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Abstract

Purpose Our previous study demonstrated that vitrified–

warmed ovarian tissue autotransplantation (VOAT) into

estrus cycle-ceased ovariectomized mice restored fertility

to achieve full-term fetal development for transferred

embryos, while less steroidogenesis in the corpus luteum

was observed in VOAT mice. It has been reported that the

window of uterine receptivity for blastocyst implantation is

extended at lower estrogen levels. Therefore, we hypoth-

esized that duration of the window in VOAT mice could be

extended.

Methods Blastocysts were transferred into VOAT mice

on day 5 of pseudopregnancy. Immunohistochemical

analysis was performed to examine the potential in VOAT

ovarian tissues.

Results The rate of live birth pups from embryos trans-

ferred on day 5 of pseudopregnant VOAT mice was not

different from that of embryos transferred on day 4 of

pseudopregnancy in VOAT mice, while embryo transfer on

day 5 into intact mice showed no pregnancy. Immunohis-

tochemical analysis of the corpus luteum of day 8 pseu-

dopregnant VOAT mice with uteri having decidualization

induced on day 5 showed less steroidogenesis and blood

vessel formation as compared to intact mice.

Conclusions Uterine receptivity was extended in VOAT

mice. Less steroidogenesis and blood vessel formation in

the transferred ovarian tissues may be associated with the

extended uterine receptivity.

Keywords Embryo transfer � Implantation � Ovarian

tissue autotransplantation � Pregnancy � Vitrification

Introduction

Ovarian cryopreservation appears to be a potentially valu-

able method for fertility preservation. Because iatrogenic

infertility caused by a decline in ovarian function after

chemotherapy and radiotherapy is a serious problem for

cancer patients [1], ovarian cryopreservation followed by

re-implantation has been widely advocated [2–6]. However,

the best technical approaches are still controversial [7].

The mouse is an important model for studies in ovarian

transplantation and cryopreservation. For example, xeno-

grafts can survive in immunodeficient host animals, such as

severe combined immunodeficiency (SCID) and nude

mice, which have been used to test viability after transport

or cryopreservation of ovarian tissue [8]. Allograft of

cryopreserved ovarian tissue into the kidney capsule of

SCID mice allows the recovery of oocytes for in vitro

maturation, followed by in vitro fertilization (IVF), embryo

transfer, and subsequent birth of pups [9, 10].

In contrast, autotransplantation of ovarian tissue has been

demonstrated in mice. Our previous study demonstrated that

fresh ovarian tissues that were autotransplanted underneath

the kidney capsule supported pregnancy and full-term fetal

development for transferred embryos [11]. We also dem-

onstrated that vitrified–warmed ovarian tissue autotrans-

plantation (VOAT) into estrus cycle-ceased ovariectomized

mice restored fertility to achieve full-term fetal develop-

ment for transferred embryos [12]. Although VOAT mice
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using our methods possessed sufficient potential to support

pregnancy and full-term development, steroidogenesis and

blood vessel formation in the corpus luteum in VOAT mice

were lower than those in intact mice [12].

To successfully establish pregnancy in mice, the uterine

receptivity for implantation lasts for a limited time period

[13–16]. At this stage, the uterine environment is able to

support blastocyst growth, attachment, and the subsequent

events of implantation. The major hormones that specify

uterine receptivity are the ovarian steroids progesterone

(P4) and estrogen (E2). The prereceptive uterus on day 3 of

pregnancy (day 1 = vaginal plug) becomes receptive on

day 4 under the influence of rising P4 and a small amount

of ovarian E2 secretion on the morning of day 4 of preg-

nancy [17].

In contrast, it has been reported that the window of

uterine receptivity for blastocyst implantation in mice

remains open for an extended period at lower E2 levels

[18]. Our previous study showed less steroidogenesis in the

corpus luteum in VOAT mice as compared to that in intact

mice [12]. Therefore, the implantation window could be

prolonged in VOAT mice. To address this issue, we per-

formed embryo transfer into VOAT mice on day 5 of

pseudopregnancy to examine whether the VOAT mice

support pregnancy and full-term fetal development. We

also examined uterine decidualization, ovarian steroido-

genesis and blood vessel formation in the corpus luteum in

VOAT mice.

Materials and methods

Animals

Mice were purchased from CLEA Japan, Inc., (Tokyo,

Japan) and bred in our animal care facility. All of the

experiments in the present study were conducted in com-

pliance with the guide for the care and use of laboratory

animals published by Utsunomiya University. Three-

month-old BALB/c 9 C57BL/6J F1 female mice were

used for VOAT. Vasectomized 3- to 5-month-old ICR male

mice were used for mating to induce pseudopregnancy.

Spermatozoa for IVF were harvested from the cauda epi-

didymidis of these mice.

Vitrification of ovarian tissues and autotransplantation

Vitrification of ovarian tissues and autotransplantation

were performed as described previously with slight modi-

fications [11, 12]. Briefly, ovaries were dissected into small

pieces (approximately 1–2 mm wide) and autotransplanted

underneath the kidney capsules. Vitrification of ovarian

tissues was performed by immersion in an equilibration

solution composed of 7.5% (v/v) ethylene glycol (EG) and

7.5% (v/v) dimethyl sulfoxide (DMSO) in HEPES-buffered

tissue culture medium 199 containing 20% (v/v) fetal

bovine serum (mTCM-199) for 15 min, followed by a

vitrification solution composed of 15% EG, 15% DMSO,

and 0.5 M sucrose in mTCM-199 for 3 min at room tem-

perature. Ovarian tissues placed on polyester sheets were

submerged directly into liquid nitrogen. For warming, the

polyester sheets were placed directly in a warming solution

composed of 1.0 M sucrose in mTCM-199 for 1 min at

room temperature. The ovarian tissues detached from the

polyester sheets were transferred into dilution solution

composed of 0.5 M sucrose in mTCM-199 for 3 min. After

washing, the ovarian tissues were warmed to 37�C for

15 min and autotransplanted.

In vitro fertilization and embryo transfer

In vitro fertilization was performed as described previously

with slight modifications [12, 19]. Donors of oocytes and

sperm were BALB/c 9 C57BL/6J F1 females and ICR

males, respectively. Female mice were treated with eCG

(5 IU) followed by injections of hCG (5 IU) at 48 h post

eCG. Collected oocytes were used for IVF. For VOAT

mice, oocytes were recovered from the oviduct at the time

of collection of ovaries for ovarian tissue vitrification.

Vitrification and warming of oocytes were performed

using Cryotip-L (Kitazato Biopharma, Shizuoka, Japan),

according to the manufacturer’s instructions. Blastocysts at

96 h after IVF were transferred into uteri of mice in the

morning (0900–1000 h) on day 4 or day 5 of pseudo-

pregnancy. For embryo transfer into pseudopregnant

VOAT mice, blastocysts from their own vitrified–warmed

oocytes were transferred into the uteri. Recovery of estrus

cycle was determined by vaginal smear, and then embryo

transfer was performed at least 2 weeks after the VOAT.

For pseudopregnant intact mice, blastocysts derived from

fresh ovulated oocytes recovered from different mice were

transferred into the uteri. Caesarean sections were per-

formed to deliver live fetuses on day 19 of pregnancy (day

1 = vaginal plug).

Induction of decidualization

To examine uterine differentiation in mice treated by

VOAT on the seventh day after ovariectomy, decidual-

ization was induced as described previously [12, 20].

Briefly, mice were mated with vasectomized males to

induce pseudopregnancy (day 1 = vaginal plug). The

induction of decidualization was initiated by an intralu-

minal infusion of sesame oil (25 ll) into one uterine horn.

The contralateral horn served as an intact control. The mice
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were killed on day 8 of pseudopregnancy, and the wet

weights of their infused and noninfused (control) uterine

horns were recorded. The fold induction in uterine wet

weights was used as an index to compare decidualization in

VOAT mice with that in intact mice. To perform the

immunohistochemical analysis, transplanted ovarian tis-

sues or intact ovaries were removed and fixed at the same

time.

Immunohistochemical analyses

To investigate the expressions and cellular distributions of

CYP11A1 and CD34, immunohistochemical analysis was

performed as previously described with slight modifica-

tions [12, 21]. CYP11A1 (also known as P450scc) is a

steroidogenic enzyme [22, 23]; CD34 is a marker of vas-

cular endothelial cells [24, 25]. Removed ovaries were

fixed in Bouin solution, then embedded in paraffin wax and

sectioned at 5 lm. Sections were deparaffinized in xylene,

rehydrated in a graded ethanol series, immersed in 3% (v/v)

hydrogen peroxide in methanol, treated with 10% (v/v)

normal goat serum in Ca2? and Mg2?-free Dulbecco’s

phosphate-buffered saline (PBS), and then incubated

overnight at 4�C with primary antibodies. For the primary

antibody reaction, sections were incubated with rabbit

polyclonal antibody to CYP11A1 (Millipore, Billerica,

MA, USA) or to rat monoclonal antibody CD34 (Hycult

biotechnology, Uden, The Netherlands). After washing, the

sections were incubated with secondary antibodies: bio-

tinylated goat anti-rabbit antibody (Zymed Laboratories,

Inc., San Francisco, CA, USA) for CYP11A1 and biotin-

ylated goat anti-rat antibody (Zymed Laboratories) for

CD34. After the incubation of horseradish peroxidase-

conjugated streptavidin (Zymed Laboratories), the reac-

tions were visualized using 3-amino-9-ethyl carbazole

(AEC; Zymed Laboratories) as a chromogen, followed by

counterstaining with hematoxylin. Reddish deposits indi-

cate the sites of immunoreaction. Images shown are rep-

resentative of at least 6 sections from more than 3 different

animals at each stage. The experiments were repeated at

least three times.

Statistical analysis

A Chi-square test was used to evaluate differences in rates

of decidualized mice, pregnant mice and birth of pups.

Comparisons with expected values of less than 5 were

analyzed using Fisher’s exact probability test. An unpaired

Student’s t test was used to evaluate increases in uterine

weight of decidualization. P \ 0.05 was considered to be

significant.

Results

Embryo transfer in VOAT mice on day 5

of pseudopregnancy showed full-term fetal

development

When blastocysts were transferred into intact mice on

day 4 of pseudopregnancy, rates of pregnancy and live

pups were 100% (4/4) and 45.0% (18/40), respectively

(Table 1). In contrast, embryo transfer on day 5 into intact

mice showed no pregnancy (Table 1). In VOAT mice, the

pregnancy rates of embryo transferred VOAT mice on day

4 and day 5 were 80.0% (8/10) and 75.0% (3/4), respec-

tively (Table 1). The rates of live birth pups per transferred

embryo in VOAT mice on day 4 and day 5 were 25.3%

(22/87) and 18.2% (4/22), respectively (Table 1). There

were no significant differences in VOAT mice between on

day 4 and day 5. Furthermore, weights of live pups

and their placentas were similar on both days 4 and 5

(Fig. 1a, b). These results indicate that embryo transfer on

day 5 into VOAT mice was available to support the

pregnancy and production of offspring as well as embryo

transfer on day 4 into VOAT mice, although fertility of

VOAT mice was lower as compared to intact mice.

Endometrial decidualization induced on day 5

of pseudopregnancy in VOAT mice

The above results showed that embryo transfer on day 5

into VOAT mice was available to support the pregnancy

Table 1 Pregnancy and birth of pups depend on pseudopregnancy dates in embryo transfer of blastocysts

Treatment Days of embryo

transfer

No. of mice

examined

No. (%) of

pregnant miceA
No. of embryos

transferred

No. (%) of pups

Intact Day 4 4 4 (100)a 40 18 (45.0)a

Intact Day 5 4 0 (0)b 40 0 (0)b

VOAT Day 4 10 8 (80.0)a 87 22 (25.3)c

VOAT Day 5 4 3 (75.0)ab 22 4 (18.2)c

A Pregnancy was evaluated on the day of Caesarean section
a–c Values with different superscripts within each column differ significantly (P \ 0.05)
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and production of offspring. In contrast, embryo transfer on

day 5 into intact mice showed no pregnancy. Our previous

study showed that decidual response induced by intralu-

minal oil infusion on day 5 of pseudopregnancy was sim-

ilar to that on day 4 [26]. Decidual response is a critical

component of successful implantation. To address the

uterine potential of decidualization in VOAT mice on day

5, we examined oil infusion into the uterus on day 5 of

pseudopregnancy followed by uterine decidualization on

day 8. In the VOAT mice, decidualization occurred in

68.8% (11/16) of mice, while the rate was 50.0% (4/8) in

the intact mice (Fig. 2). The fold increases (mean ± SEM)

in decidualized uterine weights of intact and VOAT mice

were 12.0 ± 0.8 and 7.9 ± 1.7, respectively (Fig. 2c); the

difference between them was not significant. These results

indicate that uterine potential of decidualization in both

VOAT and intact mice was similar during the early

postimplantation period.

Distributions of CYP11A1 and CD34 in the corpus

luteum of mice with a uterus showing decidualization

For uterine potential of decidualization on day 5 of pseu-

dopregnancy, no difference was observed between VOAT

and intact mice. In contrast, VOAT recipients receiving

blastocyst transfers on day 5 supported the pregnancy and

production of offspring, while intact recipients receiving

blastocyst transfers on day 5 showed no pregnancy. These

results suggest that pregnancy failure is caused during the

postimplantation period. Ovarian P4 is required for preg-

nancy maintenance. Therefore, we hypothesized that

ovarian function in VOAT mice could be different from

that in intact mice. To address this issue, we examined

distributions of CYP11A1 and CD34 on day 8 of pseudo-

pregnant mice with uterine decidualization induced on day

5. Immunohistochemical analysis in ovarian tissues

showed that the expression of the steroidogenic enzyme

CYP11A1 in luteal cells of VOAT mice was slightly less

than that in intact mice (Fig. 3a, c). Furthermore, VOAT

mice showed less CD34-positive blood vessel density in

the corpus luteum as compared to that in intact mice

(Fig. 3b, d). These results indicate that the steroidogenesis

and blood vessel density in VOAT mice were less than

those of intact mice during decidualization.

Fig. 1 Live pups and placentas from VOAT recipients after embryo

transfer on day 4 or 5 of pseudopregnancy. Transferred blastocysts

were derived from their own vitrified–warmed oocytes. Weights of

pups (a) and placentas (b). The results are mean ± SEM. Neither

pups nor placentas showed significant differences in weights between

days 4 and 5

Fig. 2 Induced uterine decidualization on day 5 of pseudopregnancy

by oil infusion into one uterine horn of intact or VOAT mice.

Decidualization was determined on day 8. Decidualization in uteri of

intact (a) and VOAT (b) mice. Fold increases indicate comparison of

weights between infused and non-infused uterine horns (c, mean ± -

SEM). Numbers above bars indicate reacted/examined mice. Neither

the appearance of decidualized mice nor the uterine fold increase was

significantly different between intact and VOAT mice
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Discussion

In mice, the uterus is receptive on day 4 of pregnancy. The

normal window of uterine receptivity for implantation lasts

for a limited time period [13–16]. The present study dem-

onstrated that embryo transfer into VOAT mice on day 5 of

pseudopregnancy was available to support the pregnancy

and full term fetal development. Less steroidogenesis and

blood vessel formation in the transferred ovarian tissues

may be associated with the extended uterine receptivity.

The ovarian hormones enable uterine receptivity to

accept blastocysts for implantation and pregnancy main-

tenance [13–16]. In the present study, ovarian tissues on

day 8 of pseudopregnant mice with uterine decidualization

induced on day 5 showed that steroidogenesis and blood

density in the corpus luteum in VOAT mice were lower as

compared to those in intact mice. The window of uterine

receptivity for blastocyst implantation in mice remains

open for an extended period at lower E2 levels [18]. Fur-

thermore, blastocysts can initiate implantation beyond the

normal window of uterine receptivity when the P4 level is

appropriate [27]. Therefore, different ovarian function in

VOAT mice receiving blastocyst transfer on day 5 as

compared to intact mice may be associated with extended

uterine receptivity for blastocyst implantation and fetal

development, although the potential of VOAT ovarian

tissues was less than that in intact mice at the postim-

plantation period during early pregnancy.

Although the rate of pups from VOAT recipients receiv-

ing blastocyst transfers on day 5 of pseudopregnancy was

higher than that of intact mice receiving blastocyst transfers

on day 5, the uterine decidual response induced by intralu-

minal oil infusion on day 5 showed similar results between

VOAT and intact mice. Since decidual response is a critical

component of successful implantation, these results suggest

that the uterine sensitivity on day 5 of pseudopregnancy in

both VOAT and intact mice is similar during the periim-

plantation period. Therefore, development of transferred

embryos at postimplantation could be supported in VOAT

mice receiving blastocyst transfers on day 5 of pseudo-

pregnancy, presumably due to altered endocrine functions.

Ovarian cryopreservation followed by re-implantation

appears to be a potentially valuable method for fertility

preservation, e.g. in case of iatrogenic infertility caused by

a decline in ovarian function after chemotherapy and

radiotherapy which result in a serious problem for cancer

patients [1]. In devising an animal model to address this

issue, both cryopreservation of ovarian tissues and oocytes

were be required. Therefore, we transferred the blastocysts

derived from the mouse’s own vitrified–warmed oocytes.

The present study demonstrated the production of offspring

derived from IVF of their own cryopreserved oocytes after

embryo transfer into VOAT mice. Development to blas-

tocyst stage in vitro takes 4 days after IVF. Therefore, we

had to warm oocytes and perform IVF on the same day on

which we mated females with vasectomized males for

embryo transfer on day 4 of pseudopregnancy. If plug a

positive pseudopregnant recipient is not obtained, the in

vitro-produced blastocysts can be cryopreserved. Repeated

vitrification and warming decrease the quality of embryos

in some cases. In contrast, for embryo transfer on day 5 of

pseudopregnancy, oocyte warming and IVF can be per-

formed on the next day after mating a female with a

vasectomized male. If a plug positive female is not

obtained, oocyte warming and IVF can be postponed.

Therefore, embryo transfer on day 5 into VOAT mice

could be helpful to obtain their own pups.
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