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In each normal menstrual cycle, a cohort of folli-
cles is recruited to grow and develop through the
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Objective: A role for inhibin and activin in primate oocyte maturation was investigated.
Design: The maturation and fertilization of rhesus monkey oocytes recovered from the excised 

ovaries of nine regularly cycling animals was compared for untreated germinal vesicle (GV)-
 intact controls versus oocytes cultured in the presence of inhibin, activin, inhibin + activin, or in a 
combination with follistatin.

Setting: Nonhuman primates in a research institute environment.
Interventions: Bilateral oophorectomy.
Main Outcome Measure: Oocyte maturation from germinal vesicle breakdown (GVBD) to 

metaphase II (MII) and fertilization.
Results: Germinal vesicle breakdown, progression to MII and fertilization was monitored in 

oocytes cultured for 48 hours. Activin alone, at an optimum concentration of 100 ng/mL, stimu-
 lated GVBD whereas both GVBD and MII development was enhanced in the presence of inhibin 
+ activin. The latter also accelerated the rate of maturation to MII. All treatment groups exhibited 
a higher incidence of GVBD compared with controls. When follistatin was added, the stimulatory 
effect of activin or activin + inhibin was abolished. Exposure to medium containing inhibin + activin 
signiþ cantly increased the percentage of MII oocytes that fertilized compared with controls (68% 
versus 25%, respectively).

Conclusions: Inhibin and activin are potent stimulators of primate oocyte maturation, pro- ducing 
mature oocytes in vitro that fertilize with high efþ ciency.
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preantral to antral stage by a highly regulated pro-
 cess involving autocrine-paracrine and endocrine 
mechanisms. In primates, typically only one antral 
follicle survives in each cycle to ovulate based on its
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ability to produce steroids and nonsteroidal regula-
 tory peptides. The latter include the dimeric pro-
 teins, inhibin and activin, members of the trans-
forming growth factor-} (TGF-}) superfamily that
were þ rst identiþ ed by their opposing effects on the
synthesis and release of FSH from pituitary cells in 
culture (1).

The fully grown oocyte of the preovulatory follicle 
is arrested in prophase I of meiosis until maturation 
is reinitiated in vivo by the midcycle LH surge or 
until the oocyte is released from the follicle and un-
 dergoes spontaneous maturation in vitro. The regu-
 lation of oocyte maturation is not well understood in 
mammals. Limited, albeit conÿ icting, studies in the 
rat model implicate the inhibin-related proteins as 
regulators of oocyte maturation. For example, TGF -
} reportedly accelerates oocyte maturation in both 
follicle-enclosed and cumulus-enclosed oocytes ob-
 tained from preovulatory follicles of pregnant mare 
serum gonadotropin (PMSG)-stimulated rats (2). In-
 hibin, on the other hand, inhibited spontaneous mat-
 uration of denuded oocytes obtained from immature, 
unstimulated rats (3). In the same study, follistatin, 
a binding protein of both inhibin and activin (4), 
opposed the effects of inhibin, and activin had no 
inÿ uence on oocyte maturation. Further, Itoh et al. 
(5) demonstrated acceleration of oocyte maturation 
by activin of follicle-enclosed, cumulus-enclosed, and 
denuded oocytes obtained from PMSG-stimulated 
rats. In another report, however, TGF-}, inhibin,
activin, or follistatin did not inÿ uence the meiotic 
maturation of follicle-enclosed oocytes or the sponta-
 neous maturation of cumulus-enclosed oocytes ob -
tained from PMSG-stimulated rats (6). In these 
studies, germinal vesicle breakdown (GVBD) was 
used as an indicator of nuclear maturation, but nei-
 ther maturation to metaphase II (MII; as indicated 
by extrusion of a þ rst polar body) nor cytoplasmic 
maturation, as indicated by the ability of oocytes to 
fertilize, was monitored. Outcome discrepancies in 
these studies could be due to the source of oocytes, 
the stage of follicular maturation, the culture condi -
tions, or the speciþ c forms of the peptides used.

Ovarian stimulation with exogenous gonadotro-
 pins, in the context of the assisted reproductive tech-
 nologies, represents an effort to override the follicle 
selection process, thereby promoting the growth of 
multiple follicles and the recovery of several oocytes 
per treatment cycle. An alternative to ovarian stimu-
 lation involves the recovery of immature, prophase 
I oocytes followed by their in vitro maturation and 
IVF (7). Success of in vitro maturation-IVF in pri -
mates is conþ ned to a few reports in monkeys (8, 9) 
and women (10, 11).

The production of live young by in vitro matura-
ion-IVF of oocytes would circumvent the need for

ovarian stimulation, solve many problems associ -
ated with oocyte donation, and might lead to knowl -
edge that improves IVF and the treatment of infertil-
 ity. The present study was undertaken to investigate 
the roles of inhibin and activin in the regulation of 
oocyte maturation in a primate model, the rhesus 
monkey.

MATERIALS AND METHODS

Animals
Adult female rhesus monkeys (age range 5 to 13 

years) exhibiting regular menstrual cycles of approx-
 imately 28 days were individually caged in tempera-
 ture-controlled (24ÁC), light-regulated (12 hours 
light:12 hours dark) rooms at the Oregon Regional 
Primate Research Center. The animals were sub -
jected to bilateral oophorectomy without regard to 
the stage of the menstrual cycle. Healthy male rhe -
sus monkeys of proven fertility, caged under similar 
conditions, were used as sperm donors.

Ovary Collection and Oocyte Recovery
Ovaries were recovered from anesthetized ani -

mals by paramedian pelvic laparotomy as described 
previously (8). The ovaries were collected in air-buf-
 fered TALP media (TALP-HEPES; (12) with heparin 
(25 IU/mL), pH 7.4 at 37ÁC. Within 10 minutes of 
oophorectomy, the ovaries were sectioned into quar -
ters. All manipulations were done with ovaries sub -
merged in TALP-HEPES at 37ÁC. Antral follicles 
(Ó500 Hm) were individually punctured with a 25-
 gauge needle using a dissecting microscope. The re-
 leased oocyte-cumulus complexes were collected and 
pooled into 500-HL drops of TALP-HEPES under 6 
mL of TALP-equilibrated sterile mineral oil at 37ÁC. 
Only oocyte-cumulus complexes with germinal vesi -
cle-intact (visible or obscured) oocytes > 100 Hm in 
vitelline diameter, without degenerative signs (vacu-
 oles or organelle withdrawal), and enclosed with two 
or more layers of cumulus cells were used in this 
study (Fig. 1A).

Oocyte Culture and In Vitro Maturation
Evaluation
Within 60 minutes of collection, oocyte-cumulus 

complexes were assigned randomly to a culture con-
 dition and incubated individually in 50-HL drops un-
 der 5 mL of TALP-equilibrated, sterile mineral oil 
in a humidiþ ed atmosphere of 5% CO2 in air at 37ÁC. 
The oocyte-cumulus complexes were evaluated in a 
blinded fashion with regard to treatment conditions 
using an inverted microscope with Hoffman optics 
(Į400 at 6, 12, 20, 24, 30, 36, and 48 hours) for 
cumulus expansion and muciþ cation (13), perivitel-




