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Abstract:  In mice, basic reproductive technologies,
such as oocyte/sperm collection, embryo production,
micromanipulation, and embryo transfer, have been
established.  With these technologies, production of
transgenic mice has become routine.  The cynomolgus
monkey, which is one of the laboratory animals closest
to human beings, has been used to obtain vaccine
approval and for medical  research.  Therefore,
production of transgenic animals in the monkey is a very
significant subject.  We describe herein the current state
of related studies in addit ion to current f indings
regarding reproductive technologies.
Key words:  Cynomolgus monkey, Non-human primate,
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Introduction

The cynomolgus monkey (Macaca fascicularis)
belongs to the group of catarrhine primates, the same
as humans (Homo sapiens).  Like humans, non-human
primates such as cynomolgus, rhesus (Macaca mulatta)
and Japanese (Macaca fuscata) monkeys, specifically
Old World Macaques, have menstruation cycles, and
the number of young delivered in these monkeys is
usually one.  Unlike rhesus and Japanese monkeys,
which are seasonal breeders, the cynomolgus monkey
and human are annual breeders, and the similarity
between the two is  very h igh.   In  many cases,
microbiologically clean cynomolgus monkeys are used
in various types of biomedical research, however, unlike

mice, there are hardly any animal models for specific
diseases in the monkey.  In some cases, spontaneous,
familial animals with the diseases under investigation
are available.

Reproductive technologies, such as sperm/oocyte
collection, embryo production, micromanipulation and
embryo transfer, are necessary to propagate non-
human primates with human pathology and to establish
transgenic non-human primates.  In view of the low
production efficiency of transgenic animals, many
oocytes or embryos and some recipients must be
prepared for in vitro manipulations and for embryo
t rans fe r ,  r espec t i ve l y .   Cu r ren t  r ep roduc t i ve
technologies must be further modified and improved in
the cynomolgus monkey.  Of course, researchers must
wait approximately 3 years for transgenic cynomolgus
monkeys to be able to propagate after they are
produced.  However, such monkeys offer many benefits
that more than offset the drawback of waiting such a
long time until biomedical research can be carried out.
In this review, we descr ibe the current state of
reproductive technologies and related studies (Fig. 1)
that will greatly contribute to the development of
biomedical research with regard to the cynomolgus
monkey.

Basal Techniques for Manipulating Gametes

Many areas remain undeveloped with regard to basic
reproductive technology for the monkey.  Technological
developments in these areas wil l  greatly benefit
researchers working in this field.  Herein, we provide
outlines of egg collection, sperm collection, in vitro
fertilization (IVF) and embryo transfer.
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1) Collection of gametes and sperm cryopreservation
A newborn non-human primate was obtained by IVF

and embryo transplantation in 1984.  The technology for
this procedure, however, remains unreliable, and
overall, the results have been unsatisfactory.  An
important drawback of this technology is that the
reproducibility and stability of the results for collecting
good quality eggs is not perfect.  Therefore, the uneven
quali ty of the obtained eggs negatively impacts
research results.  Even if the same hormone processing
is utilized, there are wide individual differences in the
reactivity of the ovaries of monkeys.  It is important in
carrying out research to use animals with good-quality
eggs that can be reliably obtained from hormone
processing techniques.  Although data concerning
hormone processing have been reported since the
1980s, it is difficult to identify a particular technique that
provides consistently reliable results.

The purposes of the hormone treatment are to induce
follicle development and to mature it with regard to the
egg in the follicle.  We have executed some methods
that use of variety of hormones such as FSH and
recombinant FSH.  It is possible that the effects of FSH
are different in each lot because FSH is an animal
extract that is subsequently refined.  Moreover, it is

thought that the molecular configuration of FSH differs
in each type of animal, and it is uncertain whether or not
the ovary reacts with FSH.  Naturally, we agree that the
reactivity is different in each type of monkey [1].  It has
been confirmed that the ovaries of the cynomolgus
monkey react  to  FSH very  o f ten  and that  FSH
administration generates the growth of many ovarian
follicles.  Although only one ovarian follicle develops in
a normal menstrual cycle, nearly 100 ovarian follicles
develop with FSH administration.  However, when we
calculate the average number of eggs collected, the
standard deviation is quite large, meaning that the
individual differences are quite large.  It is thought that
the reason for this difference corresponds to the
differences in the reactivity to FSH of each individual
because individual differences are also observed when
recombinant FSH is used.  Moreover, the hCG is
administered instead of endogenous LH, and it is
necessary to determine the appropriate dosage of hCG
for each type of animal.  The appropriate hCG dosage
for the monkey has not yet been determined, and the
dosage used has generally been different for each
researcher.  Moreover, determining the timing of hCG
administration is extremely difficult.  The best time for
hCG administration cannot be reliably determined

Fig. 1. Ovaries with developed follicles (A), ICSI (B), an ICSI-derived
blastocyst stage embryo (C) and ES cells (D).
(A) Oocytes are collected from ovaries with developed follicles after
hormone treatment.  (B, C) Mature oocytes subjected to ICSI develop
to blastocyst stage embryos.  (D) ES cell lines are established from
blastocyst stage embryos.
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because the growth situation of the ovarian follicle is
dif ferent in each individual even i f  the hormone
administration method is the same.  It is assumed that
the eggs in the follicle develop from the GV stage to the
MII stage in response to hCG administration.  However,
eggs can often be collected from other stages, such as
the GV, MI and MII stages.  These results indicate that
there is a difference in the quality of granulosa cells
even when they are within the ovary.  Many problems
continue to arise in hormone processing, which is a
basic technology for egg collection crucial to executing
the latest research.

The technology for sperm collection is reliable
compared with that for egg collection.  The animal is
approached from the rectum, and electrical stimulation
is given to the erection central nerve and ejaculation
central nerve.  This method is also effective under
anesthesia, and it seems applicable to animals other
than the monkey.  It is also possible that the monkey
can be trained to masturbate, as it has relatively high
brain function.  We gather sperm from cynomolgus
monkeys by electrical stimulation of the rectum.  The
co l lec ted  sperm i s  then  used  in  reproduc t i ve
experiments for IVF and intracytoplasmic sperm
injection.  In addition, cryopreservation technology is
being used for monkey sperm development.  Almost
complete revitalization of sperm movement can be
achieved after thawing, and IVF can be carried out
successfully with these sperm [2].

This cryopreservation method is currently being used
by various research laboratories.  However, damage to
the cel l  membrane of the sperm head has been
observed by electron microscope after freezing and
thawing [3].  It has been confirmed that this damage to
the sperm head is similar to that occurring with the
acrosome reac t ion,  which is  an  ind ispensab le
phenomenon for fertilization.  It therefore must be
considered that the properties of the sperm head before
and after freeze-thawing are different.  However, it is
possible to apply this method to various areas of
research by providing accurate basal information for the
sperm.

2) IVF and embryo transfer
It is well known that phenomena related to the

acrosome reaction and capacitation of sperm are
different in each type of animal, and it is unknown
whether the present method used is the most suitable
for the monkey.  Furthermore, embryo transfer is also
likely to be difficult.  In 1984, the first newborn non-
human primate was obtained by IVF and embryo

transfer in monkeys [4�6].  This occurred 6 years after
the same achievement in humans.  Since then, 25 years
have passed, but the number of research laboratories
using this technology to actually obtain newborn
monkeys by embryo transplantation remains limited.
Considering the above-mentioned constraints regarding
the technology, it is necessary to carry out basic
technological development concurrently with more
advanced research.

We have successfu l ly  car r ied  out  IVF in  the
cynomolgus monkey, African green monkey, and
Japanese monkey [7�9], and a newborn cynomolgus
monkey was obtained after the transfer of fertilized eggs
to the oviducts of females and synchronization of the
growth stages of the eggs and menstrual cycles of the
females [10].  This procedure also included successful
intracytoplasmic sperm injection (description following).
Currently, fertilized eggs are generally created by IVF
and intracytoplasmic sperm injection.  Even if the
results are considerably influenced by the quality of the
eggs used and fertilization is confirmed, not all of the
eggs develop well.  Recently, more research has been
carried out utilizing fertilized eggs.  For instance,
fert i l ized eggs are used for research regarding
embryonic stem cells (description following) and gene
manipulation.  It is necessary to conduct this research
from the perspective of also performing basic research.

The importance of these problems must be clear to all
experienced researchers.  However, because multiple
factors are involved, including egg quality, composition
of the culture solution and temperature, the problems
are quite complex.  There might be many researchers
who do not evaluate the basic research because of a
brilliant result reported in the monkey.  However, this
area of research cannot be avoided if we wish to
continuously develop reliable technologies.

Progress cannot be achieved without carrying out
basic research.  It is necessary to conduct basic
research that also supports continuing advanced
research.  The researchers must recognize enough that
monkeys have a differentia and the individual difference
and the result of showing of each individual is all true.  It
is necessary to synthesize and evaluate these results.
Monkeys are important laboratory animals in medical
research related to humans.  Therefore, if there are
individual differences between monkeys that affect
research results, learning how to develop procedures
that  can handle these indiv idual  d i f ferences is
significant for development of similar procedures in
humans.
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Micromanipulating Embryos and Gametes

As in  the case o f  o ther  mammal ian spec ies ,
manipulating the embryos and gametes of non-human
primates under a microscope has attracted many
researchers in the biomedical field.  This type of study
allows for exploration of the cellular and molecular basis
of various assisted reproductive technologies (ART) and
regenerative medicine in humans, while avoiding the
ethical and practical issues of working with human
oocytes and embryos.  In this section, we review the
deve lopm en t  and  p resen t  s ta tus  o f  two
micromanipulating techniques, microinsemination (ICSI)
and nuclear transfer cloning, in non-human primates.

1) Microinsemination (ICSI)
Mammalian ICSI (intracytoplasmic sperm injection)

s tar ted wi th  use of  the  go lden hamster  by  Dr .
Yanagimachi�s group in the 1970s [11, 12].  This
species had been extensively used in the field of
f e r t i l i za t i on  s tudy  because  o f  t he  ease  o f
superovulation, the clear cytoplasm of their oocytes and
the easily visible acrosome reaction [13].  Their group
demonstrated that a directly injected sperm head could
transform into a male pronucleus and undergo DNA
synthesis.  However, the very strong developmental
arrest of hamster embryos in vitro hampered further
analysis of the developmental ability of the resultant
embryos.  The first ICSI babies in mammals were
obtained in the rabbit in 1988 [14] and in the bovine in
1990 [15].  The birth of human ICSI babies has been
reported as early as 1992 [16].  In primates, however,
the development of ICSI techniques has not gone
smoothly, probably because of the limited availability of
fresh oocytes and recipient females for embryo transfer,
which requires a large cohort  of  females at the
appropriate reproductive ages.  Fortunately, primate
oocytes share several cellular and morphological
similarities with human oocytes, and primate ART
procedures are almost identical to those in humans.
There fore ,  p r imate  ICSI  may prov ide the  best
experimental model for the study of human ICSI without
the complicated ethical and moral issues.  In 1996, the
first primate ICSI trials were reported by Hewitson et al.,
who demonstrated that although the cellular process
after ICSI basically mimics that occurring after IVF,
occasional fertil ization failure, including a lack of
pronuclear formation and abnormal recondensation of
chromosomes, may occur specifically in ICSI oocytes
[17].  Subsequently, normal conception by ICSI in
rhesus monkeys was reported by the same group; out of

14 embryos transferred, 5 developed to term, and 4
were born normally [18].  They argued that this rate was
greater or equal to that reported in human clinics,
although they raised some concerns about the behavior
of the injected sperm nucleus, including abnormal
sperm decondensat ion and remnants of  sperm
components inside the ooplasm.  Fol lowing this
success, ICSI in primates was put into practice, and the
birth of babies was reported for rhesus monkeys and
cynomolgus monkeys in other laboratories [19, 20].
ICSI is a very convenient way to produce fertilized
oocytes and embryos, especially when the number of
oocytes used is very limited.  At present, therefore,
monkey embryonic stem (ES) cells are primari ly
generated from ICSI-derived embryos [21�23].

Due to the advent of micromanipulation techniques,
not only mature spermatozoa but also immature sperm
cells (spermatids and spermatocytes) can be used as
male gametes for conception.  Studies with mice have
played a leading role in the development of such
microinsemination technologies using elongated
spermatids, round spermatids and even secondary and
primary spermatocytes [24�26].  The production of
mouse offspring by round spermatid injection is easier
than previously expected, and the technique has been
routinely used in laboratories specializing in mouse ICSI
[24].  The success of this technique is probably due to
maternal (oocyte) inheritance of the microtubule
organizing center (MTOC) in the mouse, which is
complete ly  d i f ferent  f rom the paternal  (sperm)
inheritance that occurs in other species [27].  Round
spermatids in these species have not acquired the
abi l i ty  to form MTOC, and as Schatten�s group
predicted, this deficiency may lead to abnormal
segregation of chromosomes at mitotic divisions.  In
fact, in rhesus monkeys, healthy offspring have been
produced by injection of testicular spermatozoa or
elongated spermatids, but not with round spermatids
[28].  Only a mid-gestation fetus has been obtained by
round spermatid injection in the cynomolgus monkey,
and this fetus aborted at 103 days of pregnancy for
unknown reasons (average pregnancy period: 165
days) [29].  This type of complicated development
following round spermatid injection has commonly been
reported in several species thus far; for example, rabbit
embryos derived from round spermatids are associated
with high rates of aneuploidy due, at least in part, to the
inability of round spermatids to form MTOC after
incorporation into the ooplasm [30, 31].  The incomplete
capacity of round spermatids to activate oocytes might
contribute to the poor development of round spermatid-
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derived embryos.  It is also possible that the genome of
the round spermatid itself is not identical to that of
mature spermatozoa because the male pronucleus from
a round spermatid is prone to quick remethylation after
fertilization, in contrast to the gradual demethylation
occurring in the sperm-derived male pronucleus [32].  A
small proportion of male-factor infertility in humans is
thought to be affected by spermatogenic arrest at the
round spermatid stage, although controversy remains
regarding the accuracy of the investigation of testicular
biopsy specimens [33].  If there are really cases that
require round spermatid injection as a treatment, the
safety and efficiency of this technique should be
thoroughly clarified using primate models before its
broad application to human clinics.

Genetically engineered animals offer opportunities for
understanding the function of genes of interest, studying
the pathogenesis and treatment of diseases and
screening new chemicals for pharmaceutical purposes.
An overwhelming major i ty  of  these animals are
produced in mice due to the ease and efficacy of
producing t ransgenic  and gene- targeted mice.
However,  mouse models do not always provide
sufficient information to extrapolate the data obtained to
humans because the mouse and human are very
different in certain physiological characteristics.  It
seems that primate models provide the best data in this
respect ,  but  convent ional  genet ic  modi f icat ion
technologies in the mouse, which allow for pronuclear
DNA injection and generation of chimeric animals with
embryonic stem (ES) cells, have not been successfully
applied to primates.  To overcome the low transgenic
efficiency associated with pronuclear DNA injection, a
method of retroviral mediated transgenesis into
unfertilized oocytes followed by ICSI was developed in
rhesus monkeys.  In 2001, birth of a male baby carrying
the green fluorescent protein (GFP) gene, named ANDi,
was reported,  a l though he d id not  express the
characteristic green fluorescence for unknown reasons
[34].  More recently, the technique was improved by
using a lentiviral vector instead of a retroviral vector,
and transgenic rhesus monkeys carrying mutant human
Huntington gene were successfully produced [35].  The
resulting transgenic monkeys showed important clinical
features of Huntington�s disease, including dystonia and
chorea, which did not appear in mouse models.  Thus,
monkey transgenesis has become practically available
based on efficient ICSI techniques.

2) Nuclear transfer cloning
Cloning animals using somatic cells shows great

promise in the field of basic biology as well as for
industrial and clinical purposes.  However, the early
studies of animal cloning by nuclear transfer were
carried out using nuclei from preimplantation embryos
as donors, probably because the reprogramming event
of the blastomere nuclei is less complicated than that of
somatic cell nuclei.  This is also the case with monkeys;
the first cloned rhesus monkey was produced from a 16-
cell embryonic nucleus [36], while embryos from
somatic cells developed only up to the 8-cell stage.
Until now, no cloned monkey has been obtained by
somatic cell nuclear transfer.  However, since mouse
ES cell lines were generated from somatically cloned
mouse embryos (ntES cells [37]), cloning researchers in
primatology have shifted their interest from cloning
monkeys to the generation of ntES cells from cloned
blastocysts as an experimental model for human
regenerative medicine.  Cloned mouse embryos
develop into blastocysts very efficiently (30�70%), and
many of these blastocysts contr ibute to ES cel l
establishment [38, 39].  It has also been demonstrated
in mice that severe immunodeficiency can be cured
completely by transplantation of hematopoietic cells
differentiated from gene-transfected ntES cells [40].
However, it is extremely difficult to culture cloned
monkey embryos to the blastocyst stage because most
of them exhibit developmental arrest at the 8�16 cell
stages.  As this type of developmental failure has never
been reported for other mammalian species, it may be a
feature unique of primates, including humans.  Only one
group has thus far succeeded in generating ntES cells
in rhesus monkeys, and the efficiency is still very low (2
lines from 213 reconstructed embryos) [41].  The very
poor development of cloned monkey embryos may be
attributed to chromosomal instability due to the removal
of NuMA, nuclear mitotic apparatus protein, at the time
of enucleat ion [42] .   However,  thei r  consistent
developmental arrest at certain cleavage stages (8�16
ce l l  s tages )  i s  r em in i scen t  o f  t he  so -ca l l ed
�developmental block� at the maternal to zygotic
transition.  It is very probable that the cloned embryos
fai l  to act ivate zygotic genes due to incomplete
reprogramming of the somatic donor genome.  Thus,
cloned primate embryos may suffer from genetic as well
as epigenetic insufficiencies.  It has recently been
reported that genomic reprogramming of reconstructed
embryos can be enhanced by treatment with chromatin-
modifying chemicals, including histone deacetylase
inhibitors [43].  At present, there are many chromatin-
modifying chemicals, and each has its own functional
mechanisms; some, therefore, may have a significant
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effect on primate nuclear transfer.  Trials of these types
of chemicals require further effort, but this kind of
p r imate  research  may  open up  a  new area  o f
regenerative medicine in humans.

ES Cells

The ES cell line in mammals was established from
mouse blastosyst embryos for the first time in 1981 [44,
45].  The somatic and germ cells of ES cell origin were
included in progeny produced from mouse embryos into
which ES cells were injected.  Using this property, many
transgenic mice, including gene-targeted mice, have
begun to be produced.  However, the introduction of ES
cells in the human and monkey has attracted attention
as a tool in medical applications not intended to produce
transgenic animals.  Moreover, many basic and
application studies for regenerative medicine have
begun to be carried out because induced pluripotent
stem (iPS) cells similar to ES cells have recently been
established in humans, but not monkeys [46].  It is
important that the safety of this technique in monkeys
be established before direct application to humans.
Herein, we primarily review ES cells in the cynomolgus
monkey.

1) Establishment and characteristics
Primate ES cell lines were established in the rhesus

monkey for the first time in the United States in 1995
[47] and were subsequently established in humans in
1998 [48].  In Japan, they were established in the
cynomolgus monkey in 2001 because the monkey is
widely used for biomedical research [22].  Monkey ES
cell lines are different from mouse ES cell lines but are
very similar to human ES cell lines [49�51].  In addition,
the diversity of the genetic background of the embryos
that are the origins of the ES cell lines may create
delicate differences in properties among primate ES cell
lines [52�54].

Blastocyst stage embryos derived from in vivo or in
vitro fertilization (including ICSI) are used to establish
cynomolgus monkey ES cell lines.  Each inner cell mass
(ICM) is isolated by a method involving either a
comb ina t i on  o f  an t i se rum and  comp lemen t
(immunosurgery) or injection needles.  Isolated ICM is
cultured on a mouse embryonic fibroblast (MEF) cell
monolayer.  The adherent ICM is gradually extended as
a colony.  By day 8�10 of each culture, the colony is
passaged onto a fresh MEF cell monolayer.  The
passage is performed by dividing the colony into some
clusters with collagenase-based solution and injection

needles.  Primate ES cells usually fail to form colonies
following dissociation into single cells when using
trypsin-based solution.  Consequently, maintenance of
cynomolgus monkey ES cell lines is performed by
dividing the colony into small clusters with pipetting
following dissociation with either collagenase-based
so lu t ion  o r  l ow concen t ra t ions  o f  t r yps in  and
collagenase-based solution.  It has recently been
reported that treatment of single human ES cells with
the Rho-associated kinase inhibitor, Y-27632, greatly
improves colony development [55].  This result is
important for researchers attempting large-scale culture
in pr imate ES cel ls  because a large number of
differentiated cells of ES cell origin are necessary for
regenerative medicine.

Characterization of ES cells involves consideration of
the  fo l low ing  th ree  key  fac to rs :  se l f - renewa l ,
pluripotency and normal karyotype.  In particular,
pluripotency, which means the ability to differentiate to
various cel ls, is a very important property when
considering medical applications.  Pluripotent ES cells
must be in an undifferentiated state, which can be
shown by confirming expression such as for Oct3/4,
Nanog, Sox2, SSEA1, SSEA3, SSEA4, TRA-1-60, TRA-
1-81, and alkaline phosphatase.  These expression
patterns differ between primates and mice.  In primates,
all of the above except for SSEA1 are expressed, while
in mice, SSEA3, SSEA4, TRA-1-60 and TRA-1-81 are
not expressed.  However, the expression of SSEA3
varies in primates.  Both rhesus monkey and human ES
cells express SSEA3, but cynomolgus monkeys do not.
These differences may not be important because it has
been reported that the expressions of SSEA3 and
SSEA4 are not essential to maintaining the pluripotency
o f  ES ce l l s  [56 ] .   Mouse  ES ce l l  l i nes  shou ld
differentiate into germ cells, but in primates, this
differentiation is not essential.  Examining whether ES
cells differentiate into germ cells via chimeras is difficult
in primates because they have a long life cycle and only
delivery one baby per pregnancy.  In particular, it is
impossible to ethically clarify this issue in humans.
Instead, it is necessary to be able to develop teratomas.
A teratoma is a tumor consisting of tissues from three
embryonic germ layers (mesoderm, endoderm and
ectoderm) that develops by transplantation of ES cells
into immunodeficient mice.  Recently, stem cells (EpiS
cells) from the epiblast of postimplantation mouse
embryos have been established [57, 58].  The colony
morphology of these cells resembles that of primates.
EpiS cells also have the ability to develop teratomas,
but not to form chimeras.  These findings may suggest
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that pr imate ES cel ls do not have the abi l i ty to
differentiate into germ cells.  Therefore, the strategy of
producing t ransgenic cynomolgus monkeys v ia
chimeras may not be a wise choice.

2) Application
Some clinical applications have been advanced by

translational research using cynomolgus monkeys.
Thus, the expectations for regenerative medicine using
ES cells have risen rapidly, and results have been
reported in not only mice but also in monkeys.  Future
developments could lead to the availability of cells
differentiated in vitro from ES cells for regenerative
medicine.  However, the pluripotency of ES cells
involves a large risk.  Teratomas may develop after
transplantation into the body if undifferentiated cells are
present in the population of differentiated cells.  To
avoid this risk, a previous study used a cell sorter to
remove cells found to be positive for an undifferentiated
marker,  SSEA4, and the populat ion of  selected
di f ferent iated ce l ls  was then t ransplanted in to
cynomolgus monkeys.  It was then confirmed that
teratomas did not develop in the monkeys [59].

Moreover, the function of the transplanted cells has
also been investigated.  A transplant experiment using
dopaminergic precursor cel ls from ES cel ls was
conducted in cynomolgus monkeys with artificially
induced Parkinson�s disease.  Transplantation resulted
in improvement of symptoms [60].  This demonstrates
that transplanted cells engrafted and differentiated into
dopaminergic neurons.  In addition, research to induce

differentiation into cells such as hematopoietic or retina
pigment epithelial cells has also been conducted using
cynomolgus monkey ES cells [61, 62].

Next, we look at regenerative medicine from the
perspective of immunology.  Although it is relatively
difficult for immunorejection to occur in the brain, it is
often necessary to consider avoidance of this type of
immunoreject ion.  The nuclear t ransfer c loning
technique (ntES cel ls) ,  which we have al ready
described, will contribute greatly to this end.  Effective
treatment free from immunorejection can be expected if
var ious cel ls  der ived f rom the somat ic  cel ls  of
indiv iduals are t ransplanted into the body.   An
examination of therapeutic methods using ntES cells
has  a l r eady  been  pe r fo rmed  i n  m ice  [ 40 ] .
Establishment of somatic cell-cloned ES cell lines has
recently been reported in rhesus monkeys for the first
time [41].  This report leads us to expect that these cells
lines could be established in the cynomolgus monkey.
Further developments in embryo technology for the
cynomolgus monkey are necessary to produce novel
biological resources for the medical sciences.

Conclusion

We reviewed recent findings regarding collection of
oocytes and sperm, production of fertilized embryos,
micromanipulation, and ES cells in the cynomolgus
monkey, which is an experimental animal closely
related to humans.  Comparison of items contained in
this review among monkeys (Macaques), mice and

Table 1. Comparison of reproductive technologies and related studies in monkeys (Macaques), mice and rabbits

Monkeys (Macaques) Mice Rabbits

Oocyte collection Anesthesia Euthanasia Anesthesia or Euthanasia
Follicular aspiration Ovulation Ovulation

Good quality oocytes A few Many Medium
Sperm collection Anesthesia Euthanasia Using an artificial vagina

Electroejaculation Cauda epididymis
IVF Difficult Easy Easy
ICSI Difficult Easy Easy
Embryo culture Difficult Easy Easy
ES cells A little difficult Easy A little difficult
Embryo transfer Difficult Easy Easy
ntES cell Very difficult Relatively easy Difficult
Transgenic animals Very difficult Relatively easy Difficult
Cloned animals Very difficult (no report) Difficult Difficult
Contribution to medicine Very high High High
Ethical issues Very high High High
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rabbits is summarized in Table 1.  We believe that the
technologies related to the monkey are immature.
However, the monkey, with its history of use for official
approval of  vaccines and precl inical  studies, is
indispensable to biomedical research and safety
testing.  The expectation of producing transgenic
individuals is great for these types of monkey.  It is
hoped that to achieve this purpose, the various
techniques related to gametes, embryos, and ES cells
in the cynomolgus monkey described in this review will
be investigated in detai l  and wil l  continue to be
improved.

References

1) Shimozawa, N., Okada, H., Hatori, M., Yoshida, T. and
Sankai, T. (2007): Comparison of methods to stimulate
ovarian follicular growth in cynomolgus and African green
monkeys for collection of mature oocytes. Theriogenology,
67, 1143�1149.

2) Sankai, T., Terao, K., Yanagimachi, R., Cho, F. and
Yoshikawa, Y. (1994): Cryopreservation of spermatozoa
from cynomolgus monkeys (Macaca fascicularis). J.
Reprod. Fertil., 101, 273�278.

3) Okada, A., Igarashi, H., Kuroda, M., Terao, K., Yoshikawa,
Y. and Sankai, T. (2001): Cryopreservation-induced
acrosome vesiculation in live sperm from cynomolgus
monkeys (Macaca fascicularis). Hum. Reprod., 16, 2139�
2147.

4) Balmaceda, J.P., Pool, T.B., Arana, J.B., Heitman, T.S. and
Asch, R.H. (1984): Successful in vitro fertilization and
embryo transfer in cynomolgus monkeys. Fertil. Steril., 42,
791�795.

5) Bavister, B.D., Boatman, D.E., Collins, K., Dierschke, D.J.
and Eisele, S.G. (1984): Birth of rhesus monkey infant after
in vitro fertilization and nonsurgical embryo transfer. Proc.
Natl. Acad. Sci. USA, 81, 2218�2222.

6) Clayton, O. and Kuehl, T.J. (1984): The first successful in
vitro fertilization and embryo transfer in a nonhuman
primate. Theriogenology, 21, 228.

7) Sankai, T., Cho, F. and Yoshikawa, Y. (1997): In vitro
fertilization and preimplantation embryo development of
African green monkeys (Cercopithecus aethiops). Am. J.
Primatol., 43, 43�50.

8) Sankai, T., Shimizu. K., Cho, F. and Yoshikawa, Y. (1997):
In vitro fertilization of follicular oocytes by frozen-thawed
spermatozoa in Japanese monkeys (Macaca fuscata). Lab.
Anim. Sci., 47, 58�62.

9) Sankai, T., Ogonuki, N., Tsuchiya, H., Shimizu, K., Cho, F.
and Yoshikawa, Y. (1998): Comparison of results from
IVF-related studies for cynomolgus monkeys, Japanese
monkeys,  African green monkeys,  and red-bellied
tamarins. J. Fertil. Implant., 15, 177�179.

10) Sankai, T. (2000): In vitro manipulation of nonhuman
primate gamate for embryo production and embryo
transfer. Exp. Anim., 49, 69�81.

11) Uehara, T. and Yanagimachi, R. (1976): Microsurgical
injection of spermatozoa into hamster eggs with subsequent
transformation of sperm nuclei into male pronuclei. Biol.
Reprod., 15, 467�470.

12) Uehara, T. and Yanagimachi, R. (1977): Behavior of nuclei
of testicular, caput and cauda epididymal spermatozoa
injected into hamster eggs. Biol. Reprod., 16, 315�321.

13) Yanagimachi, R. and Chang, M.C. (1963): Fertilization of
hamster eggs in vitro. Nature, 200, 281�282.

14) Hosoi, Y., Miyake, M., Utsumi, K. and Iritani, A. (1988):
Development of rabbit oocytes after microinjection of
spermatozoa. In: Proceedings of the 11th International
Congress on Animal Reproduction, abs. 331.

15) Goto, K., Kinoshita, A., Takuma, Y. and Ogawa, K.
(1990): Fertilisation of bovine oocytes by the injection of
immobilized, killed spermatozoa. Vet. Rec., 127, 517�520.

16) Palermo, G., Joris, H., Debroey, P. and Van Steirteghem,
A.C. (1992): Pregnancies after intracytoplasmic injection
of single spermatozoon into an oocyte. Lancet, 340, 17�18.

17) Hewitson, L.C., Simerly, C.R., Tengowski, M.W.,
Sutovsky, P., Navara, C.S., Haavisto, A.J. and Schatten, G.
(1996): Microtubule and chromatin configurations during
rhesus intracytoplasmic sperm injection: successes and
failures. Biol. Reprod., 55, 271�280.

18) Hewitson, L., Dominko, T., Takahashi, D., Martinovich,
C., Ramalho Santos, J., Sutovsky, P., Fanton, J., Jacob, D.,
Monteith, D., Neuringer, M., Battaglia, D., Simerly, C. and
Schatten, G. (1999): Unique checkpoints during the first
cell cycle of fertilization after intracytoplasmic sperm
injection in rhesus monkeys. Nat. Med., 5, 431�433.

19) Nusser, K.D., Mitalipov, S., Widmann, A., Gerami-Naini,
B., Yeoman, R.R. and Wolf, D.P. (2001): Developmental
competence of oocytes after ICSI in the rhesus monkey.
Hum. Reprod., 16, 130�137.

20) Torii, R., Fujinami. N., Hosoi, Y., Takenoshita, Y. and
Iritani, A. (2001): First successful birth of the cynomolgus
monkey (Macaca fascicularis) by intra-cytoplasmic sperm
injection and embryo-transfer. Exp. Anim., 50, S63�S63.

21) Pau, K.Y. and Wolf, D.P. (2004): Derivation and
characterization of monkey embryonic stem cells. Reprod.
Biol. Endocrinol., 2, 41.

22) Suemori, H., Tada, T., Torii, R., Hosoi, Y., Kobayashi, K.,
Imahie, H., Kondo, Y., Iritani, A. and Nakatsuji, N. (2001):
Establ ishment  of  embryonic  s tem cel l  l ines  f rom
cynomolgus monkey blastocysts produced by IVF or ICSI.
Dev. Dyn., 222, 273�279.

23) Shimozawa, N., Nakamura, S., Hatori, M. and Sankai, T.
(2008): Characterization of a novel primate embryonic
stem cell line in African green monkey (Cercopithecus
aethiops). SSR 2008, 41st Annual Meeting, 146.

24) Ogura, A., Ogonuki, N., Takano, K. and Inoue, K. (2001):
Microinsemination, nuclear transfer, and cytoplasmic
transfer: the application of new reproductive engineering
techniques to mouse genetics. Mamm. Genome, 12, 803�
812.

25) Ogura, A., Ogonuki, N., Miki, H. and Inoue, K. (2005):
Microinsemination and nuclear transfer using male germ



141Shimozawa, et al.
cells. Int. Rev. Cytol., 246, 189�229.
26) Yanagimachi, R. (2005): Intracytoplasmic injection of

spermatozoa and spermatogenic cells: its biology and
applications in humans and animals. Reprod. Biomed.
Online, 10, 247�288.

27) Navara, C.S., Wu, G.-J., Simerly, C. and Schatten, G.
(1995):  Mammalian model  systems for  explor ing
cytoskeletal dynamics during fertilization. Curr. Top. Dev.
Biol., 31, 321�342.

28) Hewitson, L., Martinovich, C., Simerly, C., Takahashi, D.
and Schatten, G. (2002): Rhesus offspring produced by
intracytoplasmic injection of testicular sperm and
elongated spermatids. Fertil. Steril., 77, 794�801.

29) Ogonuki, N., Tsuchiya, H., Hirose, Y., Okada, H., Ogura,
A. and Sankai, T. (2003): Pregnancy by the tubal transfer
of embryos developed after injection of round spermatids
into oocyte cytoplasm of the cynomolgus monkey (Macaca
fascicularis). Hum. Reprod., 18, 1273�1280.

30) Ogonuki, N., Inoue, K., Miki, H., Mochida, K., Hatori, M.,
Okada, H., Takeiri, S., Shimozawa, N., Nagashima, H.,
Sanaka i ,  T .  and  Ogura ,  A .  ( 2005 ) :  D i f f e r e n t i a l
d e v e l o p m e n t  o f  r a b b i t  e m b r y o s  f o l l o w i n g
microinsemination with sperm and spermatids Mol.
Reprod. Dev., 72, 411�417.

31) Tachibana, M., Terada, Y., Ogonuki, N., Ugajin, T., Ogura,
A., Murakami, T., Yaegashi, N. and Okamura, K. (2008):
Functional assessment of centrosomes of spermatozoa and
spermatids microinjected into rabbit oosytes. Mol. Reprod.
Dev. (in press).

32) Kishigami, S., Van Thuan, N., Hikichi, T., Ohta, H.,
Wakayama, S., Mizutani, E. and Wakayama, T. (2006):
Epigenetic abnormalities of the mouse paternal zygotic
genome associated with microinsemination of round
spermatids. Dev. Biol., 289, 195�205.

33) Silber, S.J., Van Steirteghem, A.C. and Devroey, P. (1995):
Sertoli cell only revisited Hum. Reprod., 10, 1031�1032.

34) Chan, A.W., Chong, K.Y., Martinovich, C., Simerly, C.
and Schatten, G. (2001): Transgenic monkeys produced by
retroviral gene transfer into mature oocytes. Science, 291,
309�312.

35) Yang, S.H., Cheng, P.H., Banta, H., Piotrowska Nitsche,
K., Yang, J.J., Cheng, E.C., Snyder, B., Larkin, K., Liu, J.,
Orkin, J., Fang, Z.H., Smith, Y., Bachevalier, J., Zola,
S.M., Li, S.H., Li, X.J. and Chan, A.W. (2008): Towards a
transgenic model of Huntington�s disease in a non-human
primate. Nature, 453, 921�924.

36) Meng, L., Ely, J.J., Stouffer, R.L. and Wolf, D.P. (1997):
Rhesus monkeys produced by nuclear transfer. Biol.
Reprod., 57, 454�459.

37) Wakayama, T., Tabar, V., Rodriguez, I., Perry, A.C.F.,
Studer, L. and Mombaerts, P. (2001): Differentiation of
embryonic stem cell lines generated from adult somatic
cells by nuclear transfer. Science, 292, 740�743.

38) Wakayama, S., Ohta, H., Kishigami, S., Thuan, N.V.,
Hikichi, T., Mizutani, E., Miyake, M. and Wakayama, T.
(2005): Establishment of male and female nuclear transfer
embryonic stem cell lines from different mouse strains and

tissues. Biol. Reprod., 72, 932�936.
39) Inoue, K., Wakao, H., Ogonuki, N., Miki, H., Seino, K.,

Nambu-Wakao, R., Noda, S., Miyoshi, H., Koseki, H.,
Taniguchi, M. and Ogura, A. (2005): Generation of cloned
mice by direct nuclear transfer from natural killer T cells.
Curr. Biol., 15, 1114�1118.

40) Tabar, V., Tomishima, M., Panagiotakos, G., Wakayama,
S., Menon, J., Chan, B., Mizutani, E., Al Shamy, G., Ohta,
H., Wakayama, T. and Studer, L. (2008): Therapeutic
cloning in individual parkinsonian mice. Nat. Med., 14,
379�381.

41) Byrne, J.A., Pedersen, D.A., Clepper, L.L., Nelson, M.,
Sanger, W.G., Gokhale, S., Wolf, D.P. and Mitalipov, S.M.
(2007): Producing primate embryonic stem cells by
somatic cell nuclear transfer. Nature, 450, 497�502.

42) Simerly, C., Dominko, T., Navara, C., Payne, C., Capuano,
S., Gosman, G., Chong, K.Y., Takahashi, D., Chace, C.,
Compton, D., Hewitson, L. and Schatten, G. (2003):
Molecular correlates of primate nuclear transfer failures.
Science, 300, 297.

43) Kishigami, S., Mizutani, E., Ohta, H., Hikichi, T., Thuan,
N.V., Wakayama, S., Bui, H.T. and Wakayama, T. (2006):
Significant improvement of mouse cloning technique by
treatment with trichostatin A after somatic nuclear transfer.
Biochem. Biophys. Res. Commun., 340, 183�189.

44) Evans, M.J. and Kaufman, M.H. (1981): Establishment in
culture of pluripotential cells from mouse embryos. Nature,
292, 154�156.

45) Martin, G.R. (1981): Isolation of a pluripotent cell line
from early mouse embryos cultured in medium conditioned
by teratocarcinoma stem cells. Proc. Natl. Acad. Sci. USA,
78, 7634�7638.

46) Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M.,
Ichisaka, T., Tomoda, K. and Yamanaka, S. (2007):
Induction of pluripotent stem cells from adult human
fibroblasts by defined factors. Cell, 131, 861�872.

47) Thomson, J.A., Kalishman, J., Golos, T.G., Durning, M.,
Harris, C.P., Becker, R.A. and Hearn, J.P. (1995): Isolation
of a primate embryonic stem cell line. Proc. Natl. Acad.
Sci. USA, 92, 7844�7848.

48) Thomson, J.A., Itskovitz-Eldor, J., Shapiro, S.S., Waknitz,
M.A., Swiergiel, J.J., Marshall, V.S. and Jones, J.M.
(1998): Embryonic stem cell lines derived from human
blastocysts. Science, 282, 1145�1147.

49) Mitalipov, S., Kuo, H.C., Byrne, J., Clepper, L., Meisner,
L., Johnson, J., Zeier, R. and Wolf, D.P. (2006): Isolation
and characterization of novel rhesus monkey embryonic
stem cell lines. Stem Cells, 24, 2177�2186.

50) Sato, N., Sanjuan, I.M., Heke, M., Uchida, M., Naef, F. and
Brivanlou, A.H. (2003): Molecular signature of human
embryonic stem cells and its comparison with the mouse.
Dev. Biol., 260, 404�413.

51) Ginis, I., Luo, Y., Miura, T., Thies, S., Brandenberger, R.,
Gerecht-Nir, S., Amit, M., Hoke, A., Carpenter, M.K.,
Itskovitz-Eldor, J. and Rao, M.S. (2004): Differences
between human and mouse embryonic stem cells. Dev.
Biol., 269, 360�380.



142 J. Mamm. Ova Res. Vol. 25, 2008
52) Osafune, K., Caron, L., Borowiak, M., Martinez, R.J., Fitz-
Gerald, C.S., Sato, Y., Cowan, C.A., Chien, K.R. and
Melton, D.A. (2008): Marked differences in differentiation
propensity among human embryonic stem cell lines. Nat.
Biotech., 26, 313�315.

53) Bhattacharya, B., Miura, T., Brandenberger, R., Mejido, J.,
Luo, Y., Yang, A.X., Joshi, B.H., Ginis, I., Thies, R.S.,
Amit, M., Lyons, I., Condie, B.G., Itskovitz-Eldor, J., Rao,
M.S. and Puri, R.K. (2004): Gene expression in human
embryonic stem cell lines: unique molecular signature.
Blood, 103, 2956�2964.

54) Fluckiger, A.C., Marcy, G., Marchand, M., Negre, D.,
Cosset, F.L., Mitalipov, S., Wolf, D., Savatier, P. and
Dehay, C. (2006): Cell cycle features of primate embryonic
stem cells. Stem Cells, 24, 547�556.

55) Watanabe, K., Ueno, M., Kamiya, D., Nishiyama, A.,
Matsumura, M., Wataya, T., Takahashi, J.B., Nishikawa,
S., Nishikawa, S., Muguruma, K. and Sasai, Y. (2007): A
ROCK inhibitor permits survival of dissociated human
embryonic stem cells. Nat. Biotechnol. 25, 681�686.

56) Brimble, S.N., Sherrer, E.S., Uhl, E.W., Wang, E., Kelly,
S., Merrill, A.H.Jr., Robins, A.J. and Schulz, T.C. (2007):
The cell surface glycosphingolipids SSEA-3 and SSEA-4
are not essential for human ESC pluripotency. Stem Cells,
25, 54�62.

57) Brons, I.G., Smithers, L.E., Trotter, M.W., Rugg-Gunn, P.,
Sun, B., Chuva de Sousa Lopes, S.M., Howlett, S.K.,
Clarkson, A., Ahrlund-Richter, L., Pedersen, R.A. and
Vallier, L. (2007): Derivation of pluripotent epiblast stem
cells from mammalian embryos. Nature, 448, 191�195.

58) Tesar, P.J., Chenoweth, J.G., Brook, F.A., Davies, T.J.,
Evans, E.P., Mack, D.L., Gardner, R.L. and McKay, R.D.
(2007): New cell lines from mouse epiblast share defining
features with human embryonic stem cells. Nature, 448,
196�199.

59) Shibata, H., Ageyama. N., Tanaka, Y., Kishi, Y., Sasaki,
K., Nakamura, S., Muramatsu, S., Hayashi, S., Kitano, Y.,
Terao, K. and Hanazono, Y. (2006): Improved safety of
hematopoietic transplantation with monkey embryonic
stem cells in the allogeneic setting. Stem Cells, 24, 1450�
1457.

60) Takagi, Y., Takahashi, J., Saiki, H., Morizane, A., Hayashi,
T., Kishi, Y., Fukuda, H., Okamoto, Y., Koyanagi, M.,
Ideguchi, M., Hayashi, H., Imazato, T., Kawasaki, H.,
Suemori, H., Omachi, S., Iida, H., Itoh, N., Nakatsuji, N.,
Sasai, Y. and Hashimoto, N. (2005): Dopaminergic neurons
generated from monkey embryonic stem cells function in a
Parkinson primate model. J. Clin. Invest., 115, 102�109.

61) Umeda, K., Heike, T., Yoshimoto, M., Shinoda, G., Shiota,
M., Suemori, H., Luo, H.Y., Chui, D.H., Torii, R., Shibuya,
M., Nakatsuji, N. and Nakahata T. (2006): Identification
and characterization of hemoangiogenic progenitors during
cynomolgus monkey embryonic stem cell differentiation.
Stem Cells, 24, 1348�1358.

62) Osakada, F., Ikeda, H., Mandai, M., Wataya, T., Watanabe,
K., Yoshimura, N., Akaike, A., Sasai, Y. and Takahashi,
M. (2008): Toward the generation of rod and cone
photoreceptors from mouse, monkey and human embryonic
stem cells. Nat. Biotech., 26. 215�224.


