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Abstract:  Intracytoplasmic Sperm Injection (ICSI) has
been widely applied for curing human infertility.  In this
study the developmental potential of Japanese monkey
embryos produced by ICSI is reported in a practically
relevant system.  Oocytes retrieved by laparoscopy from
follicles in ovaries of gonadotrophin-stimulated fertile
females were fertilized by ICSI using spermatozoa
obtained from a fertile male.  An additional chemical
stimulus was not necessary to achieve oocyte activation
with pronuclear formation after ICSI.  Successful
fertilization was confirmed by extrusion of the second
polar body and the presence of both male and female
pronuclei at 18�20 h post-ICSI.  Some two-cell stage
embryos obta ined by ICSI  were t ransferred to
synchronous recipients and the others were cultured in
CMRL medium for 168 h to assess their developmental
competence.  Oocytes collected laparoscopically from
hyper-stimulated monkey ovaries were fertilized by ICSI
and completed preimplantation development in vitro,
however no pregnancy was confirmed after embryo
transfer.  This study demonstrates for the first time that
the oocytes of the Japanese monkey are able to support
advanced embryonic preimplantation development in
vitro.  It is suggested that the Japanese monkey is an
exce l len t  p rec l in ica l  mode l  fo r  examin ing and
understanding many aspects of ICSI for endangered
primates.
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The introduction of intracytoplasmic sperm injection
(ICSI) has revolutionized methods of human assisted
reproduct ion [1] .   Original ly this technique was
developed for a study to elucidate the mechanism of
fertilization in mammals.  A rabbit was successfully
used to produce the first offspring by ICSI [2], but
rabbits have not been routinely used as a model for
studying ICSI.  Subsequently ICSI has been used to
generate live offspring of humans [1], rhesus monkeys
[3], sheep [4], swine [5], bovine [6], equine [7], and
murine [8].  Non-human primates represent a valuable
resource for studying human reproduction.  The
techniques of gamete manipulation, in vitro fertilization
embryon ic  development ,  embryo  t ransfe r  and
implantation have been well documented for a variety of
non-human primates [9�15], which are considered good
models for studying human reproduction.  The first
report of ICSI in a non-human primate demonstrated
limited success using in-vitro matured rhesus oocytes
isolated from females which has underwent ovariectomy
[14].  The Japanese monkey is a domestic non-human
primate and become a laboratory animal candidate,
recently.  However, the birth of a live Japanese monkey
as a result of ICSI has not yet been reported.

The objectives of this study were to investigate the
developmental ability of mature Japanese monkey
oocytes, collected by laparoscopy from gonadotrophin-
stimulated females, fertilized by ICSI and to assess their
embryonic developmental competence.
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Materials and Methods

Oocyte and sperm collection
Hyperstimulation of female Japanese macaques

(Macaca fuscata) exhibiting normal menstrual cycles
was induced by a regimen of exogenous gonadotrophic
hormones [15].  In this study, the protocol of ovarian
stimulation, egg collection, fertilization by ICSI and
embryo transfer was done in the mating season
(October to March) and the schedule of the treatment is
shown in Fig. 1.  In brief, females were treated by
injections of a long acting gonadotrophin-releasing
hormone (GnRH) agonist, (Leuprin; Takeda Pharm.
Co., Ltd., Japan) 3.75 mg/body weight and then
pregnant mare serum (PMSG: Serotoropin, Teikokuzoki
Co., Ltd., Japan) was administered once daily (25 IU,
i.m.) for 9 days for follicle recruitment.  Laparoscopic
observation was performed on day 7 to confirm an
existence of adequate follicles in an ovary under
anesthesia with xylasin hydrochlor ide (1 mg/kg:
Ce lac ta l ,  Byer  Co . ,  L td . ,  Japan)  and  ke tamin
hydrochloride (5 mg/kg: Ketaral, Sankyo Co., Ltd.,
Japan).  Tenth day after first PMSG injection, injection
i.m. of 100 IU/kg/body hCG (Puberogen, Sankyozoki
Co., Ltd., Japan) was performed.  In case of repeated
hyperstimulation, hMG (Pergonal, Teikokuzouki, Co.,

Fig. 1. Time course of superovulation, egg retrieval and I
administration of hormones for superovulation, and a p
Japanese monkey in mating season.  It was explained 
Ltd., Japan) or FSH (Antorin: Denkaseiyaku, Co., Ltd.,
Japan) was used for follicle recruitment instead of
PMSG.  Follicles were aspirated laparoscopically at 40
h post-hCG injection and the collected oocytes were
immediately assessed for nuclear maturity.  This
procedure was conducted by the method reported
previously [15].  Immature oocytes that had undergone
germinal vesicle breakdown (GVBD), not matured to the
second metaphase of meiotic division, were cultured at
39°C in a pre-equilibrated micro-drop of modified TALP
medium.  Mature oocytes were cultured for up to 2�3 h
in pre-equilibrated modified TALP medium containing 3
mg/ml BSA prior to ICSI.

Japanese monkey semen were collected from a
sexually mature fertile male by electroejaculation.
Samples were l iquef ied by incubat ion in a CO2

incubator at 37°C for 30 min and frozen by routine
methods [16].  They were preserved in liquid nitrogen.
Frozen semen were thawed just before use and an
aliquot was washed in BWW with 3 mg/ml BSA (BWW/
BSA) and then incubated in BWW/BSA with 1 mM
Caffeine and 1 mM dbcAMP for 90 min for capacitation
[15].

Intracytoplasmic sperm injection of oocytes
Holding pipettes were flame-polished and adjusted to

CSI-ET in the Japanese monkey.  This figure showed an
recise timing of ICSI and ET according to the estrus cycle of

in materials and methods.



36 J. Mamm. Ova Res. Vol. 20, 2003
an external diameter of l00 µm and internal diameter of
20 µm.  Injection pipettes having an outer diameter of
6�7 µm and an internal diameter 4�5 µm were bevelled
to 30°.  All manipulation procedures were performed at
room temperature in 100 µl TALP-HEPES under mineral
oil (Sigma Chemical Co., Ltd., St Louis, MO, USA).
Washed spermatozoa were diluted 1:50 in 10%
polyvinylpyrrolidone in saline (PVP: Sigma) to reduce
motility.  A single spermatozoon was aspirated from its
tail end.  Oocytes immobilized with the polar body in the
l2  o�c lock pos i t ion were in jected as prev iously
described, as shown in Fig. 2 [17].  The injection
pipette,  containing a single spermatozoon, was
introduced through the zona pellucida and pushed

Fig. 2. Intracytoplasmic sperm injection (ICSI) procedure f
picked up in m-TALP medium and released in PVP m
the rolling.  A single spermatozoon aspirated from it
(A) Oocyte was sucked by holding pipette in another
o�clock position.  Injection procedure is important for
pipette was introduced through the zona and pushed d
of the oolemma.  (D) The injection pipette was withd
gently aspirated to ensure that the oolemma had been 
The spermatozoon and aspirated cytoplasm were gen
the injection pipette.
deeply into the oocyte cytoplasm causing a slight
invagination of the oolemma.  The injection pipette was
withdrawn to the center of the oocyte and then the
cytoplasm was gently aspirated to ensure that the
oolemma had been breached, at which point the
oolemma resumed its shape.  The spermatozoon and
aspirated cytoplasm were gently released into the
center of the oocyte prior to removal of the injection
pipette.  The site of injection was barely visible within 1
min post-injection.

Assessment of fertilization, embryo transfer and embryo
culture

Oocytes were examined between 18�20 h post-sperm

or the Japanese monkey.  At first, motile spermatozoa were
edium.  At the spot, membrane of sperm tail was broken by

s tail end by the injection pipette in PVP spot.
 spot.  At that time, the polar body should be held at the 12
 subsequent developmental competence.  (B, C) The injection
eeply into the oocyte cytoplasm causing a slight invagination
rawn to the center of the oocyte and then the cytoplasm was
breached, at which point the oolemma resumed its shape.  (E)
tly released into the center of the oocyte prior to removal of



37Hosoi, et al.
injection using Hoffman modulation contrast optics and
the number of pronuclei stage oocytes was recorded.
Oocytes containing two pronuclei and two polar bodies
at 18�20 h after ICSI were considered to be fertilized.
They were maintained in culture until the 2-cell stage
(24�28 h post - in ject ion) .   Some embryos were
transferred to the oviducts of synchronous recipients
under laparoscopic observation.  The other embryos
were cultured in CMRL with 10% heat inactivated fetal
bovine serum (FBS: Invitrogen Corp., Carlsbad,USA) at
39°C in 5% CO2, 5% O2, 90% N2 and scored for
development 7 days after sperm injection.

Results

A total of 125 oocytes were retrieved by laparoscopy
from eight females at 40 h after hCG injection.  Oocyte
maturity at the time of collection was as follows (Table
1).  Fifty-four (43.2%) oocytes had an intact germinal
vesicle (GV).  Twenty-three (18.4%) oocytes had
undergone germinal vesicle breakdown (GVBD).
Fourty-four (35.2%) oocytes had reached metaphase II
and 4 of them (9.0%) were degenerated.  Immmature
oocytes were cultured for 24 hrs.  Only 1.9% of GV
oocytes (1/54) and 34.8% of GVBD-MI oocytes (8/23)
reached the MII stage (Table 2).

Intracytoplasmic sperm injection was performed with
metaphase II oocytes within 6 h post-isolation from
follicles.  Out of 40 metaphase-II oocytes, 39 (97.5%)
survived after the injection and culture for 15 h.  Thirty-
one of them (79.5%) had an extruded second polar
body (PB) and developed two distinct pronuclei (Fig. 3).
Within 18�20 h post - ICSI  (day 1),  zygotes had

Table 1. Maturity of oocytes at time of collec

No. of Exp. No. of oocytes
recovered Deg

7 125 4 (3.2

*Deg: degenerative oocytes, GV; germin
metaphase II.  **All oocytes were observed u

Table 2. Maturity of immature oocytes at 24 

Maturity No. of oocytes
at recovery Cultured Degene
GV 54 12 (2
GVBD-MI 23   2 (8

*Deg: degenerative oocytes, GV; germin
metaphase II.  ** All oocytes were observed u
completed the first mitosis resulting in two, sometimes
unequa l ,  daughter  b lastomeres (F ig .  3) ,  o f ten
associated with small anucleate fragments.  Nine MII
oocytes derived from an immature condition at recovery
were fertilized by ICSI and cultured.  Eight oocytes with
pronuclei were confirmed, however none of them
cleaved.

Following the first mitosis, 7 cleaved stage embryos
were transferred into the oviducts of four recipients.
However, no pregnancies were established.  The other
embryos were transferred to CMRL medium and
cultured to assess the ir  in v i t ro  developmental
competence.  After 168 h of ICSI, 6 morphologically
normal blastocysts were observed.  The rest of the ICSI
embryos reached mostly the 16�32 cell stage and 6
morulae (data not shown).  Blastocysts continued to
expand for several days and hatched from zone
pellucida (Fig. 3).

Discussion

The present results demonstrated that there are
several features of Japanese macaque intracytoplasmic
sperm injection that were improved using in vivo
matured oocytes col lected from gonadotrophin-
stimulated ovaries when compared to ICSI of in vitro
matured oocytes in additional culture.  As shown here,
in vitro matured oocytes were less developmentally
competent.  The difference in developmental rates after
ICSI might be due to quality of oocytes.  Oocytes of
Rhesus macaques matured in vitro from the germinal
vesicle stage often display cytoskeletal abnormalities
following fertilization by both IVF and ICSI, such as the

tion

No. (%) of oocytes
. GV GVBD-MI MII
) 54 (43.2) 23 (18.4) 44 (35.2)

al vesicle stage, MI: metaphase I, MII:
nder a phase contrast microscope (× 100).

h after in vitro maturation

No. (%) of oocyts
rate GV GVBD-MI MII
2.2) 35 (64.8)   4 (7.4) 1 (1.9)
.7) � 13 (56.5) 8 (34.8)

al vesicle stage, MI: metaphase I, MII:
nder a phase contrast microscope (× 100).
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inability to exit metaphase of meiosis, meiotic arrest
following the resumption of meiosis and the formation of
multiple female pronuclei after oocyte activation [14,
18].  Thus, the maturational failure observed after
oocytes collected from stimulated females in this study
might have been due to low quality oocytes.  It might
have  been  caus ed  by  an  ove rdose  o f  PMSG
administration which can cause hormone imbalance in
follicles or early removal of cumulus cells from immature
oocytes.

In the Japanese monkey, additional stimulation after
ICSI was not necessary for further development when in
vivo matured oocytes were used (Table 3).  Japanese
monkey spermatozoa used for ICSI were obtained from
fe r t i l e  ma les  and  d i sp l ayed  no rma l  semen
characteristics in terms of morphology and motility.  In
an ICSI  procedure,  the addit ional rol l ing of the
spermatozoa was necessary to achieve fertilization of
Japanese macaque.  In rhesus monkeys, ICSI of

Fig. 3. Development of embryos derived from ICSI.  ICSI emb
hours after ICSI (a) and blastocyst at168 hours after cultu
after culture in vitro (c).

Table 3. Results of ICSI in Japanese

No. of experiments
No. of animals used
No. of cycles stimulated
No. of oocytes recovered

No. of oocytes injected
No. of oocytes with PN (%)
No. of embryos cultured (for 168 h a
No. of embryos developing to blast

No. of embryos transferred (at 24 h a
No. of recipients
Pregnancy established

*Two embryos were lost in transfer.
mature oocytes obtained from stimulated females did
not need other additional chemical stimuli for oocyte
activation other than microinjection of a spermatozoon
[3].  The technical difference of ICSI between rhesus
and Japanese macaques is  the � ro l l ing �  o f  the
spermatozoa to immobilize them prior to injection.  This
procedure may result in modifications of the sperm
plasma membrane facil i tating subsequent sperm
decondensation in the cytoplasm after ICSI [19].
Performing ICSI using spermatozoa with poor semen
characteristics will make it possible to address whether
rolling of spermatozoa prior to ICSI improves the rate of
fertilization when using rhesus macaque compromised
spermatozoa.

In the present study, ICSI of mature oocytes obtained
from stimulated females resulted in activation without
additional chemicals and development in CMRL with
10% FCS medium.  However ICSI of oocytes matured in
vitro resulted in activation of oocytes without additional

ryos developed to pronuclear stage, 2cell, 3cell stage at 18- 20
re in vitro (b).  Hatched blastocysts were observed over 168 hours

 monkey

7
8
9

125

40
31 (78)

fter ICSI) 22
ocysts in vitro (%) 6 (27)

fter ICSI) 9 *
4

none
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chemicals,  but not subsequent development.  In
contrast, it was reported that incubation in calcium
ionophore was necessary to induce activation of in vitro
matured rhesus oocytes collected from unstimulated
females after performing ICSI [14].  Payne et al. [20]
found that good quality embryos arose from oocytes
that  had more uni form t iming f rom in ject ion to
pronuclear abuttal and tended to have a longer
cytoplasmic wave.  In the case of in vitro matured
oocytes, the oocytes could not keep their activated
status for fertilization and might need additional stimuli
for a longer cytoplasmic wave of normal activation and
further development in vitro.

Microtuble-mediated motility is particularly important
for oocytes to be successfully fertilized by ICSI, since
the spermatozoon deposited in a central position
migrates to the oocyte cortex prior to first mitosis in the
rhesus monkey [3, 14].  In oocytes fertilized by IVF, the
incorporated spermatozoon remains at the oocyte
cortex during pronuclear formation and apposition of
male and female pronuclei [13, 18].  Although the
morphological difference of early fertilization between
IVF and ICSI  has been repor ted,  the t iming of
fertilization and subsequent embryo development after
ICSI was similar to that of oocytes fertilized by IVF and
embryos cultured under the same conditions used in
this study [16].  Early cleavage of rhesus IVF embryos
in complex media without co-culture were successful,
but further development of embryos was arrested at the
morula stage or only a reduced rate of blastocyst
formation was obtained [21].  In the case of rhesus
embryos co-cultured with buffalo rat l iver (BRL)
monolayers, these cells supported development to the
blastocyst stage at a higher rate.  Rhresus monkey
embryos obtained by ICSI were co-cultured in a
complex medium on a BRL monolayer, and then
underwent successive cleavage divisions resulting in
large and hatched blastocysts 10 days post-ICSI.  In our
experiment, we observed that 27.3% of ferti l ized
oocytes reached the blastocyst stage and some
embryos arrested at the morula stage in our culture
system.  Furthermore ICSI embryos of Japanese
monkeys developing to hatched blastocysts without any
supporting cells (Fig. 3).  The reason for the higher
development rate of Japanese monkey embryos
developing to the blastocyst stage in this study
compared to the results of experiments on rhesus
monkeys [3] is unclear.  Possibly it is due to the
procedure of ICSI discussed above.

Recently, rhesus IVF embryos were cultured to the
blastocyst stage in a chemically defined and protein-
free culture medium, and their developmental potential
improved if the embryos were cultured in a complex
medium from the 8- to 12-cell stage onwards [22].  As
the same study reported that culture medium affected in
vitro development of embryos, the developmental arrest
observed in the study might be caused by sub-optimal
conditions of culture in vitro.

In conclusion, we showed that oocytes retrieved by
laparoscopy from gonadotrophin-stimulated Japanese
monkeys resulted in high rates of fertilization after
intracytoplasmic sperm injection (ICSI) and did not need
additional chemical stimulus to induce oocyte activation.
Subsequent culture of Japanese monkey ICSI embryos
in CMRL with 10% FCS medium culminated in hatched
blastocysts 9 days after ICSI.  However the ability of
Japanese monkey embryos fertilized by ICSI to be
implanted, sustain a pregnancy and give rise to
offspring were not demonstrated in this experiment.
Success in Japanese monkey embryo propagation by
ICSI will permit evaluation of the safety and biomedical
basis of assisted reproductive technologies, leading to
the des ign of  fur ther  improvements as wel l  as
exploration of the realities of current clinical, and other
unconventional reproductive methods and claims for
alternative reproductive strategies.
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