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The objectives of the present study were to induce super-
ovulation in adult mice by immunoneutralization of
endogenous inhibin and to investigate embryo devel-
opment in vivo and in vitro. Adult female mice of the
ddY strain at 3 mo of age were superovulated with a
single ip injection of inhibin antiserum (inhibin-AS;
50, 100, or 200 pL) at 12:00 h on metestrus of the 4-d
estrous cycle. The control group was treated with 100
pL normal goat serum (control serum). Five mice were
sacrificed every 6 h and blood samples were collected
for hormonal assay. Individual female mice were bred
in the afternoon of proestrus with individual fertile
males. Embryos were collected at 08.00 h on d 2 post-
coitus and cultured in KSOM solution. Treatment with
inhibin-AS significantly increased the concentrations
of plasma FSH. Furthermore, there was a significant
elevation in plasma concentrations of estradiol-17p and
progesterone in the inhibin-immunized groups in com-
parison with controls. The superovulated oocytes that
were fertilized normally in vivo were able to develop
normally to blastocysts in vitro. The number of oocytes
and blastocysts developed in animals treated with inhi-
bin-AS was significantly higher than that for mice treated
with control serum. Moreover, the rate of fertilization
and the rate of blastocyst development were similar in
inhibin-AS treated and control groups. These results
indicate that immunoneutralization of endogenous
inhibin induces superovulation in adult mice without
additional treatment with human chorionic gonado-
tropin (hCG). In addition, the superovulated oocytes
obtained by administration of inhibin-AS have normal
embryonic developmental competence.
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Introduction

Mice are commonly used animal models in reproduc-
tive and developmental research and a large number of ova
must be made available. The common method for induction
of superovulation is treatment with a combination of equine
chorionic gonadotropin (eCG) and human chorionic gon-
adotropin (hCG). However, several studies have reported
high rates of pre- and postimplantation losses in animals
superovulated with eCG (/-3) in addition to a reduced
response to repeated injections of gonadotropins, which may
be attributed to an immunologically mediated ovarian refrac-
toriness (4-6).

Inhibin is an essential hormone regulating FSH secretion
in various mammals (7). A negative relationship between
plasma concentration of FSH and inhibin has been estab-
lished (8—13), and superovulations have been induced suc-
cessfully by passive immunization against endogenous in-
hibin in several species including mice (14), rats (15,16),
hamsters (17), cows (18,19), mares (20), and goats (21). Fur-
thermore, several studies (14,16,19,22,23) have shown that
oocytes superovulated with immunization against inhibin
have the ability to develop normally. Although we succeeded
in inducing superovulation in mice by using inhibin-AS
and hCG, further studies are needed to investigate the abil-
ity of inhibin-AS to induce superovulation without admin-
istration of hCG. The present study aims to induce superovu-
lation in adult cyclic mice by using a single injection of
inhibin-AS without additional treatment with hCG and to
investigate embryonic developmental competence.

Results
Effect of Inhibin-AS Administered IP
into Adult Mice on Metestrus on Hormonal Profile

Following the injection of control serum, plasma con-
centrations of FSH did not significantly change. However,
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Fig. 1. Changes in plasma concentrations of FSH (A), LH (B), estradiol-17f3 (C), and progesterone (D) in adult cyclic mice treated with
50 pL inhibin-AS (O); 200 pL inhibin-AS (@), or control serum (A) on metestrus. Each point represents five mice. *p < 0.05 versus

control group.

treatment with the inhibin-AS resulted in a significant in-
crease in plasma concentrations of FSH starting 6 h after
treatment and lasting for 90 h (Fig. 1A). The LH surge was
observed in control and inhibin-AS treated groups 60 h after
treatments. Furthermore, LH surge concentrations were sig-

nificantly higher in the group treated with 200 pL inhibin-
AS in comparison with other groups (Fig. 1B).

The plasma concentrations of estradiol-17f3 started to
increase at 30 h in control and inhibin-AS treated groups,
and the peak levels were significantly higher in the group
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Table 1
Effect of Inhibin-AS Administered IP
into Adult Cyclic Mice on Metestrus on the Number
of Ovulating Mice and the Number of Oocytes per Animal

Table 3
Effect of Inhibin-AS Administered IP
into Adult Cyclic Mice on Metestrus on Production
of Hatched Blastocysts and Rate of Blastocyst Development*

Number of mice Number of
Treatment that ovulated ovulated oocytes™
Control serum 5/5 17.2 £ 1.7¢
50 pL inhibin-AS 5/5 4224520
100 pL inhibin-AS 5/5 58.6 + 7.1%¢
200 pL inhibin-AS 5/5 70.0 £ 7.3¢

*Values are mean + SEM (n = 5).
@cMeans with different superscripts in the same column are
significantly different (p < 0.05).

Table 2
Effect of Inhibin-AS Administered IP into Adult Cyclic
Mice on Metestrus on Production of Fertilized Oocytes
(Two-Cell Stage Embryos) and Rate of Fertilization In Vivo*

Number of Fertilization
Treatment fertilized oocytes rate (%)
Control serum 15.0 £ 1.7¢ 87.7 +1.3¢
50 pL inhibin-AS 36.0 + 4.9° 85.3 +0.7¢
100 pL inhibin-AS 49.6 + 5.8 84.8 + 1.0¢
200 pL inhibin-AS 59.2 +5.9¢ 84.8 = 1.0¢

*Values are mean + SEM (n = 5).
@cMeans with different superscripts in the same column are
significantly different (p < 0.05).

treated with 200 pL inhibin-AS compared with the group
treated with 50 pL inhibin-AS or the control group (Fig. 1C).
In addition, plasma concentrations of progesterone increased
in inhibin-AS treated and control groups at 60 h after treat-
ment. The peak levels of plasma progesterone were signifi-
cantly higher in mice treated with 200 pL inhibin-AS in
comparison with other groups (Fig. 1D).

Effect of Inhibin-AS Administered IP into Adult Mice
on Metestrus on Qocyte Production, Fertilization,
and Embryo Development

Administration of inhibin-AS (50, 100, or 200 uL per
animal) on metestrus significantly increased the number of
ovulations in comparison with the control group (Table 1).
There was a dose-dependent effect with the highest ovula-
tion rate in the 200-pL treated group. Table 2 shows the num-
ber of fertilized oocytes and fertilization rate. The production
of two-cell stage embryos in all inhibin-AS treated groups
was significantly higher compared with the control group.
There was no difference in the fertilization rate between
inhibin-AS treated and control groups. The developmental
competence of embryos is shown in Table 3. There was no
significant difference between the groups treated with inhi-
bin-AS and the control group in the rate of blastocyst devel-

Rate of
Number of blastocyst
Treatment hatched blastocyst development
Control serum 13.2 + 1.6“ 87.9 + 1.0¢
50 pL inhibin-AS 30.0 = 3.9 83.2+0.7¢
100 pL inhibin-AS 422 +5.1b¢ 84.9 +0.9¢
200 pL inhibin-AS 50.2 +4.9¢ 84.9 +0.5¢

*Values are mean + SEM (n = 5).
@¢Means with different superscripts in the same column are
significantly different (p < 0.05).

opment. However, the number of hatched blastocysts for the
groups treated with the inhibin-AS was significantly higher
than for the control group.

Discussion

The results of the present study clearly showed that immu-
noneutralization of endogenous inhibin can be used effec-
tively to induce superovulation in adult cyclic mice without
additional treatment with hCG, making it more practical
and efficient compared with the previous methods such as
eCG-hCG (24,25) and recombinant FSH (26). Immuno-
neutralization of endogenous inhibin increased plasma
concentrations of FSH, which, in turn, led to stimulation of
ovarian folliclular development and increased ovulation
rate. In previous studies, a significant increase in plasma
concentrations of FSH has been shown by the passive immu-
nization against inhibin during the estrous cycle in domes-
tic (10,18,19,20,21,27,28) and laboratory (16,23,29) ani-
mals, indicating the important role of inhibin in regulating
FSH secretion.

In the present study, plasma concentrations of estradiol-
17 increased significantly in the mice treated with inhibin-
AS. These findings suggest that a high level of endogenous
FSH stimulated follicular development and resulted in the
production of a large amount of estradiol-17f. This induced
the LH surge by a positive-feedback effect on the hypo-
thalamus and pituitary axis, leading to induction of super-
ovulation. Moreover, progesterone values were significantly
higher in the immunized group compared to the control
group, reflecting the increased number of preovulatory fol-
licles as the granulosa and theca cells secreted progester-
one under the effect of LH. During the growth and matu-
ration of ovarian follicles, the expression of LH receptors
in granulosa cells is increased in preovulatory follicles (30,
31) with increased ability to produce progesterone in response
to gonadotropins (32-35). Differentiated granulosa cells
from preovulatory follicles readily up-regulate the expres-
sion of steroidogenic acute regulatory protein (StAR) and
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produce large amounts of progesterone in response to LH.
A previous study (36) demonstrated that inhibin immuno-
neutralization resulted in a significant increase in progester-
one secretion from rat preovulatory follicles cultured in vitro.

Previous studies involving superovulation have been
conducted in mice (37-39). In these studies, an eCG-hCG
protocol has been used. However, detrimental effects of
gonadotropin stimulation have been revealed possibly due
to modified steroid profiles, altering the microenvironment
of the developing follicles and their enclosed oocytes (40—
42). This possibility led us to consider an alternative method
that could be used to induce superovulation in mice, and
we already succeeded in establishing a new method using
inhibin-AS and hCG (/4). In the present study, immuno-
neutralization of endogenous inhibin in adult mice induced
superovulation without additional injection of hCG with
comparable results to inhibin-AS and hCG as reported pre-
viously (/4). The production of oocytes by the mice treated
with the inhibin-AS increased markedly in a dose-depen-
dent manner. Inhibin-AS did not have any adverse effects
on embryo quality as assessed by morphologic and develop-
mental competence in mice. The superovulated oocytes could
be fertilized normally in vivo, leading to the development
of blastocysts.

In conclusion, passive immunization against inhibin in-
creased FSH levels and ovulation rate without additional
treatment with hCG. In addition, the superovulated oocytes
have normal developmental competence in vitro. Thus, immu-
noneutralization of endogenous inhibin is an ideal alterna-
tive and provides a more efficient approach for induction
of superovulation in mice.

Materials and Methods

Animals

Adult female mice of the ddY strain (Sankyo Experimen-
tal Animal Supply Co., Tokyo, Japan) were used at 3 mo of
age. They were housed under controlled temperature and
lighting (lights on from 05:00 to 19:00) and were provided
with commercial pellets and tap water ad libitum. The 4-d
estrous cycle was monitored by daily examination of the
vaginal smears. The day of ovulation, as judged by the pres-
ence of cornified cells in the vaginal smear, was designated
the day of estrus. Mice were used only after at least two suc-
cessive normal 4-d estrous cycles. The care and use of the
animals were in accordance with the requirements estab-
lished under the Guide for the Care and Use of the Labo-
ratory Animals by the Tokyo University of Agriculture and
Technology.

Preparation of Inhibin a-Subunit Antiserum

The inhibin a-subunit antiserum used in the present study
was obtained from a castrated goat immunized against [Tyr*"]-
inhibin a(1-30) NH, conjugated to rabbit serum albumin.
The conjugate was kindly provided by Dr. N. Ling (Neuro-

endocrine Biosciences Inc., San Diego, CA, USA). The titer
of the antiserum was determined as in our previous reports
(29). In vivo efficacy of the antiserum was ensured by an
increase in plasma concentrations of FSH after an iv injec-
tion of the antiserum, as described previously (29). The
control serum was obtained from a castrated goat immu-
nized against bovine serum albumin (BSA).

Effect of Inhibin-AS Administered IP into Adult Cyclic
Mice on Metestrus on Plasma Levels of FSH, LH,
Estradiol-17 B, and Progesterone

Inhibin-AS (50, 100, and 200 pl/animal) or control serum
(100 pL/animal) was ip administered to individual animals
at 12:00 h on metestrus. Five animals were sacrificed every
6 h both in inhibin-AS or control serum treated groups
throughout a single estrous cycle (90 h after treatments).
Blood samples were collected into heparinized centrifuge
tubes and plasma was immediately separated by centrifuga-
tion and stored at —20°C until assayed for FSH, LH, estra-
diol-17p, and progesterone.

Effect of Inhibin-AS Administered Ip into Adult Mice
on Metestrus on Qocyte Production, Fertilization,
and Embryo Development

Female mice were primed at 12:00 h on metestrus with
a single ip injection of different doses of inhibin-AS (50,
100, and 200 pl./animal) or control serum (100 pL./animal).
At17:00 h of the following proestrus, the individual female
mouse was bred by a single fertile male. Five animals from
each of the inhibin-immunized groups and the control group
were sacrificed at 08:00 h on d 2 postcoitus. The oviducts
were taken for the collection of embryos.

Embryo Collection and Culture In Vitro

At 8:00 h on the d 2 postcoitus, all ova including unferti-
lized, degenerated, and fertilized oocytes (cleaved oocytes
are referred to as fertilized and uncleaved oocytes or those
with shrunken or fragmented cytoplasm were referred to as
unfertilized or degenerated) were harvested by flushing the
excised oviducts with embryo culture medium—KSOM
solution (43,44). The number of fertilized and unfertilized
oocytes was recorded to evaluate the oocyte production
and fertilization rate. Two-cell stage embryos were picked
and cultured at 37°C with fresh KSOM solution in a con-
dition of 5% CO, in air, 95% relative humidity for 60 h. The
hatched blastocysts were counted and photographed at the
end of culture period.

Radioimmunoassays (RIA) for FSH,
LH, Estradiol-17 8, and Progesterone

Plasma concentrations of FSH and LLH were determined
by double-antibody radioimmunoassy using an NIDDK kit
for rat FSH and LH. The iodinated preparations were rat
FSH I-8 and LH I-8, and the antisera used were anti-rat
FSH (S-11) and anti rat LH (S-9). Results were expressed
in terms of NIDDK rat FSH (RP-2) and LH (RP-2). The
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intra- and interassay coefficients of variation were 4.6%
and 14.2% for FSH and 6.5% and 8.7% for LH, respec-
tively. The minimum detection limit was 0.3 ng/mL for FSH
assay and 0.02 ng/mL for LH assay. Plasma concentrations
of estradiol-17 and progesterone were determined by double-
antibody radioimmunoassy using '2°I-labeled radioligands
as described previously (45). Antisera against estradiol-17f3
(GDN 244) and progesterone (GDN 337) were kindly pro-
vided by G. D. Niswender (Animal Reproduction and Bio-
technology, Colorado State University, Fort Collins, CO,
USA). The intra- and interassay coefficients of variation
were 3.9% and 6.0% for estradiol-17f and 6.3% and 15.2%
for progesterone, respectively. The minimum detection
limit was 5 pg/mL for estradiol-17f3 assay and 0.04 ng/mL
for progesterone assay.

Statistics

All data are expressed as mean = SEM. Statistical analy-
sis was performed using one-way ANOVA. Significant dif-
ferences were determined using Tukey’s honestly signifi-
cantdifference (HSD) test for multiple comparisons between
different treatment groups. Statistical difference was con-
firmed at p < 0.05. Statistical analyses were performed using
SAS Software (SAS Institute Inc., Cary, NC).
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