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Superovulatory responses in cynomolgus monkeys (Macaca fascicularis)
depend on the interaction between donor status and superovulation
method used

Ji-Su KIM" 2", Seung-Bin YOON'-%", Kang-Jin JEONG"", Bo-Woong SIM'- 3", Seon-A CHOI" %,
Sang-1l LEEV, Yeung Bae JIN", Bong-Seok SONG" ¥, Sang-Rae LEE'" ?, Sun-Uk KIM'-? and
Kyu-Tae CHANG'™

VNational Primate Research Center, Korea Research Institute of Bioscience and Biotechnology, Cheongju 28116, Republic
of Korea

2 Department of Functional Genomics, University of Science and Technology, Daejeon 34113, Republic of Korea

3 Futuristic Animal Resource & Research Center, Korea Research Institute of Bioscience and Biotechnology, Cheongju
28116, Republic of Korea

Abstract. The current study was performed to investigate the effect of oocyte donor status, including age and body weight,
on metaphase I (MII) oocyte recovery using two superovulation methods in cynomolgus monkeys. The use of Method A
[recombinant gonadotrophin (75 IU/kg, 3 %, 3-day intervals) and human chorionic gonadotropin (hCG)] led to great increases
in ovary size and the mean number of MII oocytes retrieved in age- and body-weight-dependent manner; in contrast, both the
parameters were similar in Method B [recombinant gonadotrophin (60 IU, twice daily, 6 days), recombinant gonadotropin
and recombinant human luteinizing hormone (rhLH) (60 IU, twice daily, 3 days), and hCG]. Importantly, Method A showed
maximal MII oocyte recovery rate in > 60-month-old or 4.5-5.0-kg female monkeys, whereas Method B was equally effective
regardless of the donor age and body weight. These results indicate that superovulatory responses depend on the interaction

between oocyte donor status and the superovulation method used in cynomolgus monkeys.
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he necessity of nonhuman primates (NHP) in biomedical research,

such as in developmental biology, neuroscience, pathophysiology,
and xenotransplantation research, has been increasing because of
their marked similarity to humans [1-3]. In particular, NHPs are
useful in establishing assisted reproductive technologies (ARTs),
such as in vitro maturation, in vitro fertilization, and in vitro culture,
for efficient production of newborns as well as in studies on human
reproduction and fertility [4]. However, development of ARTs in
NHPs is constrained because of various issues, such as high cost,
long experimental period, and handling difficulties. Thus, to facilitate
studies on ART in NHPs, researchers have attempted to maximize
the amount of primary experimental materials, including oocytes
matured in vivo 5, 6]. Despite numerous reports on optimization of
metaphase II (MII) oocyte recovery protocols using female monkeys,
the superovulation method in NHPs needs further improvement.
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A typical protocol for stimulation of superovulation involves
administration of exogenous gonadotropins to obtain a large number
of MII oocytes from the ovaries of female monkeys. Many researchers
have attempted to increase the yield of MII oocytes by investigating
the factors that influence superovulation efficiency. Until recently, most
of'the studies focused on the development of methodological aspects
based on the use of gonadotropin, including the gonadotropin type,
dose, administration frequency, and time interval between the doses
[7-9]. In addition to the optimization of gonadotropin administration
protocol, several reports demonstrated that the recovery rate of MII
oocytes is greatly influenced by the status of female monkeys. In
particular, the age of superovulated female monkey appears to be an
important parameter for successful superovulatory responses [10].
Furthermore, studies concerning the effect of age on superovulation
efficiency in NHPs have predominantly used rhesus monkeys. As the
importance of cynomolgus monkeys in biomedical research has been
increasing, the effect of donor status in improving the superovulation
method in cynomolgus monkeys must also be investigated.

The current study shows that selection of optimal oocyte donor
females is important for successful superovulation in cynomolgus
monkeys. We investigated the MII oocyte recovery rate in females
stimulated using two representative superovulation methods, and
found that successful MII oocyte recovery was dependent on the age
of the female and its body weight, and varied with the superovulation
method used. These findings should lead to the development of a
superovulation protocol for recovery of MII oocytes in large quantity
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Fig. 1.

in cynomolgus monkeys.
Materials and Methods

Animals

Female cynomolgus monkeys (40-95-months old, having a body
weight of 2.5-5.0 kg) exhibiting regular menstrual cycles were
selected as oocyte donors. They were caged individually and kept
under a controlled environment (20-24°C, 40-60% humidity, and
08002000 h light cycle). Vaginal bleeding was checked at least twice
per day to detect the onset of menses. Animal care and all experiments
were conducted in accordance with the Korea Research Institute of
Bioscience and Biotechnology Guidelines for the Care and Use of
Laboratory Animals (KRIBB, Approval No. KRIBB-AEC-16067).

Superovulation and oocyte recovery

To recover MII oocytes from female monkeys, two representa-
tive superovulation methods (Methods A and B) were used. To
stimulate superovulation using Method A [7], 3.75-mg leuprorelin
acetate (Leuplin; GnRH agonist, Takeda, Japan) was subcutaneously
administered to female cynomolgus monkeys on the first day of
menstruation. Two to three weeks later, female cynomolgus monkeys
were subcutaneously administered 75 IU/kg recombinant human
follicle stimulating hormone (thFSH) three times (Merksereno, NY,
USA) at 72-h intervals, followed by intravenous injection of 1200 [U
hCG (Sigma, MO, USA), 60 h after the final thFSH administration.
To stimulate superovulation using Method B [11], female monkeys
at 1-3 days of menstruation were intramuscularly administered
60 IU rhFSH twice daily for 6 days, and 60 IU rhFSH and 60 IU
rhLH (Merck Serono, NY, USA) were administered twice daily for
an additional 3 days, followed by intravenous injection of 1,000
IU hCG on the following day. To suppress premature ovulation, a
daily injection of 0.25 mg Ganirelix (Organon, Seoul, Korea) was

Schematic illustration of two superovulation methods used in this study.

administered beginning on the first day of rhFSH stimulation and
was continued until the day of hCG administration (Fig. 1).

Oocyte recovery was conducted 36 h after hCG administration
in both Methods A and B. Females were anesthetized with an intra-
muscular injection of 10 mg/kg ketamine (Yuhan, Seoul, Korea), and
cumulus oocyte complexes (COCs) were harvested by aspiration with
an 18-gauge-needle attached 5-ml syringe containing Tyrode's albumin
lactate pyruvate-4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(TALP-HEPES) medium (0.1% polyvinyl alcohol in low-carbonate
TALP medium; [12] and 2.5 [U/ml heparin (Sigma).

Nuclear staining

To remove cumulus cells, COCs were treated with 0.1% hy-
aluronidase in TALP-HEPES medium and were gently pipetted.
The oocytes were then washed with modified Connaught Medical
Research Laboratories (NCMRL-1066) medium (Invitrogen, CA,
USA) containing 10% fetal bovine serum (FBS; Gibco, NY, USA),
and developmental stages were visualized under a light or fluorescence
microscope after nuclear staining with 5 pg/ml Hoechst 33342
(Sigma) for 10 min at 37°C.

Statistical analysis

All data are expressed as means + standard deviation (S.D.). Data
were analyzed using analysis of variance (ANOVA), followed by
Duncan’s multiple range test, using the SAS software (SAS Institute,
NC, USA). P-values less than 0.05 were deemed to indicate statistical
significance.

Results
Superovulation efficiency in Method A depends on donor age

and body weight
To determine the effects of age and body weight of the oocyte
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Changes in ovary size in females of different ages (A and C) and body weights (B and D) after superovulation stimulation by Method A. Scale

bar, 5 mm (A and B). Values are presented as the means + standard deviation (S.D.; * P <0.05). M, month.

donor on superovulation efficiency, Method A was used to stimulate
superovulation in female monkeys, and oocytes were surgically
harvested from the ovaries 36 h after hCG administration. Following
measurement of ovary size after superovulation, we found that the
length and width of the superovulated ovaries in > 60-month-old
monkeys were approximately twice those of the > 40-month group
(Fig. 2A and 2C) (Supplementary Table 1: online only). Similarly,
the ovary size was greatly increased in monkeys with >4.0-kg body
weight compared to those in the < 3.0-kg group (Fig. 2B and 2D)
(Supplementary Table 2: online only). The oocytes retrieved from the
superovulated ovaries were subsequently directly observed under a
light microscope or were subjected to fluorescence microscopy after
nuclear staining with Hoechst 33342 to score the number of oocytes
at different stages (Fig. 3A and 3B). The recovery rate of MII oocytes
was increased in an age- and body weight-dependent manner (Fig. 3C
and 3E) (Supplementary Tables 3 and 4: online only). Germinal vesicle
(GV) stage oocytes (16.5 £ 7.5) were predominantly harvested from
the 40—45-month-old female monkeys, whereas the number (28.5 +
2.5) and proportion of MII oocytes were highest in > 60-month-old
monkeys (Fig. 3C and 3D) (Supplementary Table 3). Similarly, the

number and proportion of MII oocytes recovered from the > 4.5-kg
body weight females were approximately seven-fold greater than those
from the < 3.0-kg group (Fig. 3E and 3F) (Supplementary Table 4).
Importantly, the maximum MII oocyte recovery was obtained from
the > 60-month and 4.5-5.0-kg body weight groups (Fig. 3C and 3E)
(Supplementary Tables 3 and 4), which reached approximately 30/
head. However, the other groups yielded < 10/head of MII oocytes
(Fig. 3C and 3E) (Supplementary Tables 3 and 4).

Lack of correlation between superovulation efficiency and
donor status in Method B

To further define the effect of the superovulation protocol used
on the relationship between the donor status and superovulatory
responses, female monkeys were stimulated using superovulation
Method B, and were subjected to the measurement of ovary size
and oocyte recovery rate (Figs. 4 and 5) (Supplementary Tables 5
and 6: online only). Unlike Method A, no relationship was found
among the ovary size, and age and body weight of donors in any
group (Fig. 4) (Supplementary Tables 5 and 6). Similarly, the number
and proportion of MII oocytes did not appear to depend on the age
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Fig. 3.  Bright- (A) and fluorescence-field (B) images of oocytes recovered from ovaries stimulated by Method A. Scale bar, 25 um (A and B). The number
(C and E) and proportion (D and F) of oocytes retrieved from females of different ages (C and D) and body weights (E and F). Values represent
the means + S.D. (* P < 0.05). BF, bright-field; GV, germinal vesicle; MII, metaphase 1.

or body weight of female monkeys (Fig. SA-D) (Supplementary
Tables 7 and 8: online only). Moreover, the total number of oocytes
recovered was greatly reduced in > 60-month-old monkeys (19.3 +
10.6) compared to that in the other age groups (4045 M, 33.8 £8.4;
45-50 M, 51.7 £ 18.5; 50-60 M, 23.0 + 8.9; Fig. 5A) (Supplementary
Table 7). Importantly, approximately 20 MII oocytes were harvested

per head in all the groups, with the exception of > 60-month-old
females (Fig. 5A) (Supplementary Table 7).

Discussion

NHPs are important laboratory animals for the study of ARTs,
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such as superovulation, in vitro fertilization, and in vitro culture,
because of their marked similarity to humans [5, 6, 9]. Because of
ART development in NHPs, generation of transgenic monkeys is
feasible [13, 14], which may greatly contribute to biomedical research
by providing reliable disease models [15, 16]. For this reason, the
results of the present study should facilitates the advancement of
ARTs in NHPs, despite several limitations, such as high cost and low
efficiency. In particular, the present study demonstrates for the first
time that the relationship between donor status and superovulation
efficiency varies according to the superovulation method used in
cynomolgus monkeys, which might contribute to the optimization
of a superovulation protocol in NHP.

Factors that influence superovulation have been explored to
maximize the oocyte recovery rate from female monkeys. In fact,
superovulation efficiency depends on numerous parameters, such as
the dose and type of hormone [6, 8, 17], administration frequency
[7-9], and the species of monkey [7, 18]. Importantly, recent reports
revealed that the age of female monkey greatly influences the
superovulation efficiency [6, 10], suggesting that the donor status
is an important parameter for successful superovulation. Indeed,
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5-10-year-old rhesus monkeys appear to be better superovulatory
responders than 3—4- or > 10-year-old animals [19]. In contrast, other
studies have shown that ovarian responses to thFSH decline with
age, in female rhesus monkeys [6, 10], possibly due to the elevated
basal FSH concentration in serum and reduced the peak estradiol
concentration in aged animals. The current study also showed that
the recovery rate of MII oocytes was highly dependent on the donor
status, including age and body weight. Superovulation efficiency
gradually increased in an age- and body-weight-dependent manner
in Method A, whereas no significant differences were found in
Method B, suggesting that the relationship between donor status and
ovarian responses varies according to the superovulation method
used. Although the optimal donor status for a high superovulatory
response differs among studies, the choice of oocyte donor with
regard to body weight and age should be considered an important
step for successful MII oocyte recovery in NHPs.

Several studies have demonstrated a close association between
the donor age and superovulation protocol used for superovulation
in female monkey. Generally, a once- or twice-daily injection of
relatively low-dose FSH for 8-9 days has been most frequently
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used to stimulate the ovarian follicles in monkeys. In juvenile rhesus
monkeys, the numbers of responders and retrieved oocytes per head
using the daily injection method are greater in females at prepuberty
than at menarchy [20]. In addition, 5—10-year-old female monkeys
display relatively better superovulatory responses than do 3—4- or
> 10-year-old animals [19]. Another report showed that the oocyte
recovery rate was reduced in older (16-21 years old) monkeys
compared to the younger (5—15 years old) [10]. Although it is difficult
to draw a conclusion concerning the optimal age for the introduction
of superovulation method, our results suggest that the age of female
monkeys should be considered in the daily injection method.
Another type of superovulation method is the administration
of relatively high-dose of FSH at an interval of several days. In
cynomolgus monkey, three FSH injections at 72-h intervals are
almost as effective as the daily injection method [7]. However, unlike
the daily injection method, little is known regarding the effect of

donor age on the superovulation efficiency of the long-term interval
stimulation method in monkeys. In the present study, we found
that Method A (long-term interval injection method) was effective
in stimulating superovulation in older animals. This is the first
description of a donor-age effect on the superovulatory responses
following a long-term interval injection method in cynomolgus
monkeys. In contrast, no significant differences in superovulation
efficiency were observed among the various age groups stimulated by
Method B (daily injection method). Interestingly, the mean number
of retrieved MII oocytes was relatively high in older females in the
same body-weight groups in Method A, whereas it was reversed in
Method B (data not shown), suggesting the importance of donor
age and the corresponding body weight for optimization of the
superovulation method. Based on these data, we propose that major
considerations for superovulation in NHPs include donor age and
body weight as well as the superovulation method used.
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In conclusion, we attempted to establish optimal superovulation
conditions regarding donor status, including age and body weight.
Following comparison of two representative methods, we found
that successful superovulatory responses are highly dependent on
the interactions among donor age, body weight, and superovulation
method used. These findings will facilitate large-scale production
of MII oocytes in cynomolgus monkeys and further development
of ARTs in NHPs.
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