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Abstract
The objective of this study was to investigate juvenile rhesus monkeys responding to various gonadotropin regimen stimulations.
Thirty-two prepubertal rhesus monkeys were randomly allocated into five groups for ovarian stimulation as follows: Groups I, II,
and III were given 35, 18, and 9 IU recombinant human follicle-stimulating hormone (rhFSH), respectively, twice daily for 8 d;
Group IV was given 18 IU rhFSH twice daily until the appearance of maximal increase in sex skin during the breeding season; and
Group V was treated identically to Group II but during the nonbreeding season. In addition, nine menarchial monkeys (Group VI)
were treated identically to Group II. Menarchial monkeys yielded two- to fivefold the numbers of MII oocytes (24.1) and almost
twice the development potential of in vitro–fertilized oocytes (blastocyst rate: 50.0%) compared with those of the other groups.
Moreover, prepubertal monkeys in Group V had approximately double the numbers of MII oocytes and in Groups IVand V twice the
development potential compared with those of Groups I and II, whereas Group III did not respond to stimulation. The most
prominent sex skin swelling was in association with peak serum estradiol concentrations, and good responses to stimulation were
associated with reduced body temperatures. All stimulated monkeys had normal reproductive performance at adulthood, except
those in Group I. In conclusion, gonadotropin stimulation of menarchial monkeys could be appropriate for addressing the high cost
and limited availability of rhesus monkeys in studying reproductive biology in primates.
# 2009 Elsevier Inc. All rights reserved.
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1. Introduction
Substantial progress in the application of assisted
reproductive technology (ART) to non-human primates
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over the past two decades has resulted in the routine
production of in vitro–derived embryos and the use of
embryo transfers to establish pregnancy and produce
offspring [1,2]. These advances were followed by the
introduction of somatic cell nuclear transfer research
and the isolation of blastocyst-derived embryonic stem
cell lines [3–5]. However, all these achievements are all
dependent on large numbers of oocytes being retrieved
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in ovarian stimulation cycle. Protocols for ovarian
stimulation of adult rhesus monkeys have been
developed that first used gonadotropins extracted from
animal or human blood serum, urine, and/or pituitaries
[6–8] and more recently used human recombinant
gonadotropins [9–11]. Nevertheless, the availability of
adult rhesus monkey oocytes is impeded by the high
cost of ovarian stimulation, limited numbers of caged
animals, and the availability of adult rhesus monkeys
for only approximately half of the year due to their
natural breeding season. As an alternative, it was
reported in many species that peripubertal animals
could be used as oocyte donors without loss of
reproductive performance when they matured to
adulthood compared with age-matched controls [12–
14]. Moreover, using juvenile animals as sources of
oocytes for embryo production can shorten the
generation interval, thereby accelerating the rate of
genetic advance achievable by either natural selection
or the introduction of new genes by transgenesis [15].
Whether ovarian stimulation of peripubertal monkeys
could yield the quality and quantity of oocytes required
for reproductive research is still unclear. A previous
study showed that adjusting the dose of exogenous
follicle-stimulating hormone (FSH) can be beneficial
for the quality and quantity of oocytes collected, but this
has not been evaluated in prepubertal or menarchial
monkeys [9]; in that regard, the standard daily FSH dose
for adult rhesus monkeys might not be suitable for these
juvenile animals.
The primary objective of this study was to evaluate
the effectiveness of three gonadotropin doses on ovarian
stimulation and to compare the feasibility of this
technology in prepubertal and menarchial rhesus
monkeys in terms of their ovarian response and the
developmental competence of retrieved oocytes after in
vitro fertilization (IVF). We also examined the longterm effects of peripubertal ovarian stimulation on the
subsequent reproductive ability of animals. Additionally, changes in perineal sex skin and body temperature
were recorded to assist in evaluating responses to FSH
and timing of human chorionic gonadotropin (hCG)
administration.
2. Materials and methods
2.1. Animals and chemicals
All animal procedures were approved in advance by
the Institutional Animal Care and Use Committee of the
Kunming Primate Research Center (KPRC). Prepubertal and menarchial rhesus monkeys were selected from

the KPRC and caged individually in a controlled
environment (20 to 24 8C, humidity 40% to 60%) and
exposed to an 0800 to 2000 light cycle. Vaginal
bleeding was monitored daily to detect the onset of
menses. Unless stated otherwise, all chemicals were
obtained from Sigma Chemical Co. (St. Louis, MO,
USA).
2.2. Ovarian stimulation and oocyte recovery
Thirty-two prepubertal females (mean weight,
2.7 kg) that had never showed menses and nine
menarchial females (mean weight, 3.6 kg) in which
the first menses had just been observed were identified
for incorporation into this study. The prepubertal
females were randomly allocated into five groups for
ovarian stimulation. Treatment with recombinant
human FSH (rhFSH; Gonal F; Laboratories Serono
SA, Aubonne, Switzerland) was initiated on a random
day for prepubertal monkeys and 1 to 3 d after the onset
of the first menses for menarchial monkeys. We
evaluated three dose levels in this study. During the
breeding season (November to February), Group I
(n = 4, prepubertal monkeys), Group II (n = 9, prepubertal monkeys), and Group III (n = 4, prepubertal
monkeys) received intramuscular (im) treatments of 35,
18, or 9 IU rhFSH, respectively, twice daily, 10 to 12 h
apart for 8 d, as described previously [9,11,16,17].
Group IV (n = 6, prepubertal monkeys) received 18 IU
rhFSH im twice daily until appearance of the maximal
change in sex skin (color and swelling) during the
breeding season. Group V (n = 9, prepubertal monkeys)
received the same hormone regimen as that of Group II
but in the nonbreeding season (May to July). In
addition, Group VI (n = 9, menarchial monkeys) was
treated with 18 IU rhFSH as in Group II and in the
breeding season. On Day 9, animals in Groups I, II, III,
V, and VI that had multiple increases in serum estrogen
concentrations above baseline, and those with more
than five follicles (3 mm in diameter) combined for
both ovaries were defined as good responders [9] and
were given 500 IU hCG im (Serono Laboratories, SA) at
2100 on the same day, whereas other animals were
characterized as ‘‘poor responders’’ and were not given
any additional treatment. Animals in Group IV received
rhFSH for up to 10 d until appearance of the maximal
change of sex skin; the next day, 500 IU hCG im was
given for oocyte nuclear maturation.
To assess follicular development in response to FSH
and to give hCG for nuclear maturity, animals were
scanned by ultrasound on Day 9 of ovarian stimulation
as follows. Animals were anesthetized with ketamine
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(10 to 12 mg/kg) given intramuscularly and shaved in
the lower abdominal and inguinal regions when they
were laid on an operating table. Ovaries were imaged
transcutaneously using a Diasus ultrasound system
(Dynamic Imaging Ltd., Livingston, Scotland, UK),
equipped with a 10- to 22-MHz linear-array transducer.
To help locate the ovaries, the middle finger of the
operator, wearing a sterile glove, was inserted into the
animal’s rectum after flushing out feces with warm
water.
For oocyte retrieval, animals were anesthetized with
ketamine (10 to 12 mg/kg) given intramuscularly, and
cumulus-oocyte complexes (COCs) were collected by
laparoscopic follicular aspiration 32 to 35 h after hCG
administration. Follicular contents were placed into
HEPES-buffered TALP (modified Tyrode solution with
albumin, lactate, and pyruvate) medium [18] containing
0.3% bovine serum albumin (BSA) at 37 8C. Oocytes
were stripped of cumulus cells by mechanical pipetting
after brief exposure (<1 min) to hyaluronidase (0.5 mg/
mL) to allow classification of nuclear maturity as
metaphase I (MI; no germinal vesicle, no polar body)
and metaphase II (MII; one polar body). Mature oocytes
(MII) were placed in hamster embryo culture medium10 (HECM-10) medium [19] at 37 8C in humidified 5%
CO2 in air until IVF.
2.3. Measurements of sex skin and body
temperature
In an attempt to establish a noninvasive method for
monitoring follicular development by using the
correlation between the maximal changes in sex skin
and body temperature curves with estradiol (E2)
profiles, the sex skin around the perineum and anus
[20] were monitored daily in Group II, and rectal
temperatures were measured in four prepubertal rhesus
monkeys of Group II. During ovarian stimulation, rectal
temperatures were measured by gently inserting the
probe of an electronic thermometer approximately 3 cm
into the rectum of conscious animals to measure body
temperatures in the morning (0800), and assessment of
the sex skin around the perineum and anus was also
done in the morning. The hardness of the sex skin
(determined by hand) and the reddening of the sex skin
were recorded.
2.4. IVF and embryo culture
To assess developmental competence, freshly collected mature oocytes were inseminated as in our
previous reports [9]. Briefly, hyperactivated spermato-
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zoa and mature oocytes (MII) were coincubated for 12
to 16 h at 37 8C in a humidified atmosphere of 5% CO2.
Fertilized oocytes exhibiting two pronuclei were
cultured for embryonic development in 50-mL drops
of HECM-10 containing 10% fetal bovine serum for up
to 7 d at 37 8C in humidified 5% CO2 in air under
mineral oil, with a change in culture medium every
second day. Progress of embryo growth was monitored
daily using Nomarski optics (200 to 400 magnification) on a Nikon (Japan) Diaphot TMD microscope.
2.5. Hormone assays
To measure serum concentrations of E2, blood
samples were drawn daily (0900) from conscious
animals by saphenous venipuncture in Group II to
determine the administration of hCG. Serum E2
concentration was determined by radioimmunoassay
(RIA) [16,21]. The intra-assay and interassay coefficients of variation were all <10%.
2.6. Reproductive performance of prepubertal and
menarchial monkeys subsequent to ovarian
stimulation
To address the possibility that treatment of juvenile
animals with gonadotropins might affect their future
reproductive performance, which would diminish the
usefulness of this protocol, prepubertal and menarchial
monkeys after reaching puberty at the age of 5 yr (60
mo of age) were mated with fertile males, and thereafter
pregnancy rates were recorded and compared among
groups.
2.7. Statistical analysis
Results obtained are presented as the mean  SD
unless stated otherwise. The proportions of good
responders and of pregnancy were analyzed by Fisher’s
exact test. For statistical purposes, the numbers of
oocytes recovered were transformed by square root, and
the proportion of oocytes at various stages of nuclear
maturity and embryo development rates were transformed by arcsine of square root [16] prior to ANOVA
and comparisons among the five groups, which
responded to stimulation, by post hoc with least
significant difference (LSD). Values with P < 0.05
were considered different.
The daily changes of E2 concentrations and the
ranges of sex skin changes were calculated by [b a]/a,
where a = value of one day and b = value of the next day
(for each parameter).

Among treatment categories, means without a common superscript differ (P < 0.05).
Responders had at least five ovarian follicles 3 mm in diameter at the end of rhFSH treatment. MII represents oocytes that were mature at collection, whereas MI refers to oocytes that were
immature at collection. % Fertilized = (ova exhibiting two pronuclei/MII oocytes)  100. Blast = (blastocysts/fertilized oocytes)  100.
*

2.9  0.3a
3.7  0.3b
Prepubertal
Menarchial
V (9)
VI (9)

a–d

4/16 (25)c
10/20 (50.0)d
16/20 (80.0) a
20/23(87.0)a
5.7  5.6 a
6.7  6.2 a
9.3  6.2 b
24.1  16.6c
15.0  6.7 a
30.9  18.5b

11.9  8.6
9.9  3.8a
–
8.8  3.2a
3 (75)
7 (78)a
0b
5 (83)a
Prepubertal
Prepubertal
Prepubertal
Prepubertal
I (4)
II (9)
III (4)
IV (6)

2.5  0.1
2.6  0.3a
2.6  0.3a
2.5  0.2a

70 IU, Nov. to Feb.
36 IU, Nov. to Feb.
18 IU, Nov. to Feb.
36 IU, until the
appearance of maximal
changes of sex skin,
Nov. to Feb.
36 IU, May to July
36 IU, Nov. to Feb.

a

9 (100)a
9 (100)a

0/10 (0)a
2/19 (10.5)b
–
5/18 (27.8)c
10/15 (66.7)
19/28 (67.9) a
–
18/25 (72) a

4.9  2.5
5.9  2.7 a
–
4.7  2.6 a

MI

a

MII

a

7.0  8.9
4.0  5.2 a
–
4.1  6.2 a

a

Fertilized, n (%)
Total

a

Development
Mean number of retrieved oocytes
per animal
Number of
responders (%)

a

In all of the responding monkeys in Group II,
regardless of the initial degree of reddening of the sex
skin, the swelling increased after stimulation and
reached a maximum when oocytes were retrieved.
The maximal changes in sex skin and the peak level of
E2 were two- to threefold higher than those of the
previous day. The day of maximal increase in sex skin
corresponded with the peak level of plasma E2. In
Group II, one animal on Day 6, two animals on Day 7,
three animals on Day 8, and one animal on Day 10
simultaneously had maximal increases in sex skin
appearance and E2 peak level, as shown in Figs. 1 and 2,

The dose of rhFSH/d
given and period

3.2. Changes of sex skin and body temperature
associated with profile of plasma E2 in stimulated
prepubertal monkeys

Mean
age, yr

Ovarian responses and development of retrieved
oocytes are shown in Table 1. Although the mean age
was significantly different between the prepubertal
monkey groups and the menarchial monkey group,
there were no differences in the proportion of good
responders among the five groups (Groups I, II, IV, V,
VI), except that Group III had no ovarian responses and
was dropped from further study. However, there were
significant differences in the numbers of oocytes
recovered from responding monkeys among the
remaining five groups. The mean numbers of MII
oocytes collected in menarchial monkeys in Group VI
(24.1) were two- to fivefold higher than that in the
prepubertal monkey groups (P < 0.05). The mean
number of MII oocytes in Group V (9.3) was higher
than that in Group I (4.9), Group II (5.9), and Group IV
(4.7), respectively (P < 0.05), whereas the average
numbers of MI oocytes were not significantly different
among the five groups. Recovered MII oocytes had the
same ability to undergo fertilization among the five
groups, however the ability of IVF oocytes to develop
into blastocysts was at least twofold higher in
menarchial monkeys in Group VI (50.0% blastocysts)
compared with that in all of the stimulated prepubertal
monkeys (P < 0.05). Moreover, in prepubertal monkey
groups, IVF oocytes in Groups IV and V had at least
twofold higher development potential than that in
Groups I and II (blastocyst rate: 27.8% in Group IV and
25.0% in Group V versus 0 in Group I and 10.5% in
Group II, respectively, P < 0.05).

Animals

3.1. Ovarian responses and oocyte development in
stimulated prepubertal and menarchial monkeys

Group
(n)

3. Results

Blast, n (%)
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Table 1
Numbers of responding animals and retrieved oocytes and subsequent development after IVF in prepubertal and menarchial rhesus monkeys stimulated with various gonadotropin regimens.*.
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Fig. 1. Diagram showing changes of hardness and area of sex skin and its association with estradiol (E2) concentrations in one Group II good
responder during ovarian stimulation in a rhesus monkey.

Fig. 2. Sex skin photos from one rhesus monkey in Group II. Day 1 shows the sex skin at the first rhFSH treatment, Day 7 shows the maximal
increase of sex skin swelling, and Day 11 shows the maximal extent of the sex skin just before oocyte retrieval.

whereas the other two animals that were poor
responders did not show any changes in these aspects.
Moreover, according to the maximal changes of sex skin
as above, prepubertal monkeys in Group IV received
hCG on Days 7, 8, 9, and 11 of stimulation, and
subsequently, the development potential of IVF oocytes

retrieved were higher than that in Group II, although the
number of oocytes retrieved was not different between
the two groups (Table 1). Additionally, lowered body
temperatures were associated with good responses to
stimulation. Three of the four prepubertal monkeys in
Group II, who responded well to stimulation, lowered

Fig. 3. Body temperature curve of prepubertal rhesus monkeys in three good responders and one poor responder in Group II during and after ovarian
stimulation.
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Table 2
Reproductive ability of stimulated prepubertal and menarchial rhesus monkeys during reproductive ages.
Group (n)

I (4)
II (9)
III (4)
IV (6)
V (9)
VI (9)

Animals, dose of rhFSH/d, and period

Prepubertal, 70 IU, Nov. to Feb.
Prepubertal, 36 IU, Nov. to Feb.
Prepubertal, 18 IU, Nov. to Feb.
Prepubertal, 36 IU, until the appearance of
maximal changes of sex skin, Nov. to Feb.
Prepubertal, 36 IU, May to July
Menarchial, 36 IU, Nov. to Feb.

Pregnancy*
Mean pregnancy rate
per animal, %

Pregnancy/reproductive years recorded (%)

10  20
75  16
79  25
68  37

2/12 (17)a
22/30 (73)b
6/8 (75)b
14/19 (74)b

70  17
81  13

17/25 (68)b
37/46 (80)b

a,b

Among treatment categories, means without common superscript differ (P < 0.05).
Pregnancies were recorded after the animal was 5 yr old and kept together with a fertile male all year round until separated.

*

their rectal temperature from more than 38.5 8C to
<38 8C, whereas such a temperature decrease was not
detected in the poor-responding female (Fig. 3).
3.3. Reproductive performance of prepubertal and
menarchial monkeys subsequent to ovarian
stimulation
When prepubertal and menarchial animals that were
stimulated at young ages subsequently reached 5 yr of
age, they were mated with fertile males until they were
removed from the mating for other aims (the range of
reproductive interval was from 5 to 6 yr to 5 to 10 yr).
Pregnancies in stimulated monkeys are recorded in
Table 2. Clearly, monkeys in Group I that had received
the highest dose of rhFSH during prepuberty had a very
low rate of pregnancy compared with that of other
groups (17% in Group I vs. 73%, 75%, 74%, 68%, and
80% in Groups II to VI, respectively, P < 0.05).
Monkeys stimulated with the reduced rhFSH regimen
of 18 IU or 9 IU per injection, regardless of being
prepubertal or menarchial, during the nonbreeding or
breeding seasons, had similar pregnancy potentials after
they reached reproductive ages.
4. Discussion
This report assessed the effects of rhFSH dose on
prepubertal and menarchial monkeys in terms of
ovarian responses, oocyte recovery, and in vitro
development of IVF-produced embryos, as well as
the subsequent fertility of stimulated monkeys. Clearly,
the highest dose regimen of rhFSH (70 IU/d) imposed
on prepubertal monkeys impaired the developmental
capacity of retrieved oocytes and the reproductive
performance of these animals after they reached
reproductive adulthood. In this study, the menarchial

monkey was an effective oocyte donor for reproductive
biology research, but the prepubertal monkeys did not
respond to the treatment protocol used.
The peripubertal period is a turning point for the
potential improvement of oocyte development after
aging [22]. Menarche could be a critical turning point
for reproductive maturation, as demonstrated in the
current study in rhesus monkeys. It may simply reflect
an initial maturation of the hypothalamic-pituitarygonadal axis, because beyond this point, all facets of the
axis are functionally capable [23]. The current study
revealing the differences between poor-responding
prepubertal monkeys (20% to 25%) and menarchial
monkeys, all of which responded, illustrates the
improvement in the efficacy of stimulation with age.
Another consideration is that the onset of puberty is
closely related to the attainment of a crucial percentage
of body fat. The increased percentage of body fat is a
crucial factor in the timing of sexual maturation, which
is expressed in the establishment of hypothalamic
pulsatile release of gonadotropin-releasing hormone
(GnRH) and in the activation of the gonadotropinovarian axis and the inauguration of menstrual cyclicity
[24]. The explanation for the improved efficacy of
ovarian stimulation in prepubertal monkeys treated
during the nonbreeding season, compared with that
during the breeding season, could be that the animals
were nearer to menarche, attributable to more than 3 to 6
mo of additional growth and increased body fat.
Additionally, the breeding season factor needs to be
further studied in prepubertal monkeys to understand
the apparent differences [13].
Menarchial monkeys in the current study and pubertal
monkeys [9] can produce numerous high-quality oocytes
after ovarian stimulation without impairing their subsequent reproductive performance, but prepubertal
monkeys cannot yield the same results. Probably, the
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rhFSH/hCG protocol in this study was not ideal for
supporting oocyte development in the prepubertal
monkeys and needs to be optimized in future studies.
That mammalian females are endowed with a finite
and nonrenewing germ-cell reserve during the prenatal
period is dogma that has persisted for greater than 50 yr.
Recently, this dogma was challenged from a report that
mammalian female germ-line stem cells could regenerate the follicle reserve in adult life [25]. Regardless,
the fate of most ovarian follicles is atresia, especially
before puberty in rhesus monkeys [26,27]. However,
during the preovulatory period in mature females, many
of these oocytes can be rescued by supplementation
with exogenous gonadotropins during the breeding
season, indicating that some of the rescued oocytes are
capable of developing to term [9,11,21,28–34]. In nonprimate species, many studies have shown that some
oocytes also can be rescued from this fate in juveniles,
and even though the average quality of these oocytes
was relatively low, nevertheless many valuable embryos
could be produced [12–15,35,36].
The commonly used procedures for monitoring
follicular responses to gonadotropin stimulation (i.e.,
using ultrasound or blood samples to assess E2
concentrations) always cause capture panic and druginduced trauma to animals. It is well known that the
females of many Old World primate species during the
time of ovulation develop a prominent reddening and
swelling of the sex skin around their perineum related to
peak serum E2 concentrations [20]. In the current study,
using the changes of sex skin as an indicator of ovarian
follicular development during ovarian stimulation was
effective in establishing the optimal time for administering hCG, thereby enhancing the development
potential of retrieved oocytes. In addition, changes in
body temperature could be helpful along with the sex
skin swelling for predicting the optimal timing of hCG
injection. Thus, in the future, we may be able to use
these less stressful measurements to indicate ovarian
responsiveness and the optimal timing of hCG injection
for peripubertal monkeys.
In conclusion, compared with prepubertal monkeys,
peripubertal monkeys can yield high quality and quantity
of oocytes; this could be a successful strategy for
addressing the high cost and limited availability of rhesus
monkey oocytes for research in reproductive biology in
non-human primates. Also, the efficiency of using
prepubertal and juvenile monkeys as oocyte donors
might become higher when ovarian stimulation hormone
regimens are improved, providing a cost-effective
method for increasing the supply of materials for ART
procedures and related research in non-human primates.
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