (Schane et al., 1979),
decreased, but did not totally eliminate, the conversion of pregnenolone
to P4 by slow- and fast-grow follicles in vitro. Levels of P4 and E2 correlate
with antral follicle development and are markers for antral follicle differ-
entiation (Xu et al., 2010). In the current study, although it is unclear how,
low dose R5020 stimulated P4 production. A similar observation oc-
curred in our androgen replacement study where low dose, but not
high dose, T increased P4 levels (Rodrigues et al., 2015). As mentioned
above, follicle survival also exhibited such dose-dependent action of P4.
In contrast, neither dose of E2 altered P4 levels, presumably due to
already diminished P4 levels following TRL exposure. Others showed
that exogenous E reduced P4 levels produced by pre-ovulatory follicles
in monkeys (Hutz et al., 1986; Hutz et al., 1989) and women (Veldhuis
et al., 1983). However, local actions of E on steroidogenesis of primate
pre-antral and early antral follicles have not been previously examined.
Notably, despite low P4 levels in both E2 replacement groups, follicles
showed high survival and growth, implying again that P is not critical for
early folliculogenesis in primates.

E2 production by fast-grow follicles was not altered by TRL or the add-
ition of P or E2 treatment. As mentioned above, TRL did not eliminate P4
production which can serve as a substrate for E2 synthesis (spillover).
This may coincide with increased FSH sensitivity and/or elevated aroma-
tase activity in fast-grow follicles. In contrast, TRL inhibited E2 production
in slow-grow follicles, possibly due to limited substrate availability for
E2 production. Both doses of R5020 increased E2, even though R5020
is non-aromatizable and cannot serve as a substrate for E2 synthesis.
The reason for this is unclear since in vitro exposure to R5020 has no
effect on E2 production and inhibits FSH-stimulated E2 production by
granulosa cells from rats (Schreiber et al., 1980; Fortune and Vincent,
1983). The addition of E2 increased E2 levels in a substrate-dependent
manner. This is most likely due to levels of the exogenous E2 which is
detectable in the E2 assay. While it is difficult to distinguish effect of E2
on follicular E2 production in the current study, others showed that E2
treatment reduced E2 levels in follicular fluid of pre-ovulatory follicles

Figure 8 Immunofluorescent labeling for actin (red), tubulin (green) and DNA (blue) in germinal vesicle (GV)-intact oocytes from in vitro grown follicles.
Healthy GV oocytes showed normal chromatin configuration including non-surrounded nucleolus (diffused), partially surrounded nucleolus and sur-
rounded nucleolus. Extensive development of the transzonal projections (TZPs) was also evident in cumulus–oocyte complexes.
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in monkeys (Hutz et al., 1986). Thus, P, in a dose-dependent manner, and
E2, in a substrate-dependent manner, elevated E2 production by small
antral follicles in culture.

In the current study, macaque secondary follicles (�200 mm) grew to
a maximum diameter of 1278 mm after 5 weeks in culture. However, few
oocytes matured to the MII stage following hCG treatment. This is com-
parable with recent studies where �10% of small antral follicles treated
with hCG yielded MI or MII oocytes (Xu et al., 2013a; Rodrigues et al.,
2015). Nevertheless, fertilization and early embryonic cleavage was
achieved in oocytes reaching the MI and MII stages. Those oocytes
that did not respond to hCG appear healthy at the GV-stage with an ex-
tensive TZP network. TZPs are essential for communication between
the granulosa/cumulus cells and oocyte, as well as for follicular develop-
ment and maturation (Plancha et al., 2005). In addition, chromatin con-
densation or remodeling from non-surrounded to surrounded nucleolus
around the nucleolus is associated with global transcriptional silencing
and completion of oocyte growth in pre-ovulatory oocytes just prior
to resumption of meiosis (Mattson and Albertini, 1990; Wiekowski
et al., 1997; De La Fuente et al., 2004). Therefore, while the majority
of oocytes from in vitro grown follicles failed to resume meiosis, the
healthy GV oocytes showed progression towards oocyte competency.

The addition of R5020 was associated with an increased percentage
of degenerating oocytes compared with controls and did not yield
any mature oocytes. Previous studies showed that R5020, administered
during the periovulatory interval, prevented TRL-induced follicle atresia
and promoted oocyte maturation during the periovulatory interval in
monkeys (Borman et al., 2004). In the current study, TRL and R5020
were added to pre-antral follicles and we speculate that R5020 was
unable to support normal follicle development which subsequently led
to reduced oocyte health. On the contrary, the current study suggests
that local administration of E2, especially at the circulating level, improved
oocyte health and yielded MII oocytes. This finding differs from previous
studies showing that in vivo E2 exposure induced atresia of the dominant
follicle in monkeys (Hutz et al., 1986) as well as in vitro E2 exposure
delayed or inhibited oocyte meiotic maturation during secondary follicle
culture in mice (Tarumi et al., 2014). However, in vivo E2 treatment led to
a reduced local E2 production by the dominant follicle and E2 concentra-
tion used in the latter experiment is 1000 times over the physiological
level. Whether E2 acts directly on the oocyte or on the somatic cells
to support oocyte health and development is yet to be determined.

We can now compare the effects of P and E2 with those recently
reported for T and DHT (Rodrigues et al., 2015), on various parameters
of macaque follicles cultured in a 3D alginate matrix in a steroid-depleted
milieu. The marked disruption in the growth and maturation of macaque
pre-antral follicles in a steroid-depleted (but FSH replete) milieu is likely
due to the loss of androgen (Rodrigues et al., 2015), E2, and to a lesser
extend P actions on the follicle. Of the three steroids, androgen
(DHT), followed by E2, were survival factors. In addition, E2 appeared
to be a growth factor, promoting the rate of growth and formation of
antral-stage follicles. Moreover, androgen (T, DHT) appeared to
inhibit follicular differentiation or key activities, such as AMH and E2
production, with little effect of P or E2 on these functions. These
results are consistent with the concept that E2 is an important factor pro-
moting early folliculogenesis in primates, whereas P may not be essential.
Although androgen is a survival factor for early growing follicles, its
primary action switches to suppression of follicular development by
the late pre-antral to early antral stage. Further studies are warranted

to examine the effects of steroid combinations as a function of the
stage of follicular development, as well as the receptor signaling pathways
and cellular processes involved in steroid-regulated survival, growth and
differentiation of primate follicles. This information could be valuable for
understanding the perturbations in folliculogenesis associated with dis-
eases such as polycystic ovarian syndrome, as well as improving the in
vitro culture system for generating mature fertilizable oocytes from folli-
cles of infertility patients.
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