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Development of assisted reproductive technologies in small animal
species for their efficient preservation and production

Keiji MOCHIDA"V
YRIKEN BioResource Research Center, Tsukuba, Ibaraki 305-0074, Japan

Abstract. Assisted reproductive technologies (ARTs) are widely used in the animal industry, human clinics, and for basic
research. In small laboratory animal species such as mice, ARTs are essential for the production of animals for experiments,
the preservation of genetic resources, and for the generation of new strains of genetically modified animals. The RIKEN
BioResource Research Center (BRC) is one of the largest repositories of such animal bioresources, and maintains
approximately 9,500 strains of mice with a variety of genetic backgrounds. We have sought to devise ARTs specific to the
reproductive and physiological characteristics of each strain. Such ARTs include superovulation, in vitro fertilization (IVF),
the cryopreservation of embryos and spermatozoa, transportation of cryopreserved materials and embryo transfer (ET).
Of these, superovulation likely has the most influence on animal production because it determines the quantity of starting
material for other ARTs. Superovulation using anti-inhibin serum combined with estrous synchronization has resulted in
approximately a three-fold increase in production efficiency with IVF-ET in the C57BL/6J strain. Wild-derived strains are
important as genetically diverse resources for murine rodents (Genus Mus), and many are unique to the BRC. We have also
successfully developed ARTs for more than 50 wild-derived strains, which have been cryopreserved for future use. Our work
to improve and develop ARTs for mice and other small laboratory species will contribute to the cost-effectiveness of routine

operations at repository centers, and to the provision of high quality animals for research use.
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Introduction

Laboratory species, especially mammals, are essential for the
advancement of biomedical research and human health and welfare
because they provide irreplaceable in vivo model systems. To ensure
that research using laboratory animals is reliable and reproducible,
it is critical that animals of high quality are readily available. For
this purpose, global repository centers of mice and rats serve as
core facilities for the collection, maintenance, and distribution of
laboratory rodents [1, 2]. The mouse bank (Experimental Animal
Division) at the RIKEN BioResource Research Center (BRC) is the
largest mouse strain repository center in Japan [3]. The BRC was
founded in 2001, as the national center for bioresources for research
involving mice, cell lines, experimental plants, and genes (later
extended to include microbes). Since 2002, projects for the biobanking
of these resources have been supported by the National BioResource
Project (NBRP), Japan, in recognition of the BRC’s services to the
research community. The BRC mouse bank is registered with the
International Mouse Strain Resource database (IMSR; http://www.
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findmice.org/index), and as of January 2020 it maintains approximately
9,500 mouse strains. The BRC mouse bank is growing steadily, and
collects more than 200 new strains every year, most of which are
deposited by Japanese scientists. Annually, more than 2,500 strains
are distributed to universities, institutes, and private companies around
the world. Therefore, the development of techniques that allow for
the maintenance of large numbers of high quality mouse strains, in
a safe and cost-effective manner is critical. We have developed a
number of assisted reproductive technologies (ARTs), specifically,
superovulation, in vitro fertilization (IVF), the cryopreservation of
embryos and spermatozoa, and embryo transfer (ET). We have also
developed specialized technologies such as intracytoplasmic sperm
injection (ICSI) and somatic cell nuclear transfer (SCNT) that allow
for the rescue of strains with severe infertility that may have arisen
accidentally or for genetic reasons.

In general, the primary type of ART used at mouse strain reposi-
tories is the cryopreservation of embryos and gametes because it
has numerous merits in relation to the routine operations performed.
These include the protection of valuable strains from infectious
diseases and genetic drift as a result of mutations accumulating
during breeding; prevention of the escape and death of mice during
transportation; and the reduction of costs for maintaining live mice.
However, the efficiency of producing offspring from cryopreserved
embryos or gametes can vary greatly between strains. Therefore, the
development of techniques should focus on those that are applicable to
as many mouse strains as possible. The use of ethylene glycol-based
solutions for embryo cryopreservation is one possible approach. As
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an alternative, we have also attempted to investigate strain-specific
differences in the characteristics of embryos and gametes in relation to
the efficiency of their cryopreservation, in order to devise appropriate
techniques for each strain. In this review article, we introduce the
ARTs we developed originally with special emphasis on the significant
improvements in the final yield of offspring obtained from a single
female. We also summarize the ARTs we have developed for small
laboratory rodents other than mice, which have provided invaluable
information regarding how to solve species-specific problems in the
handling of embryos and gametes.

Cryopreservation of Embryos

Cryopreservation of embryos is a reliable technique for strain
preservation in mice. As the number of genetically modified strains
with defined genetic backgrounds (e.g., C57BL/6) has increased
at a rapid rate, sperm freezing has become the primary method of
strain preservation because of its high offspring productivity and the
availability of standard (non-genetically modified) females for IVF.
However, there are many important inbred strains with undefined
genetic backgrounds, such as historical spontaneous mutant strains.
As inbred mouse strains are maintained by brother-sister mating,
inbred strains with undefined genetic backgrounds can be safely
cryopreserved as embryos, but not as spermatozoa. Furthermore,
embryo cryopreservation is more preferable than sperm cryopreserva-
tion in the case that homozygous mutants should be prepared as
early as possible.

Since the first successful cryopreservation of mice embryos by
Whittingham et al. in 1972, the slow freezing method has become a
reliable technique for cryopreserving mammalian embryos including
those of rabbits and rats in early years (Table 1) [4-7]. However,
slow freezing methods require a programmable freezer and are not
always applicable to large cells such as 1-cell or 2-cell embryos.
To overcome this problem, in 1985 Rall and Fahy developed a
vitrification method [8], which enabled the rapid cryopreservation of
mammalian embryos even at the 1-cell or 2-cell stages. Vitrification
is not a freezing method per se because there is no intracellular ice
formation and the method’s success is based on the selection of
appropriate vitrification solutions and containers. So far, the most
reliable vitrification solutions are those based on ethylene glycol.
Kasai et al. [9] named the vitrification solution “EFS” based on its
ingredients: ethylene glycol, Ficoll and sucrose. These EFS solutions
have been used successfully for the vitrification of embryos from mice,
rats, rabbits, bovines, and horses [9—13]. They have also been used

for the vitrification of embryos from mastomys (Praomys coucha),
Syrian hamsters (Mesocricetus auratus), and Mongolian gerbils
(Meriones unguiculatus) [14-19]. For example, we have produced
healthy offspring from vitrified embryos of mastomys and Mongolian
gerbils (Fig. 1). Mastomys is a genus of African small rodents that
is still not well known in the scientific community, but provides
unique animal models for lysosomal glycolipid storage disease
[20], infectious diseases [21], and gastric cancers [22]. As hamster
embryos are known to be very difficult to culture in vitro, the first
hamster offspring were obtained from cryopreserved embryos using
a vitrification method with a mixture of ethylene glycol and dimethyl
sulfoxide (DMSO; acronym EDFS) 36 years after the first successful
use of IVF in this species [23]. It was reported that vitrification of
unfertilized oocytes could be possible by increasing the cooling and
warming speeds using a special device for small volumes of EDFS.
Although laboratory mice and rats represent standard animal models
for many scientific studies, it is often desirable to use a broader range
of nontraditional animal models and, as such, the development of
basic reproductive technologies for these species is also required.
The BRC maintains a large number of mouse strains with a variety
of genetic backgrounds and the vitrification protocol that has been

Mastomys (African rodent, Praomys coucha) and Mongolian
gerbil (Meriones unguiculatus) pups born after the transfer of
vitrified-warmed embryos. (A) Mastomys pups from an agouti
coat color strain, born from a pregnant female of a chamois (light
brown) coat color strain. The pups were nursed together with
chamois coat color pups (the female’s own). (B) Mongolian gerbil
pups from a black coat color strain born from a pseudopregnant
female of an agouti coat color strain.

Table 1. Laboratory species yielding offspring following the transfer of cryopreserved embryos [4]

Species Cryopreservation method Cryoprotective agents Authors Year  References
Mouse Slow freezing 1 M DMSO Whittingham et al. 1972 [5]
Rabbit Slow freezing 1.6 M DMSO Bank et al. 1974 [6]

Rat Slow freezing 1.5 M DMSO Whittingham et al. 1975 [7]

Mastomys Vitrification (2-step) 20% EG+F+S and 40% EG+F+S Mochida et al. 1998 [14, 15]
Hamster Vitrification (2-step) 10% DMSO+10% EG and 20% DMSO+20% EG+F+S  Lane et al. 1999 [16, 17]
Mongolian gerbil Vitrification (2-step) 20% EG+F+S and 40% EG+F+S Mochida et al. 1999 [18, 19]

DMSO, dimethyl sulfoxide; EG, ethylene glycol; F, Ficoll; S, sucrose.
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optimized for standard strains such as C57BL/6 does not always
work well for other strains. We found that the EFS solutions are more
broadly applicable to a variety of mouse strains. Thus, we developed
a technique using a new EFS solution, designed for routine use at
the BRC. Importantly, we optimized the technique for vitrification
by using cryotubes as containers instead of the plastic straws used
in the original method, in order to avoid accidental breakages during
handling or transportation. This method has now been used routinely
for most strains maintained at the BRC for 18 years. The detailed
protocol is available as a video journal for researchers and operators
[24]. Generally, vitrified embryos should be kept supercooled below
—130°C to avoid damage. This means that liquid nitrogen and special
containers for maintaining supercooled temperatures (dry shippers) are
necessary for the storage and transportation of embryos, respectively.
To bypass this, we developed an equilibrium vitrification (or high
osmolality vitrification, HOV) method (Table 2) [25] to preserve
embryos in a vitrified state at dry ice (CO,) temperature (—80°C)
in collaboration with Dr Kasai and others [26—29]. This maintains
the viability of vitrified embryos in a conventional deep freezer or
dry ice box. This method was deemed successful, as normal mice
were recovered at the UK and USA after such embryos had been
transported in a conventional dry ice package from our center [28].

Sperm Cryopreservation and IVF

Cryopreservation of spermatozoa is an effective method for the
preservation of gene-modified strains with a defined genetic back-
ground because haploid gametes are sufficient for the propagation
of such mouse strains and a large number of spermatozoa can be
obtained from a single male mouse. It is important to note that
the first reliable protocol for mouse sperm cryopreservation was
developed approximately 30 years ago [30] and the contents of the
cryopreservation solution (raffinose and skim milk) have remained
largely unchanged. However, recently several important modifications
have been made to improve the IVF fertilization rates and handling
efficiency. The original containers recommended for this technique
were plastic straws, but we have since optimized the protocol for
freezing in cryotubes, which are preferably used in many facilities
in the USA and Europe [31, 32]. The original protocol developed
by Takeshima et al. is not always applicable for spermatozoa from
C57BL/6J mice, one of the standard strains. Choi et al. first reported
that methyl-B-cyclodextrin (MBCD) significantly accelerated the

301

capacitation of spermatozoa, most likely because cholesterol is
removed from the sperm plasma membrane due to its strong binding
affinity with MBCD [33]. Takeo et al. found that this MBCD-based
IVF system significantly improved fertilization rates using frozen—
thawed C57BL/6J spermatozoa [34]. Similarly, we reported that the
combination of MBCD with D-penicillamine, sodium citrate, and
hypotaurine improved the capacitation of frozen-thawed C57BL/6J
spermatozoa [35]. Takeo and Nakagata further improved the fertiliza-
tion rates using frozen-thawed C57BL/6J spermatozoa through the
addition of glutamine to the MBCD medium [36]. Another important
modification related to IVF using frozen—thawed spermatozoa has
been the addition of reduced glutathione (GSH) to the IVF medium
[37]. GSH relaxes the S-S bonds of the zona pellucida of oocytes
and increases the probability of the frozen—thawed spermatozoa
penetrating this barrier. Importantly, the combination of MBCD
in the sperm preincubation medium and GSH in the IVF medium
synergistically improved the fertilization ability of frozen—thawed
spermatozoa [38—40]. Furthermore, we reported a microdroplet IVF
method in which the volume was reduced to 1 pl, which meant that
an optimal concentration of spermatozoa could be achieved even
with small numbers [41]. With this method, the oocyte/sperm ratio
could be reduced to 1/240, which enabled us to fertilize oocytes using
spermatozoa rendered poorly motile due to inadequate freezing or
for genetic reasons.

While the efficiency of IVF using frozen—thawed C57BL/6J
spermatozoa has reached a practical level, as referenced above,
it is still not understood why spermatozoa are highly sensitive to
freeze-thawing. To determine the molecular mechanisms, we attempted
to map the genetic regions responsible for this susceptibility. We
performed IVF using spermatozoa from recombinant inbred strains
of mice derived from the C57BL/6J and DBA/2J strains, whose
spermatozoa showed distinct fertilization abilities after freezing
and thawing. Genome-wide interval mapping identified two sug-
gestive quantitative trait loci (QTL) associated with fertilization on
chromosomes 1 and 11 [42]. We confirmed that at least four and
three of the genes on these chromosomes, respectively, possessed a
single nucleotide polymorphism between the B6J and D2J strains,
according to the MGI database (http://www.informatics.jax.org/). Of
them, Abl2 on chromosome 1 and Nlrp3 on chromosome 11 have
amino acid substitutions. The Abl2 protein is known to coordinate
actin remodeling and is a key regulator of subcellular structures [43].
The Nlrp3 protein is a member of the family of Nod-like receptor

Table 2. Survival rates and developmental ability of 2-cell embryos in several mouse strains after vitrification using the high

osmolality vitrification (HOV) method [25]

No. (%) of embryos No. (%) of recipients No. (%) of
Strain Frozen Recovered Survived Transferred Delivered Transferred  Implantation  Offspring
(%) (%) (%) embryos sites (%) (%)
C57BL/6J 265 263 (99) 256 (97) 9 9 (100) 118 104 (88) 85 (72)
C57BL/6N 175 173 (99) 168 (97) 3 3(100) 40 36 (90) 21(53)
BALB/cA 210 210 (100) 206 (98) 3 3 (100) 40 31 (78) 18 (45)
129/8v] 100 100 (100) 93 (93) 3 3(100) 41 33 (80) 27 (66)
DBA/2N 200 200 (100) 193 (97) 6 6 (100) 77 44 (57) 25(32)
C3H/HeN 100 99 (99) 96 (97) 3 3 (100) 41 27 (66) 19 (46)
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(NLR) proteins, which are important for immunity, helping to start
and regulate the immune system’s response to injury, toxins, or
invasion by microorganisms [44].

IVF can be used to generate large numbers of zygotes without
requiring a significant number of single-caged males for mating.
Therefore, the quality of spermatozoa from the donor male is criti-
cal. In order to achieve high fertilization rates (>70%) it is usually
necessary to use male mice older than 12 weeks [45]. Consequently,
at least 15 weeks (including the pregnancy period) are required to
obtain a new generation of mice. If the technique of microinjecting
mouse oocytes was available in laboratories, it would allow for the
use of the first-wave of round spermatids from males of 17 days old
[46]. Ogonuki et al. [47] established a high-speed congenic strategy
using round spermatids from immature males aged 22-25 days, in
which a new generation of mice can be obtained within 50 days.
Subsequently, we sought to determine the youngest age that males
could be used for effective IVF. We found that in approximately
half of male mice aged 35 days, the spermatozoa had reached the
caudal regions of the epididymides, but did not show any progressive
motility. Furthermore, on average fertilization rates of 72% could be
obtained using spermatozoa from males of 40 days old [48]. This
indicates that our protocol will reduce the turnover time required for
the generation of mice by approximately 1 month compared with that
of the conventional IVF protocol. This is especially advantageous
for the establishment of congenic strains by repeated backcrossing.

Superovulation

Collecting sufficient number of oocytes from females through the
induction of superovulation is a critical step for successful ARTs.
In mice, superovulation driven by consecutive injections of equine
chorionic gonadotropin (eCG) and human chorionic gonadotropin
(hCG) has been the gold standard [49]. However, exogenous eCG
collected from mares is not always effective for mice and certain strains
are known to be unresponsive to this hormone [50]. Alternatively,
regulation of the endogenous endocrine system could be a more
effective superovulation regimen. Taya and Watanabe established such
a system using anti-inhibin serum (AIS). According to their protocol,
endogenous inhibin secretion can be neutralized by injecting AIS, and
as a result, endogenous follicle-stimulating hormone (FSH) secretion
from the pituitary gland is maintained at high levels, thus inducing
much larger numbers of developing follicles in a variety of species
including laboratory and domestic animals [51-56]. Using AIS-hCG
injections we succeeded in collecting approximately 25 oocytes per
female mouse in MSM and JF1 mice [57] and in wild-derived strains
of Mus musculus molossinus [58]. This corresponds to a fivefold
increase in oocyte release compared with that of eCG-hCG injec-
tions. We also applied this protocol to other wild-derived strains and
classified them into AIS-hCG-susceptive and eCG-hCG-susceptive
strains. Accordingly, we optimized the superovulation protocols for
each wild-derived strain and successfully cryopreserved embryos
from 37 of them [25]. Among them, 20 strains were more effectively
superovulated with AIS-hCG than with eCG-hCG injections.

We then aimed to optimize the superovulation protocol for conven-
tional laboratory strains using AIS. We found that the effectiveness of
the AIS—hCG protocol largely depended on the stage of the female

estrous cycle. When C57BL/6 mice of 10-14 weeks of age were
injected with AIS-hCG at defined estrous stages, the highest number
of oocytes was obtained from females treated at metestrus. We,
therefore, examined whether the estrous cycle could be synchronized
using two daily injections of progesterone (P4) (designated Days 1
and 2), based on the protocol established for guinea pigs [59-61].
As a result, 93% of mice were synchronized to metestrus at Day 4
irrespective of the estrous stage at the time of P4 treatment. Using
this method of estrous synchronization followed by the AIS-hCG
treatment, we collected 59 normal oocytes on average from each
C57BL/6] female mouse (Fig. 2, Tables 3, 4) [40, 62]. This corresponds
with an approximately 3.5-fold increase in oocyte recovery compared
with that following eCG-hCG treatment. We confirmed that this
protocol was also effective for other mouse strains, BALB/cA, ICR,
and B6D2F1 (3.0-, 2.2-, and 2.8-fold increases, respectively; Fig.
2). In our laboratory, we routinely use this superovulation protocol
when only limited numbers of females are available e.g., when using
a small number of conditional knockout females for the analysis of
maternal (oocyte) factors during development.

Effective Production of Pseudopregnant and
Pregnant Females

The threefold increase in the number of oocytes that can be collected
from one female, achieved through estrous cycle synchronization
followed by AIS-hCG injections, significantly reduces the number
of females required for experiments. Following this, we examined
whether the same synchronization protocol could be used for re-
ducing the size of female colonies required for ET experiments.
After randomly selected ICR females were treated with two daily
injections of P4 (Days 1 and 2), 85% of females were synchronized
at metestrus on Day 3, which is consistent with the results from
C57BL/6 females [63]. Subsequently, when P4-treated females

Normal oocytes: [_|eCG-hCG [] 2P4-2AIS-hCG
Abnormal oocytes: i}

C57BL/6J I—'

BALB/cA

ICR
B6D2F1
L —
0 20 40 60 80
No. of oocytes ovulated
Fig. 2. Results of superovulation with equine chorionic gonadotropin

(eCG)- human chorionic gonadotropin (hCG) injections or two
daily injections of both progesterone (P4) and anti-inhibin serum
(AIS)-hCG in inbred (C57BL/6J and BALB/cA), outbred (ICR)
and hybrid (B6D2F1) strains [62].
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Table 3. Superovulation and in vitro fertilization (IVF) rates with various treatments in the C57BL/6J strain [40, 62]

Experimental group / Day of injection

No. of females

Mean number of oocytes (+ SE)

Fertilization rate (%)

1 2 3 4 5 6 Total Normal  Abnormal
29 21+2 1742 5+1 953+ 1.1
15 23+3 18+2 541 97.0+2.1
25 41£58  40+5 140 87.3+58
21 50+5 49+5 140 84242
hCG 23 62+5° 595 3x1 85.2+ 4.0

P4, progesterone; AIS, anti-inhibin serum; eCG, equine chorionic gonadotropin; SE, standard error. A two-way ANOVA was performed
to analyze the mean numbers of oocytes within the top four rows: total number of oocytes, eCG < AIS. Post hoc multiple comparisons
using the Tukey-Kramer procedure were used to analyze the mean numbers of oocytes for the three AIS groups (a—b: P < 0.05).

were paired with vasectomized male mice for 4 days (Days 4-8), a
vaginal plug was found in 63% of females on Day 7. The females
were subsequently used as recipients on Day 7 for vitrified—warmed
2-cell embryos, 52% of which developed into offspring, a similar
rate to that of the conventional ET procedure. Similarly, 77% of
the P4-injected females became pregnant after mating with intact
males for 3 days, which allowed the scheduled preparation of foster
mothers [63]. Thus, our estrous cycle synchronization method can
help bypass the conventional experience-based process of choosing
females for sterile or fertile mating. Importantly, we estimate that
the size of female stocks required as recipients in ET procedures
can be reduced to less than 20% of those needed for conventional
approaches, which would confer significant benefits for facilities
undertaking mouse ARTs.

-
(2]

-
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Towards the Goals of ARTs

The most important parameter measured as part of our ART
development program is the final yield of pups obtained per single
female. Through our cumulative ART advancements, we have
significantly improved the final yields of pups in standard inbred
strains as well as in wild-derived strains (Fig. 3) [25]. Generally, the
number of offspring produced from one female can be estimated by
multiplying the number of oocytes obtained per female, fertilization
rates, survival rates after vitrification at the 2-cell stage, and birthrates
after ET into the oviducts of pseudopregnant females at Day 1. For
example, in the standard C57BL/6J strain, the final yield in the past
was: 21.3 oocytes x 88% IVF rate x 97% survival after vitrification
x 72% birth rate = 13.1 pups/female. However, due to improvements
in superovulation methods with AIS, this final yield has increased
to 30 pups/female at the BRC and 42 pups/female at the Center

-
N
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Efficiency or reproduction (x times)

BFM/2
Alz ‘
C57BL/6N [
TOM
129/SvJ [
KOR1
NJL
DBAI/2N [

C57BLI/6J [

Fig. 3.

Mean litter size by natural
mating in wild-derived strains

C3H/HeJ
KOR1-Is
MSM-Tyc
IRK
AST
OKH ‘
MSM-Wv
HMI
STM1
* SWN
MAE
AST(t-) !
KOR5
CASP
WLA
KJR

Overall reproduction efficiencies in wild-derived strains (gray bars) and standard inbred strains (white bars) [25]. The efficiencies were calculated

as the number of offspring produced from one superovulated female i.e., the multiplication of the average of the number of collected oocytes
per female based on equine chorionic gonadotropin (eCG) or anti-inhibin serum (AIS) treatment, the fertilization rate with fresh spermatozoa,
the survival rate of embryos vitrifed using the high osmolality vitrification (HOV) method, and the birthrate after embryo transfer (ET) via the
conventional or improved method. For the SWN strain, birthrate data were obtained based on embryos derived from natural mating (*).
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Table 4. Total yield of offspring per female treated with Assisted reproductive technologies (ARTs) in the C57BL/6J strain at each

facility: data added to those in reference [40]

Abbreviation of facility =~ Age of females  Superovulation Normal IVF ET No. pups/females

[Reference no.] (wks) method oocytes/female (%) (%) superovulated
NIRS [64] 8-12 eCG 18.8 91.1 52.0 8.9
JAX [65] 34 eCG 25.0 66.3 53.1 8.8
CIE [66] 8-16 eCG 20.0 83.2 60.0 10.0
CARD [67] 4 eCG 27.7 96.4 43.6 11.6

4 TASe * 107.2 89.8 NT ** 42,0 ***
BRC [25, 62] 10-20 eCG 21.3 88.2 72.0 13.1
10-20 AIS **%* 59.0 85.2 60.0 30.2

NIRS, National Institute of Radiological Sciences; JAX, The Jackson Laboratory; CIEA, Central Institute for Experimental Animals;
CARD, Center for Animal Resources and Development; BRC, RIKEN BioResource Research Center. AIS, anti-inhibin serum;
eCG, equine chorionic gonadotropin; IVF, in vitro fertilization; ET, embryo transfer. * Mixture of AIS—eCG injected to prepubertal
females. ** Not tested. *** Estimated from the result of the eCG treatment. **** Twice daily injections of progesterone (P4) (estrous

cycle synchronization) and AIS.

for Animal Resources and Development (CARD; using immature
females) in the C57BL/6J strain (Table 4) [40].

It should be emphasized that the majority of researchers who use
mice benefit from recent ART advancements because of the high pup
production in the standard C57BL/6 strain. However, inefficiency
at any of the ART steps will cause a significant decrease in pup
production, and many mouse strains have a low conception rate
following treatment with ARTs because of strain-specific technical
difficulties. As genetically modified strains with different backgrounds
can be generated rapidly using modern gene-editing technologies, it
is important to ensure these strains are receptive to ART for easier
maintenance and research use. Typical examples include the A,
BALB/c and DBA/2 strains, which have been used for many years
in specific biomedical fields such as immunology. They remain poor
breeders even with the most advanced ARTs, primarily because their
embryos easily loose viability after handling in vitro. We are now
developing new methods to minimize the in vitro-induced damage to
these embryos by improving the ET and embryo culture protocols.

When we started developing ARTs for wild-derived strains ap-
proximately 10 years ago, embryos from most strains were unable
to develop to term after being transferred into pseudopregnant ICR
females. In the wild-derived strains belonging to M. m. molossinus,
MSM/Ms embryos, but not JE1/Ms embryos, failed to develop to
term after embryo transfer because of intrauterine death at mid to
late gestation. Although the exact reason for this strain-specific
difference within M. m. molossinus is unknown, it may be related to
the fact that JF1/Ms is genetically more identical to laboratory strains
than MSM/Ms [68]. We overcame this problem by developing an
improved ET method, which combined the cotransfer of ICR strain
embryos with an injection of the immunosuppressant cyclosporine A
to recipient females at Day 4. Interestingly, fetal death at midgestation
is found only in MSM/Ms embryos transferred into ICR recipients.
Although some other wild-derived strains of M. m subspecies do not
develop in ICR recipients, their death occurs at the peri-implantation
stage or earlier, unlike in MSM/Ms embryos. Nonetheless, healthy
pups in at least 14 wild-derived strains were obtained for the first
time using our improved ET method (Fig. 4) [25]. It is likely that

cotransfer with ICR embryos rescues a small number of surviving
wild-derived mouse embryos by maintaining pregnancy to term.
In support of this hypothesis, we noted that our new ET method
increased the pup delivery rate by 1-3 pups/litter (from 7/37 ET to
16/35 ET) and decreased the number of cases where there was no
delivery (from 9/37 ET to 1/35 ET).

However, the production of offspring is still difficult in strains
belonging to the subspecies M. m. castaneous and in the species M.
spretus and M. spicilegus. While we are making efforts to develop
ARTs specifically for these strains, we are also attempting to preserve
their genetic resources by using embryonic stem cells (ESCs). We
have established ESCs derived from natural fertilization, IVF, and
SCNT using peripheral leukocytes, at least some of which were
shown to have the potential to contribute to generating chimeric
mice with ICR blastocysts (Fig. 5; unpublished data). The SCNT
method is better than the former two methods as it does not require the
sacrifice of valuable wild-derived mice, although the mitochondrial
genome is largely derived from the recipient oocyte strain [69].
If preservation of mouse strains is possible with ESCs, it may be
possible to prevent their extinction. Furthermore, they may also be
useful for generating gene-modified strains and for mouse genomic
research, especially with ESCs from wild-derived strains carrying
abundant genetic polymorphisms.
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