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Abstract

The objective was to study the effects of dose of recombinant human follicular stimulating hormone (thFSH) for ovarian
stimulation in rhesus monkeys. Nineteen pubertal and 109 adult female rhesus monkeys were given 37.5, 18, or 9 IU of thFSH
twice-daily for 8 days (total of 600, 300, or 150 IU of rhFSH per cycle, respectively; designated Regimens 1, 2 and 3). Ovarian
responses were assessed with ultrasonography, serum concentrations of E2 and FSH, and by in vitro developmental potential
(following IVF) of retrieved oocytes. Regimen 1 had more monkeys with very large follicles (diameter > 8 mm) than Regimen 2
(P < 0.05), which impaired development potential. However, there were no differences between Regimens 1 and 2 in oocyte
recovery, whereas Regimen 3 did not elicit superovulation. The developmental potential of embryos obtained from Regimen 2 was
higher than that of Regimen 1, as determined by culture to the blastocyst stage in vitro (proportion of blastocysts relative to collected
MII oocytes was 55.8% versus 36.8% in pubertal and 63.8% versus 44.2% in adult monkeys; P < 0.05 for each), and the results of
embryo transfer from Regimen 2 were acceptable. In conclusion, we inferred that the optimal thFSH dose for ovarian stimulation in
rhesus monkeys was a total of 300 IU; this dose should be efficacious for ovarian stimulation as the quality or recovered oocytes was
higher and the risk of overstimulation was reduced.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The rhesus monkey is considered a clinically
relevant animal model for human physiology and
disease and for determining the safety and efficacy of
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new therapies. Assisted reproductive technologies in
nonhuman primates have the potential not only to
promote animal propagation, but also to serve as a
source of oocytes/embryos for monozygotic twinning,
embryonic stem cell derivation and cloning [1].
However, due to the high cost and limited availability
of these animals, it is essential that assisted reproductive
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technologies procedures be optimized, thereby facil-
itating research endeavors using nonhuman primates as
model systems for studies of human reproduction and
fertility [2,3].

Substantial progress in the application of the assisted
reproductive technologies in nonhuman primates has
been made over the last 20 year, resulting in the routine
production of in vitro-derived embryos and pregnancy
establishment following embryo transfer [1,4]. Concur-
rently, protocols for ovarian stimulation in rhesus
monkeys have received attention in terms of the
gonadotropin preparation and the timing and dosage of
administration. Originally, gonadotropins extracted from
animal or human urine and/or pituitaries were employed,
e.g. PMSG [5-9], porcine FSH [10,11], human FSH [12—
14], and hMG [8,9,15] with limited success, undoubtedly
reflecting variable amounts of LH activity, degraded or
inactive gonadotropin remnants, and contaminating
proteins that elicited an immune response and limited
the number and quality of stimulations [7,12,16].
Recently, recombinant human gonadotropins have been
employed in the rhesus monkey with improved reliability
and results [17-19], although repeated exposure of
animals to rhFSH and rhCG is still limited to
approximately four cycles [20]. However, the optimal
dose of recombinant gonadotropins for ovarian stimula-
tion in monkeys has not been defined.

Currently, twice-daily injections of >30 IU of rFSH
are given to induce synchronous growth of ovarian
follicles in rhesus monkeys [13,18-22], baboons [23],
and cynomolgus monkeys [24,25]. Nevertheless, not all
oocytes collected were healthy and fertilizable [26].
The amount of FSH given to rhesus monkeys (i.e. the
standard ‘‘one ampoule per day’’ regimen) is 2—10 times
the dose administered to women on a body weight basis,
suggesting that reduced doses might be more appro-
priate for ovarian stimulation of monkeys [3]. The
objective of the present study was to determine the
effects of dose rhFSH for ovarian stimulation in rhesus
monkeys.

2. Materials and methods
2.1. Animals and chemicals

Pubertal and adult female rhesus monkeys were
housed in individual cages in a controlled environment
(20-24 °C, humidity 40-60%) and a 08:00-20:00 h
light cycle. Vaginal bleeding was monitored daily to
detect the onset of menses. All animal procedures were
approved in advance by the Institutional Animal Care
and Use Committee of Kunming Primate Research

Center and Kunming Institute of Zoology. Unless stated
otherwise, all chemicals were obtained from Sigma
Chemical Co. (St. Louis, MO, USA).

2.2. Ovarian stimulation, oocyte recovery and
maturation

During the physiologic breeding season (November—
February), 19 pubertal females (3.5-4.5-year-old) and
109 adult females (5-10-year-old) were identified for
incorporation into this study. Treatment with rhFSH
(Gonal F, Laboratories Serono SA, Aubonne, Switzer-
land) was initiated 1-3 days after the onset of menses.
Three doses of thFSH were used. Regimen 1 (total of
600 IU) was 37.5 IU of thFSH given twice-daily for 8
days intramuscularly (im), as previously described [17—
19]. For Regimens 2 and 3, 18 and 9 IU were given
twice-daily for 8 days (total of 300 and 150 IU,
respectively). On Day 9, monkeys with multiple
increases in serum estrogen concentrations above
baseline and more than five follicles (>3 mm in
diameter) on both ovaries were defined as responders
and were given 1000 IU of hCG im (Laboratories
Serono SA), whereas monkeys with multiple increases
in estrogen concentrations, but <5 follicles (>3 mm
diameter) on both ovaries were characterized as poor
responders. Ovaries were imaged with a 5.5 MHz (SSD-
500 V, Aloka Co. Ltd., Tokyo, Japan) or a Diasus™
ultrasound system (Dynamic Imaging Ltd., Livingston,
Scotland, UK) with 10-22 MHz linear-array transdu-
cers. Animals were anesthetized with ketamine (10—
12 mg/kg) given im and cumulus—oocyte complexes
were collected by laparoscopic follicular aspiration, 32—
35h post-hCG injection. Follicular contents were
placed in Hepes-buffered TALP (modified Tyrode
solution with albumin, lactate and pyruvate) medium
[5] containing 0.3% BSA at 37 °C. Oocytes were
stripped of cumulus cells by pipetting after brief
exposure (<1 min) to hyaluronidase (0.5 mg/mL) and
classified as metaphase I (MI; no germinal vesicle, no
first polar body) or metaphase II (MII; PB1). The MI
oocytes were cultured in a 50 pL. drop of CMRL-1066
medium containing 10% FBS, 10 IU/mL porcine FSH,
10 IU/mL ovine LH at 37 °C in humidified 5% CO, in
air for up to 10 h [22]. Mature oocytes (MII) were
placed in HECM-10 medium [27] at 37 °C in
humidified 5% CO, in air until IVF.

2.3. IVF and embryo culture

To assess developmental competence, oocytes were
inseminated as described previously [5]. Briefly,
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20 x 10°mL~" washed fresh motile spermatozoa
from two male rhesus monkeys previously success-
fully used for IVF were incubated at 37 °C in a
humidified atmosphere of 5% CO, in air for 4-6 h,
followed by an additional 1-1.5 h in the presence of
1.0 mM each of caffeine and dibutyryl cAMP to
induce hyperactivation. Hyperactivated sperms were
diluted into 100 pL drops (2 x 10° mL™"' final sperm
concentration) of TALP medium supplemented with
2% newborn calf serum (NCS, Hyclone) containing
mature oocytes. The gametes were co-incubated for
12-16 h at 37 °C in a humidified atmosphere of 5%
CO;, in air before ova were examined for evidence of
fertilization. Fertilized oocytes were cultured for
embryo development in 50 pL. drops of HECM-10
containing 10% fetal bovine serum for up to 7 days at
37 °C in a humidified 5% CO, in air under the mineral
oil, with a change in culture medium every second
day. The progression of embryo growth was monitored
daily.

2.4. Embryo transfer and pregnancy

Multiparous females with normal menstrual cycles
were used as embryo recipients. The embryos were
transferred into the oviduct of synchronized recipients
via a laparoscopic technique using a fixed polythene
catheter (with outside and inside diameters of 1.09 and
0.38 mm, respectively), threaded through a 25-gauge
hypodermic needle [28]. Briefly, morphologically
normal embryos were transferred, depending on
developmental stage (i.e. 2—4- or 8-cells) into the
oviduct of recipients 1 or 2 days after spontaneous
ovulation, respectively, as determined by serum
concentrations of estradiol (E2) and progesterone
(P4), as well as ultrasonography [6,12]. Pregnancy
was confirmed ultrasonographically approximately 35
days after transfer (presence of a viable gestational sac
and fetal heart activity).

2.5. Hormone assays

To quantify serum concentrations of FSH, E2, and
P4, blood samples were drawn daily (~09:00 h) from
conscious adult animals by saphenous venipuncture.
Serum concentrations of E2 and P4 were determined by
RIA [12] (intra- and inter-assay coefficients of variation
were all <10%). Serum FSH concentrations were
determined with anFSH Immunoradiometric assay kit
(Larwen Group, Shenzhen, China) validated for rhesus
serum [29]; intra- and inter-assay coefficients of
variation were 8.8% (n=6) and 9.4% (n = 6).

2.6. Statistical analysis

Results are presented as the mean £ S.D. unless
stated otherwise. The proportion of well-responders
was analyzed within Regimens 1, 2 and 3 by Fisher’s
exact test. Prior to ANOVA and comparisons between
Regimens 1 and 2 by unpaired Student’s t-test, 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. Serum
concentrations of steroids and FSH collected at various
time points, transformed by logarithm prior to statistical
analysis, were compared within three regimen groups
with the values at the same time point by repeated
measures ANOVA, followed by the r-test with
Bonferroni method, whereas serum concentrations of
E2 and P4 in blood collected at the same time points
during the stimulation were compared between two
follicle groups by unpaired Student’s #-test, following
transformation by logarithm. Values with P < 0.05
were considered different.

3. Results

3.1. rhFSH dose dependency in ovarian response
and oocyte quality

3.1.1. Ovarian response

Allocation to treatment groups and ovarian responses
are shown in Table 1. Nineteen pubertal and 109 adult
monkeys were randomly allocated into three groups for
the treatments. All pubertal monkeys and approxi-
mately 88% of adult monkeys in Regimens 1 and 2 had

Table 1
Ovarian responses to 600, 300, or 150 IU of rhFSH (Regimens 1, 2,
and 3, respectively) in pubertal and adult rhesus monkeys

Status Regimen No. responding No. responding

(n) (%)" with large (>8 mm)

follicles (%)*

Pubertal 1(8) 8 (100)* 7 (87.5)

2(8) 8 (100)* 2 (25.0)°

3(3) 0 (0)° -
Adult 1 (40) 35 (87.5) 18 (51.4)*

2 (45) 40 (88.9)" 6 (15.0)°

3(5) 00" -

Within a category (pubertal and adult), means without a common
superscript (a and b) differ (P < 0.05).

* Responders had at least five ovarian follicles >3 mm in diameter at
the conclusion of thFSH treatment.

¥ Responders had one or two very large follicles (>8 mm) at the
conclusion of rthFSH treatment.
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Table 2

Mean (£S.D.) oocytes recovered (per responding animal) following treatment with 600 or 300 IU of rhFSH (Regimens 1 and 2, respectively) in
pubertal and adult rhesus monkeys (no significant differences between the two regimens)

Status Regimen (n) Oocytes recovered”
Total MII (%) MI (%) MI to MII (%)
Pubertal 1(8) 274 £16.5 19.6 £15.0 (71.4) 79+6.6 (284) 71.1
2(8) 323+17.0 23.6 £ 15.9 (73.3) 8.6 £2.3 (26.7) 77.9
Adult 1(35) 40.5 £20.9 289 £ 14.9 (71.9) 11.7 £ 11.1 (28.1) 68.5
2 (40) 326 £12.7 24.7 £ 11.8 (75.9) 8.0+5.1(24.1) 70.0

 Total includes both MII and MI oocytes; MII represents oocytes that were mature at collection, whereas MI refers to oocytes that were immature
at collection. The percentages of immature oocytes that matured within 10 h of culture are expressed in the MI to MII column.

an ovarian follicular response that justified treatment
with hCG; however, all of the monkeys given in
Regimen 3 were classified as poor responders and were
not subjected to further studies. The proportion of
responders with large follicles (>8 mm) was approxi-
mately 3.5-fold higher in Regimen 1 versus Regimen 2.

3.1.2. Oocyte recovery

There was no significant difference between Regi-
mens 1 and 2 in the number of oocytes recovered in
responding females (Table 2); the average number of
MII and MI oocytes in pubertal females was 19.6 and
7.9 in Regimen 1 and 23.6 and 8.6 in Regimen 2,
respectively. The corresponding numbers in adult
females were 28.9 and 11.7 in Regimen 1 and 24.7
and 8.0 in the Regimen 2. The ability of MI oocytes to
progress (within 10 h of culture in vitro) to the MII stage
was not significantly different between Regimens 1 and
2 (Table 2).

Table 3

3.1.3. Developmental potential

In order to minimize oocyte factors in this
comparison, approximately five mature oocytes avail-
able at the time of collection from each animal and three
to seven IVM-MII oocytes per animal (total of 241 and
268 mature oocytes from Regimens 1 and 2, respec-
tively) were subjected to IVF (Table 3). There were no
differences between the two regimens in fertilization
rates of MII oocytes for either pubertal or adult females.
However, the developmental potential was significantly
higher in adult females in Regimen 2 (rates of 80.9% for
morula and 64.3% for blastocysts; Table 3). In pubertal
females, the same trend was apparent with the (morula
rate, 71.8% and blastocyst rate, 53.8% for oocytes/
embryos from Regimen 2). Furthermore, MI oocytes
matured in vitro to the MII stage from Regimen 2 adult
females also had higher development competence
compared to those from Regimen 1 (47.6% versus
24.4%, P < 0.05).

Mean (£S.D.) in vitro developmental competence of mature oocytes collected from pubertal and adult rhesus monkeys following ovarian
stimulation with 600 or 300 IU of rhFSH (Regimens 1 and 2, respectively)

Source of oocytes Regimen MII oocytes Developmental stage (%)
Fertilized 8-cell Morula Blastocyst
Pubertal Fresh MII 1 44 933+ 128 754 £ 17.6 56.4 + 15.0° 36.8 +27.1°
2 47 83.5£15.7 88.8 £16.8 74.6 + 18.7° 55.8 +£22.2°
IVM-MIL 1 21 902+ 12.2 783 £ 15.8 35.0 £22.0 26.7 +28.3
2 13 84.9 +10.8 46.8 £ 17.1 36.2 +10.4 27.7 £20.8
Adult Fresh MII 1 130 91.8+9.9 95.0 £ 8.0 67.7 £ 16.0° 44.2 £20.8°
2 134 87.9+9.8 94.1 £8.0 79.4 £9.8° 63.8 + 11.4¢
IVM-MII 1 50 90.2 £10.2 958 +72 47.1 £ 20.1 254 +15.8°
2 75 83.5+£18.7 88.4 £ 13.9 59.5 £ 26.8 52.1 +£26.6°

Superscripts (a—d) within a category (pubertal and adult with fresh or IVM-MII oocytes), difference between Regimens 1 and 2: *°(P < 0.05);
“4(P < 0.01). Fresh refers to oocytes that were mature at collection. IVM-MII indicates that immature oocytes were cultured in vitro within 10 h
before maturing. Fertilized: fertilized (ova exhibiting two pronuclei, referenced as diploid)/MII oocytes; 8-cell: 8-cell stage oocytes/fertilized
(diploid) oocytes; morula: morula/fertilized (diploid) oocytes; blastocyst: blastocysts/fertilized (diploid) oocytes.
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Fig. 1. (A and B) Serum concentrations of FSH and estradiol (E2) in
adult female rhesus monkeys subjected to ovarian stimulation with a
high-, medium-, or low-dose of rhFSH (Regimens 1, 2, and 3 with
n =28, 6, and 3, respectively). Results are plotted relative to the day of
the first thFSH treatment (Day 1). Human chorionic gonadotropin
(hCG) was given on Day 9 to induce nuclear maturation. ‘Difference
among the three regimens (FSH) or between Regimen 1 vs. Regimens
2 and 3 on these days (P < 0.05).

3.1.4. Serum hormone concentrations

Serum concentrations of E2 and FSH in responding
adult females were monitored in Regimens 1, 2, and 3
(n =8, 8, and 3, respectively) during ovarian stimulation
(Fig. 1). Maximal concentrations of FSH were
proportional to the dosage administered with significant
differences among Regimens 1, 2, and 3 (P < 0.05;
Fig. 1A). Maximal serum E2 concentrations were
similar between Regimens 1 and 2, with no significant
elevation relative to baseline concentrations in Regimen
3 (Fig. 1B); 9—11 day after the start of stimulation, mean
concentrations in Regimens 1 and 2 were higher
(P < 0.05) than those in Regimen 3.

Table 4

Fig. 2. Ultrasonograms of ovaries in rhesus monkeys subjected to
ovarian stimulation. (A) An ovary (L =19.0 mm, W = 11.8 mm) with
a very large follicle ("9.4 mm in diameter) just before oocyte collec-
tion and representative of the large follicles group. (B) An ovary
(L=27.4mm, W=19.5mm) with relatively uniform follicles 4—
7 mm in diameter, representative of the normal follicles group. (C)
An ovary at Day 9 of stimulation (ovary: L= 12.1 mm, W = 5.8 mm)
with the largest follicle; *only 2.8 mm in diameter, characteristic of a
poor responder. (D) An ovary (ovary: L=11.3 mm, W=7.4 mm)
containing a large follicle (“approximately 8.3 mm) on Day 9 of
ovarian stimulation using low dose rhFSH (Regimen 3). Bars repre-
sent 5 mm.

3.1.5. Pregnancy outcome after embryo transfer

To assess in vivo developmental potential of embryos
derived from the reduced of gonadotropins (Regimen
2), 18 IVF-produced embryos (2—16-cell stage) from
this regimen were transferred to 6 surrogate monkeys.
Two monkeys established pregnancies (based on serum
E2 and P4 profiles and confirmed ultrasonographically)
and two healthy babies were delivered after 142 and 151
days gestation, respectively.

3.2. Large follicles and oocyte development

In an effort to evaluate the effect of very large
follicles (8—17 mm in diameter) on oocyte quality, 19
adult females stimulated with Regimen 1 were allocated
into two groups according to follicular size. Nine

Mean (£+S.D.) oocytes recovered and in vitro developmental potential in rhesus monkeys stimulated with a high-dose rhFSH (Regimen 1),
designated into two groups according to large- or normal-sized follicles at the conclusion of stimulation

Follicle group Oocyte recovered”

Development stage (%)*

Total MII MI IVM-MII (%) Fertilization 8-cell Blastocyst
Large 19.9 +9.4° 16.2 + 6.8" 3.7 +34° 23+ 1.6 (69.7)° 79.4 + 18.2 81.5 +20.2 24.1 +24.6*
Normal 38.8 £ 12.9° 30.6 +£9.8° 8.2+ 594 6.3+ 3.1 (76.8)° 944 + 14.6 89.6 £ 17.9 52.2 +22.4°

Superscripts (a—d) within a column, differences between groups: *°P < 0.05; ““P < 0.01.

* Total includes both MII and MI oocytes; MII represents oocytes that were mature at collection, whereas MI refers to oocytes that were immature
at collection. The percentages of immature oocytes that matured within 10 h of culture are expressed in the MI to MII column.

§ Fertilized: fertilized (ova exhibiting two pronuclei, referenced as diploid)/MII oocytes; 8-cell: 8-cell stage oocytes/fertilized (diploid) oocytes;
morula: morula/fertilized (diploid) oocytes; blastocyst: blastocysts/fertilized (diploid) oocytes. All mature oocytes by IVF were from MII oocytes at

collection.
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Fig. 3. Serum concentrations of estradiol (E2) and progesterone (P4)
from adult female rhesus monkeys exposed to ovarian stimulation
with high-dose rhFSH (Regimen 1). Results are plotted separately for
monkeys with large follicles (LF, diameter >8 mm, range 8—17;n=9)
and normal follicles (NF, 4-7 mm in diameter; n = 10) groups. To
induce ovulation, hCG was given on Day 9.

animals had very large follicles (large follicles group;
diameter >8 mm, range 8—17 mm; Fig. 2A), and 10 did
not (normal follicles group; diameter 4—7 mm; Fig. 2B).
The average numbers of total and MII oocytes
recovered in the group with large follicles was markedly
less than those in the normal follicles group (19.9 versus
38.3 in total and 16.2 versus 30.6 in MII oocytes,
respectively, P < 0.01; Table 4). Oocytes obtained from
the normal follicles group had higher developmental
potential than those for the large follicles group (52.2%
versus 24.1% blastocyst rate following IVF, P < 0.05;
Table 4). However, serum E2 and P4 concentrations
were not significantly different between the two groups
(Fig. 3).

4. Discussion

To our knowledge, this is the first report to assess the
effects of rhFSH dose on rhesus monkey ovarian
stimulation in terms of oocyte recovery, in Vitro
developmental potential of IVF-produced embryos,
and embryo quality based on embryo transfer and
pregnancy. Clearly, a regimen that used approximately
half of the standard dose of rhFSH yielded superior
results.

There are currently two main regimens for ovarian
stimulation in rhesus monkeys: (1) 30 IU rhFSH twice-
daily for 6 days and 30 IU rhFSH plus 30 IU LH twice-
daily for another 3 days; and (2) 30-35 IU rhFSH per se
twice-daily for 8 or 9 days. Rhesus monkeys given
exclusively FSH during the preovulatory interval
produced oocytes that developed to embryos either in
vitro or in vivo [17]; the efficacy of this regimen was
comparable to a combination of rhFSH and rhLH
[19,21,30]. Similarly, the reduced dose of thFSH per se
in the present study resulted in adequate ovarian
stimulation in mature rhesus monkeys, comparable to
previous reports [19,21,26,30,33]. Although the addi-

tion of LH to the treatment regimen may improve
embryo viability and the rate of development [18,31],
the role of LH in ovarian stimulation in woman remains
unclear [32].

Remarkably, the developmental potential of oocytes
from animals given 70 IU rhFSH per day (Regimen 1)
was poorer than those treated with 35 IU rhFSH per day
(Regimen 2), indicating that the follicular development
was impaired due to excessive stimulation by the higher
dose [3]. The embryo transfer study using oocytes
derived from Regimen 2 clearly demonstrated the in
vivo development potential of these oocytes, consistent
with previous studies [33].

In previous studies, follicle diameter was positively
associated with rates of fertilization and cleavage, but
not pregnancy, in humans [34,35]; large dominant
follicles seemed to have reduced capability of yielding
oocytes that resulted in successful pregnancies [36]. In
the present study, Regimen 1 resulted in 51.4-87.5% of
females with large follicles (>8 mm), whereas, the
incidence was only 15.0-25.0% in females subjected to
Regimen 2. Impairments in follicular and oocyte of
development may have been due to the inhibin—activin—
follistatin system [37]. However, the serum E2 profile
and maximal concentrations were different neither
between regimens nor between monkeys with normal
versus large follicles.

In conclusion, a reduced dose of rhFSH (300 IU
total/cycle versus 600 IU total/cycle) provided a
low-risk, cost-effective protocol for ovarian stimula-
tion in pubertal or adult rhesus monkeys, whereas a
further reduction in dose (1501IU total/cycle) was
ineffective.
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