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a b s t r a c t

Prairie vole (Microtus ochrogaster) is a highly social animal and is a commonly used animal model for
neuropsychopharmacological and psychiatric studies. To date, only a few reports on the development of
transgenic prairie voles which was primarily due to the suboptimal development of assisted reproductive
technology (ART) in prairie voles. Limitations in ART further hinder the development of genetically
modified prairie voles such as the application of conventional gene targeting technologies using em-
bryonic stem (ES) or induced pluripotent stem (iPS) cells to generate chimeric prairie voles. Moreover,
recent advancement in genome-editing tools such as transcription activator-like effector nuclease
(TALEN) and clustered regulatory interspaced short palindromic repeat (CRISPR)/Cas technology provide
an unprecedented opportunity to create gene targeting animal model and the development of ART in
prairie voles is necessary for future development of novel transgenic prairie vole model. We have
established efficient method for in vitro embryo culture and sperm cryopreservation with high fertil-
ization rate. In G-1 PLUS and G-2 PLUS sequential culture condition, 81.0% (# of Blastocysts/total n) of
one-cell embryos developed to blastocysts. In contrary, no embryos were developed to blastocyst stage in
KSOM medium (0/total # of embryos in culture). In vitro fertilization rate using fresh and frozen-thawed
sperm was 32.6% and 29.3%, respectively. This is the first report of IVF using cryopreserved prairie vole
sperm. We employed mouse IVF methods in prairie voles and optimize culture conditions using human
G-1/G-2 PLUS sequential culture method that resulted in high embryonic development rate. The
development in vole reproductive technology will facilitate the generation of transgenic voles in the
future.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Animal model is important for studying psychiatric disorders
and development of therapeutic methods for depression, schizo-
phrenia, and other psychiatric diseases. In case of autistic spectrum
disorders, there is increase interest in developing transgenic rodent
model with deletion or genetic modification of a selected gene of
interest that lead to deficit in social skills [1e3]. However, that fact
that mouse social behavior is relatively limited [4], the develop-
ment of an animal model with more robust social behavior is
necessary for studying psychiatric disorders and the neurological
physiology in humans.
himori).
Prairie vole, a native rodent species of North America, is known
for its higher level of sociality, such as monogamous pair-bonding,
minor-type mammalian social behavior, and prairie vole pairs
nursing their offsprings together [5e7]. Additionally, mating within
littermates is not observed. These social behavioral characteristics
are different from those in mice and therefore, prairie voles are
being considered a more suitable animal model for the study of
human psychiatric disorders. However, very limited studies on
these species have been reported. Of these, one of the first reports
on genetically modified prairie voles suggested the potential of this
unique animal model in studying social behavior. Prairie voles were
infected with adeno-associated virus (AAV) expressing the arginine
vasopressin receptor 1A (Avpr1a) gene in the ventral pallidum. This
study showed that the expression of Avpr1a in ventral pallidumwas
critical for formation of pair-bonding in male voles [8]. Similarly,
overexpression of oxytocin receptor (Oxtr) in the nucleus
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accumbens (NAcc) of female prairie voles by AAV showed that the
expression level of Oxtr in the NAcc was important for pair-bonding
behavior in females [9]. These studies were achieved by focal AAV
gene transfer in selected brain region of adult prairie voles and only
a limited population of neural at the injection site were transfected,
thus the systemic impact of the gene of interest such as Oxtr cannot
be determined without the development of germline transgenic
prairie voles. So far, there are only two reports on the creation of
germline transgenic prairie voles using lentiviral vector [10,11]. To
our knowledge, there are no reports to date on generation of gene
knock-out (KO) or knock-in (KI) prairie voles.

The development of zinc-finger nuclease and TALEN technolo-
gies have accelerated genome-editing in fertilized eggs for the
production of gene targeted animals [12e14]. Recent advancement
of CRISPR/Cas technology has greatly accelerated the creation of
gene targeted animals because of its high efficiency and simplicity.
Since the first report of the creation of gene KO mouse using
CRISPR/Cas [13], widespread applications in different animal spe-
cies such as rats and monkeys have been increasing [15e19]. We
expect that gene targeted prairie voles can be produced by using
CRISPR/Cas technology.

One of the major challenges in the creation of gene targeted
prairie voles by using genome-editing tools such as CRISPR/Cas
technology is the suboptimal development of ARTs in prairie voles.
This study was aimed to establish ARTs in prairie by adopting
methods that are commonly used in mice, which include IVF and
in vitro culture [20]. The success of in vitro culture of mice embryos
from one-cell to blastocyst stage was first reported by Witten [21],
and soon after, the generation of newborn mice was achieved by
implantation of in vitro produced embryos in the uterus [22],
laying the foundation of today mouse molecular genetic
technologies.

In this study, we reported the development of ovulation pro-
cedures, IVF procedure, and in vitro embryo culture until blastocyst
stage in prairie voles. Our results were comparable to mice and
expected to facilitate future gene editing in prairie voles.

2. Materials and methods

2.1. Animals

The protocols for care and use of prairie voles in this study were
approved by the Institutional Animal Care and Use Committees of
Tohoku University. All animals were maintained on a 12 h light:
12 h dark cycle and were provided with ad libitum food and water
access.

For breeding, 1 male, between 2 months and 1 year old, was
housed with 1 female of a similar age. Pups were weaned 3 weeks
after birth and fed together, with 3e4 animals per cage.

2.2. Stud males

Male prairie voles, > 2 months old, were used as studs. Up to 4
animals were housed in each cage and were separated just before
breeding.

2.3. Vasectomized males

Male prairie voles, > 2 months old, were selected to prepare vas
voles (vasectomized male prairie vole). Voles were anesthetized
with 3% isoflurane (Wako Pure Chemical Inc. Ltd, Osaka, Japan),
laparotomized, seminiferous tubules were closed by heated for-
ceps, and the incisions were closed. Vas voles were allowed to heal
for at least a week before use.
2.4. Superovulation

To induce ovulation, 8- to 10-weeks-old female prairie voles
were abdominally injected with 30, 60, or 100 IU/100 ml pregnant
mare serum gonadotropin (PMSG; Peamex 1000 IU, Novartis Ani-
mal Health Co. Ltd.) 2 h before the beginning of the dark cycle. Each
female was placed in a cage with a stud male, separated by a
transparent and perforated PLC divider. After 48 h of separated co-
habituation, female prairie voles were abdominally injected with
30, or 60 IU/100 ml human chorionic gonadotropin (hCG; Puberogen
1500 IU, Novartis Animal Health Co. Ltd.), and the divider was
removed to induce copulation. After 15 h of removal of the divider,
female voles with confirmed mating were sacrificed using CO2, and
their oviducts were dissected.

2.5. Harvesting embryos

Using a 26-gauge needle, oviducts were cut in M16 medium
(M7292, Sigma Co Ltd., St Louis, MS, USA) under a microscope, to
harvest fertilized eggs. An egg was confirmed to be fertilized by
observing presence of sperm. Eggs were stored in the same me-
dium under mineral oil (2613785, Nakarai Tesque Co Ltd., Kyoto,
Japan), in a humidified 5% CO2 chamber at 37 �C. For extended
culture until blastocyst stage, fertilized eggs were moved to
different media as follows: G-1 PLUS (Vitrolife, 10128) followed by
G-2 PLUS (Vitrolife, 10131), Global (Life Global, LGGG-100), or
KSOM (Arc resource) medium, and incubated further at 37 �C with
5% CO2. G-1 PLUS mediumwere exchanged to G-2 PLUS medium at
8 cell stage (2.5e3.5 day in vitro (DIV)). Five to ten embryos were
co-cultured per a well in 4 well plate (Thermo Fisher Scientific
Inc.,).

2.6. Collection of 2-cell embryos

After 45 h post removal of the cage divider, 2-cell embryos were
collected from the ampulla of oviducts from post-ovulation female
voles, via a similar procedure as that used for preparation of
fertilized eggs described above, and embryos were cultured in M16
medium.

2.7. In vitro fertilization (IVF)

Male voles, 10 weeks old, were euthanized using CO2. Sperm
were collected from the epididymides and incubated in Fertiup
medium (Cosmo Bio Co. Ltd, Japan) at 37 �C with 5% CO2 for 30 min
and subsequently added to human tubal fluid (HTF) medium
(Cosmo Bio Co. Ltd, Japan) containing unfertilized eggs which had
no first polar body. After incubation with the sperm for 5 h, eggs
were washed 3 times in G-1 PLUS medium. The next day, efficiency
of fertilization was evaluated by the rate of development to 2-cell
stage.

2.8. Sperm viability

Male voles, 17 weeks old, were euthanized using CO2. Sperm
were collected from epididymies and placed into 120 ml Fertiup
medium. The sperm suspensionwas diluted 1:1000, and active and
inactive sperm were counted under a stereomicroscope using a
hemocytometer.

2.9. Sperm cryopreservation

Sperm were collected through a procedure similar to that used
for sperm viability described above, 10 ml Fertiup medium with
sperm was placed into each vial and frozen-thawed according to
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procedures previously described for cryopreservation and thawing
of mice sperm [23].

2.10. Embryo transfer

Avasectomized male prairie vole and a 10-week-old female vole
were housed together in the same cage but separated by a trans-
parent and perforated divider. After co-habitation for 3 days, the
divider was removed and mating was allowed to proceed. The next
day, pseudopregnant female voles were anesthetized using 3%
isoflurane and 4 to 15, 2-cell embryos were transferred into ovi-
ducts of each animal.

2.11. Statistics

The results are expressed as mean ± standard error (SE). Stu-
dent's t test was used for statistical analysis of the results and a P
value of <0.05 was considered as statistically significant.

3. Results

3.1. Fertilized eggs from superovulated, female prairie voles

We used superovulation procedures in prairie voles as previ-
ously described [11] and compared the conditions established in
this study. Administration of PMSG/hCG at 3 different dose com-
binations produced the following result: (i) 100 IU/30 IU dose: an
average of 2.6 eggs per individual vole regardless of fertilization, (ii)
60 IU/60IU dose: an average of 5.6 eggs, and (iii) 30 IU/30IU dose:
an average of 3.2 eggs, respectively. However, these were not
significantly different, where (i) v.s. (ii) F ¼ 0.51, P ¼ 0.22; (ii) v.s.
(iii)F ¼ 0.28, P ¼ 0.37 (Fig. 1). Recalculation of their value with
avoidance of data from infertile voles showed 11.2 ± 1.1 for 60 IU/60
IU dose level, which was similar to that previously reported by
Keebaugh et al. [11].

3.2. In vitro culture of fertilized eggs

We performed in vitro culture of fertilized eggs until blastocysts
stage using KSOM medium, however, no one-cell eggs developed
into 2-cell or subsequent stages (Fig. 2). We then tested Global
medium (or the combination of G-1 PLUS medium followed by G-2
PLUS medium for in vitro vole embryo culture.
Fig. 1. Comparison of hormonal regimen for the production of onc-cell embryos. PMSG
was administered at 48 h before the administration of hCG. The number of embryos
collected from superovulated females was not significant differences between each
hormone regimen.
In the culture using Global medium, 47.5% one-cell eggs devel-
oped to blastocyst stage. Sequential culture by using G-1 PLUS
medium and G-2 PLUS medium yielded the best the development
of one-cell embryos to blastocyst stage (81.0%) as well as of the
development of in vivo produced 2-cell embryos to blastocyst stage
(88.9%). Thus, we overcame the challenge of the 2-cell block in the
development of prairie vole embryos by adopting the G-1/G-2 PLUS
medium system.

3.3. IVF using fresh sperm

IVF using unfertilized eggs, that were confirmed that they had
no first polar body, from female prairie voles and freshly-obtained
vole sperm resulted in 32.6% (SEM ± 7.30) fertilization rate,
confirmed by cell division to 2-cell embryos (Fig. 3).

3.4. IVF using frozen-thawed sperm

Although viability of frozen-thawed sperm was lower than that
of fresh sperm, the efficacy of IVF with frozen-thawed sperm (29.3%
SEM ± 12.3) was similar to that with fresh sperm (F ¼ 0.42,
P ¼ 0.86) (Fig. 3).

3.5. Oviduct transfer of 2-cell stage embryos

We implanted 4 embryos at 2-cell stage into the oviduct of
pseudopregnant female prairie voles and we obtained 2 newborn
animals.

4. Discussion

We were successful in obtaining an adequate number of fertil-
ized, prairie vole eggs and confirmed previously-described condi-
tions used for superovulation [11]. We evaluated 3 different dose
combinations of PMSG/hCG and obtained a similar yield.

In this study, we developed modified procedures to facilitate
the development of fertilized prairie vole eggs from single-cell to
blastocyst stage, with higher efficiency. We anticipate the need for
advanced technology to produce genetically-modified prairie vole
lines, including precise insertions of certain genes with specific
modifications, use of vole ES cells, etc. The procedures developed
in this study will significantly facilitate this kind of work in the
future.

To our knowledge, this is the first report of in vitro fertilization
(IVF) of prairie vole oocytes using freshly and frozen-thawed prairie
vole sperm at fertilization rate at 32.6% and 29.3% respectively.
Cryopreservation of vole sperm was also successfully achieved.
Although the viability of frozen-thawed vole spermwas lower than
that of freshly prepared sperm, the fertilization rate was not
different between fresh or frozen-thawed sperm using commer-
cially available medium developed for cryopreservation of mice
sperm. Success in these procedures could provide a means to not
only preserve and distribute newly-generated vole lines, but also
generate pathogen-free SPF vole lines.

A previous report described the possibility of in vitro culture of
prairie vole fertilized eggs until blastocyst stage [24]. However,
details of media, culture conditions, and developmental rate were
not provided. Here we developed optimal vole embryo culture
conditions with high blastocyst yield from one-cell embryos using
G-1 PLUS and G-2 PLUS sequential media, originally developed for
human fertilized eggs.

Prairie vole blastocysts are essential to obtain vole ES cells and
to generate chimeric embryos using ES or iPS cells. In vitro culture
of blastocysts from one-cell embryos is advantageous over in vivo
produced blastocysts due to higher recovery of blastocysts from



Fig. 2. Comparison of in vitro embryo culture media. A. Embryos collected from female prairie voles were cultured in different medium (KSOM, G-1 PLUS/G-2 PLUS, Global). B.
Pictures of prairie vole embryos cultured in vitro; (a), 1 cell (0 DIV); (b), 2 cells (1 DIV); (c), 4 cells(2 DIV); (d), morula(3-4 DIV); (e), blastocyst(4-5 DIV). Scale bar ¼ 50 mm.

Fig. 3. Cryopreservation of prairie vole sperm and IVF. A. The viability of frozen-thawed sperm and freshly prepared sperm. B. Fresh and frozen-thawed sperm showed similar
in vitro fertilization rate.
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single-cell embryos. We also successfully produced newborn vole
pups, after oviduct transfer of 2-cell embryos.

We believe that the generation of transgenic prairie voles will be
facilitated by the techniques developed in this study.

However, further optimization on the administration of
gonadotropin derived from other animal species, dosage, duration
of administration, age of animals for hormonal treatment are
necessary to improve the yield of fertilized vole eggs.
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