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Post-ovulatory oocyte aging affects the
initial differentiation into trophectoderm
lineage after fertilization in mice
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Abstract: Post-ovulatory oocyte aging degrades the
quality and developmental competence of embryos for
implantation. To evaluate the effects of oocyte aging on
the initial differentiation of embryos, we examined troph-
ectoderm (TE) formation and the expressions of TE differ-
entiation-related signaling molecules in embryos derived
from in vitro aged oocytes. Murine ovulated oocytes were
incubated for 6 h or 12 h in vitro after collection (aged
oocytes). Oocytes examined immediately after collection
were used as controls. All oocytes were subjected to in-
tracytoplasmic sperm injection (ICSI), and some of the
developed embryos were examined for their expressions
of phosphorylated FGFR2 (p-FGFR2), p-MEK, p-ERK,
and CDX2 by immunofluorescence staining or immunob-
lotting. The remaining embryos were transferred to the
uteri of pseudopregnant foster mothers. Embryos derived
from aged oocytes had poor competence during early de-
velopment and fewer TE cells at the blastocyst stage. In
these embryos, the expression of CDX2 which is involved
in TE differentiation and FGFR2/Mitogen-activated pro-
tein kinase (MAPK) signaling which regulates CDX2 ex-
pression were attenuated. This may have reduced their
implantation and post-implantation competence. These
findings suggest that post-ovulatory oocyte aging weak-
ens the expression of TE differentiation-related factors
and affects initial differentiation into TE and extra-embry-
onic tissue lineages in embryos after fertilization.
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Introduction

In vitro aging of oocytes occurs during the exposure of
ovulated oocytes to the in vitro environment for a period
of time and causes various alterations, which are de-
scribed as post-ovulatory aging. /n vitro aging degrades
oocyte and embryo quality after fertilization. Reproduc-
tive medicine and ova research involve long periods of
in vitro manipulation owing to complex procedures, and
post-ovulatory oocyte aging is a problem that must be
overcome. For example, rescue intracytoplasmic sperm
injection (ICSI), which is often performed in reproductive
medicine [1], is a remedial program which uses oocytes
judged to have been unfertilized after in vitro fertiliza-
tion (IVF) in an attempt to obtain fertilized oocytes. Al-
though rescue ICSl is an effective approach for avoiding
the waste of valuable oocytes obtained from infertile pa-
tients, it is performed after failure to confirm fertilization
by the emission of the second polar body and pronuclear
formation after the first insemination, and we believe
that the target oocytes used for rescue ICSI are already
‘aged’ by the time of re-insemination because of their in
vitro exposure while awaiting fertilization judgment and
are therefore essentially different from fresh unfertilized
oocytes. Generally, oocyte aging leads to alterations in
cytoplasmic organelles at the molecular level and has a
negative impact on embryonic or fetal development after
fertilization. Various types of alteration, such as a func-
tional deterioration of mitochondria [2—5], failed intracel-
lular calcium control by the endoplasmic reticulum [5, 7],
errors of chromosomal segregation during meiosis [8—9]
and abnormalities in genomic imprinting mechanisms
[10, 11], have previously been reported. These altera-
tions caused by oocyte aging are often considered to be
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signs of deterioration in oocyte quality.

Does post-ovulatory aging in vitro only affect oocyte
quality? Some reports have suggested that the negative
effects of post-ovulatory aging on oocytes continue into
early development after fertilization, and indicate that
aged oocytes lose their ability to fertilize normally, and
that their developmental competence after fertilization
reduces over time in vitro [9, 12, 13]. Our previous data
also shows a decrease in the fertilization rate after IVF
or ICSI, and that the developmental rate of blastocysts
was significantly reduced in murine ovulated oocytes that
were left in an incubator for a period of time [9, 14]. It has
been shown that blastocysts derived from in vitro aged
oocytes may appear to develop normally, but the blasto-
mere of which the embryo is composed is reduced [12].
Additionally, we have already empirically demonstrated
that experimental systems that manipulate oocytes in
vitro for extended periods in developmental engineering
research, such as IVF performed after oocyte maturation
culture or rescue ICSI, tend to result in lower implantation
potential after embryo transfer. Blastocyst formation is a
critical process for implantation, and initial differentiation,
in which the cell fate of the zygote is first determined, oc-
curs at the blastocyst stage.

In mammals, the first stage of cell differentiation is the
appearance of the trophectoderm (TE), an extraembry-
onic cell lineage. The differentiation of extraembryonic
tissues is an important event in the embryo development
preceding implantation on the endometrial epithelium.
During initial differentiation, which occurs approximately
3.5 days after fertilization in mice, the embryos are initial-
ly an undifferentiated cell population which diverges into
two cell populations with different cell fates, the inner cell
mass (ICM) and TE, as the blastocyst forms. After im-
plantation, the ICM begins to differentiate into three germ
layers that form the fetal tissue, whereas trophoblast
cells derived from the TE construct the placenta, ensur-
ing the survival and development of the fetus in utero.
Cell differentiation into the TE lineage is essential for the
establishment and maintenance of implantation. In mice
and humans, the transcription factor caudal-related ho-
meobox 2 (Cdx2), which is expressed in the TE, plays an
important role in inducing TE lineage differentiation [15-
17]. After several cleavages, the zygote is clearly divided
into outer and inner-positioned cell groups in the morula.
Cdx2 expression begins from the late 8-cell stage, and
Cdx2 is strongly expressed in the outer-positioned cells
at the morula stage [17]. Conversely, Cdx2 expression
gradually decreases in the inner-positioned cells and dis-
appears in the ICM after blastocyst formation [15, 18]. As
shown in Fig. 1, gene expression involved in the induc-
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The FGF4/FGFR2/MAPK signaling pathway regu-
lates Cdx2 expression in the initial differentiation of
embryos. FGF4, whose transcription is regulated by
a complex of Ocr3/4 and Sox2, is a representative cell
growth factor secreted by the ICM. FGFR2, a receptor
for FGF4 expressed at the TE adjacent to the ICM, is
a transmembrane receptor-type tyrosine kinase with an
intracellular tyrosine kinase domain. The activation of
receptor tyrosine kinases by binding to the ligand FGF4
activates the MAPK signaling pathway via effector
molecules and regulates the activity of target proteins,
such as transcription factors. The activity of a series of
FGFR/MAPK signals is essential for maintaining Cdx2
expression in embryos undergoing TE differentiation
during early development.
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Fig. 1

tion of TE lineage differentiation is regulated by factors
from the ICM. Fibroblast growth factor 4 (FGF4), whose
transcription is regulated by a complex of octamer-bind-
ing transcription factor 3/4 (Ocr3/4) and sex-determining
region Y-box 2 (Sox2), is a representative cell growth fac-
tor secreted by the ICM [19-21]. FGF4 is a member of the
FGF family with mitogenic and cell survival activities and
is known to be a factor involved in various biological pro-
cesses including embryonic development, cell prolifera-
tion and tumor growth [21]. FGFR2, a receptor for FGF4
expressed in the TE adjacent to the ICM, is a transmem-
brane receptor-type tyrosine kinase with an intracellular
tyrosine kinase domain [22]. The activation of receptor
tyrosine kinases by binding to the ligand FGF4 activates
the mitogen-activated protein kinase (MAPK) signaling
pathway via effector molecules and regulates the activ-
ity of target proteins, such as transcription factors [22,
23]. The activity of a series of FGFR/MAPK signals is
essential for maintaining Cdx2 expression in embryos
undergoing TE differentiation during early development.

The poor implantation potential of embryos derived
from in vitro aged oocytes that we have observed in our



previous studies may be due to a problem in the pro-
cess of TE formation, which is essential for the forma-
tion of extraembryonic tissues. However, most studies
on oocyte aging have analyzed the cellular physiologi-
cal changes brought about by aging in the oocyte itself,
and few reports have focused on early development after
fertilization. The effects of in vitro oocyte aging on TE for-
mation and implantation during initial differentiation after
fertilization are poorly understood. This study aimed to
clarify the effects of post-ovulatory oocyte aging in vitro
on the initial differentiation of embryos after fertilization,
and to verify TE formation and the expression of intercel-
lular signaling involved in TE differentiation in embryos
derived from in vitro aged oocytes.

Materials and Methods

Animals

B6D2F1 male (10-15 weeks old) and female (8—10
weeks old) mice were used for ICSI. ICR female (12-16
weeks old) mice were used as recipient animals for em-
bryo transfer. The mice were maintained under conditions
of controlled light (14 h light from 6:00 to 20:00; 10 h dark)
and temperature (24 + 2°C). All the procedures involving
animal experiments were conducted in accordance with
the guidelines approved by the Animal Research Com-
mittee of Tokyo University of Agriculture.

Oocyte collection and in vitro aging

To obtain MIl oocytes, superovulation was induced in
female mice by consecutive injections of 5 IU pregnant
mare serum gonadotropin (ASKA Animal Health Co.,
Ltd., Tokyo, Japan) and 5 IU human chorionic gonadotro-
pin (hCG; ASKA Animal Health) at 48 h intervals. Super-
ovulated mice were euthanized 15 h after hCG injection,
and their oviductal ampullae were broken to release the
cumulus-oocyte complexes (COCs) into TYH medium
under liquid paraffin (Nacalai Tesque, Inc., Kyoto, Ja-
pan). The collected COCs were incubated for 6 or 12 h at
37.5°C under a humidified atmosphere with 5% CO, and
used as in vitro aged oocytes.

ICSI

Cumulus cells were removed from oocytes after treat-
ment with 0.1% hyaluronidase (Sigma Chemical Co., St.
Louis, MO, USA) in HEPES-buffered mCZB (H-mCZB)
medium. Spermatozoa collected from the cauda epididy-
mis were pre-cultured in H-mCZB for 10—15 min. ICSI
was performed using a piezo-micromanipulator (PMM-
110FU; Prime Tech Ltd., Japan) following standard pro-
cedures. Six hours after sperm injection, oocytes with
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two distinct pronuclei and a second polar body were
considered fertilized. Fertilized oocytes were cultured
in mMKSOM medium at 37.5°C under a humidified atmo-
sphere with 5% CO,. Some fertilized oocytes were cul-
tured in mKSOM supplemented with 50 nM of AZD4547
(sc-364421; Santa Cruz Biotechnology, Inc., Dallas, TX,
USA), an inhibitor of FGFR2, or 100 ng/ml of recombinant
mouse FGF-4 (5846-F4, R&D Systems, Minneapolis,
MN, USA) with 1 ug/ml of heparin sodium salt (Sigma).

Embryo transfer

ICR female mice were made pseudopregnant by mat-
ing with vasectomized males and were used as embryo
recipients. Three days after ICSI, 10—20 embryos at E3.0
(morula or early blastocysts) were transferred to the uter-
ine horns of the recipient females.

Immunofluorescent staining

Detection of CDX2 and Oct3/4 positive cells in E4.0
embryos (blastocysts) was performed using immunofluo-
rescence staining. Embryos were cultured for 96 h after
ICSI and fixed with 4% paraformaldehyde (FUJIFILM
Wako Pure Chemical Co., Osaka, Japan) in Dulbecco’s
phosphate-buffered saline (D-PBS) for 30 min at room
temperature. After fixation, the embryos were treated
with 1% TritonX-100 (Wako) in D-PBS for 15 min at room
temperature. The permeabilized embryos were blocked
with 3% bovine serum albumin (Sigma) for 60 min at
room temperature, then incubated overnight at 4°C with
mouse anti-CDX2 antibody (1:200 dilution, sc-393572;
Santa Cruz) as the primary antibody. This was followed
by incubation for 60 min at room temperature with Alexa
Fluor® 488-conjugated anti-mouse IgG secondary anti-
body (1:400 dilution, 115-545-003; Jackson ImmunoRe-
search Laboratories, Inc., West Grove, PA, USA). Then,
the embryos were incubated for 60 min at room tempera-
ture with mouse anti-OCT3/4 antibody (1:200 dilution,
sc-5279; Santa Cruz) as the primary antibody, followed
by incubation for 60 min at room temperature with Alexa
Fluor® 594-conjugated anti-mouse IgG secondary anti-
body (1:400 dilution, #8890; Cell Signaling Technology,
Inc., Danvers, MA, USA). The nuclei of whole cells were
stained with 1 pg/ml Hoechst33258 (Sigma) for 30 min
at 4°C, then the embryos were mounted on glass slides,
covered with glass cover slips, and observed under 200—
400x magnification using a fluorescence microscope
system (BX51 and DP71; Olympus Co., Tokyo, Japan).

Localization analysis of phosphorylated FGFR2 (p-
FGFR2) and CDX2 in blastocysts was performed as
described above, using rabbit anti-phospho-FGFR2
antibody (1:100 dilution, bs-5326R; Bioss Inc., Woburn,
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MA, USA) and mouse anti-CDX2 antibody (1:200 dilu-
tion, Santa Cruz) as the primary antibodies and Alexa
Fluor® 488-conjugated anti-rabbit IgG (1:200 dilution,
111-545-003; Jackson ImmunoResearch Laboratories)
and Alexa Fluor® 594-conjugated anti-mouse IgG (1:400
dilution, Cell Signaling Technology) as the secondary
antibody, respectively. Embryos were observed at 200x
magnification using a confocal laser scanning micro-
scope (DMI6000B and TCS-SP5; Leica Microsystems,
Wetzlar, Germany). ImageJ software was used to quan-
tify the signal intensity of the detected target proteins.
The captured RGB images containing the target protein
signal were converted to grayscale, and the sum of the
gray values of all pixels in the region of the signal was
used as the brightness value.

Immunoblotting

The expressions of p-FGFR2, p-MEK1/2, p-ERK1/2,
CDX2, and OCT3/4 proteins were detected in ICSI embry-
0s using immunoblotting. Approximately 70-120 embry-
os/tube were sampled for each experimental group, and
immunoblotting was repeated three times for each pro-
tein. Embryos were lysed in RIPA buffer (Wako) supple-
mented with a protease inhibitor cocktail (Thermo Fisher
Scientific K.K., Yokohama, Japan) and incubated on ice
for 10 min. Embryo lysates were diluted with an equal vol-
ume of 2x Laemmli sample buffer (Bio-Rad, Hercules,
CA, USA) containing 5% 2-mercaptoethanol (Wako) and
heated to 100°C for 5 min. Proteins were separated using
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) with a stacking gel containing 4% acryl-
amide (Wako) and a separating gel containing 7.5-10%
acrylamide for 50 min at 200 V. To detect p-MEK1/2 and
p-ERK1/2, SDS-PAGE was performed using a separat-
ing gel containing 50 uM Phos-tag® (Wako) to separate
the phosphorylated target proteins. The proteins were
then electrophoretically transferred onto polyvinylidene
difluoride (PVDF) membranes (GE Healthcare, Chicago,
IL, USA) for 30 min at 15 V. Each membrane was blocked
with PVDF blocking reagent (TOYOBO Co., Ltd., Osaka,
Japan) for 1 h at room temperature, followed by incuba-
tion overnight at 4°C with rabbit anti-phospho-FGFR2
antibody (1:1,000 dilution; Bioss), rabbit anti-MEK1/2
antibody (1:1,000 dilution, sc-436; Santa Cruz), rabbit
anti-ERK1/2 antibody (1:1,000 dilution, sc-292838; Santa
Cruz), mouse anti-CDX2 antibody (1:1,000 dilution; San-
ta Cruz) or mouse anti-OCT3/4 antibody (1:1,000 dilution;
Santa Cruz) as the primary antibody. The membranes
were then incubated with horseradish peroxidase (HRP)-
conjugated anti-rabbit 1IgG (1:2,000 dilution, NA934; GE
Healthcare) or anti-mouse 1gG (1:2,000 dilution, NA931;

GE Healthcare) secondary antibody for 1 h at room tem-
perature. Proteins were detected using an ECL Prime
western blotting detection kit (GE Healthcare). As an in-
ternal control, the expression of a-tubulin was detected
as described above, using mouse anti-a-tubulin antibody
(1:1,000 dilution, 017-25031; Wako) as the primary anti-
body and HRP-conjugated anti-mouse IgG as the sec-
ondary antibody (1:2,000 dilution; GE Healthcare). Im-
ageJ software was used to quantify the intensity of the
protein bands of interest, and band intensities were nor-
malized to the internal control.

Experimental design

In this study, the developmental competence of oo-
cytes after ICS| was analyzed in three groups: fresh oo-
cytes and oocytes aged for 6 h or 12 h post collection.
Expression analysis of molecules associated with the
FGF4 signaling pathway in ICSI embryos was performed
for four groups: the control group using embryos derived
from fresh oocytes, the AZD group using control embry-
os with FGFR2 activation blocked by AZD4547, the aged
group using embryos derived from 6 h aged oocytes, and
the aged + FGF4 group using aged group embryos cul-
tured with FGF4.

Statistical analysis

The chi-square test was used to determine the statisti-
cal significance of the fertilization rates, development to
blastocyst rates, implantation rates, and offspring birth
rates. One-way ANOVA, followed by the Tukey-Kramer
test of multiple comparisons, was used to compare the
average blastomere in E4.0 embryos, the average ex-
pression levels of proteins, and average brightness val-
ues of protein signals among the groups. Statistical sig-
nificance was accepted at values of P < 0.05.

Results

Developmental competence during pre-implantation

The survival, fertilization, and developmental rates
of post-ovulatory aged oocytes after ICSI are shown in
Table 1. The survival rates were 92.7% (570/615) and
79.5% (485/610) of all ICSI oocytes in the 6 h and 12 h
aged groups, respectively, and the survival rate in the
12 h aged group was significantly lower than that in the
control group (93.3%, 905/970) (P < 0.05). The fertiliza-
tion rates were 81.3% (500/615) and 63.9% (390/610) of
all ICSI oocytes in the 6 h and 12 h aged groups, respec-
tively, and 88.7% (860/970) in the control group. The fer-
tilization rates were significantly different among all the
groups (P < 0.05). The blastocyst development rates of
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Table 1. Developmental competence of ICSI embryos during pre-implantation in mice

Time of in vitro ~ No. (%) of oocytes

No. (%) of oocytes

No. (%) of oocytes ~ No. (%)* of embryos

Exp. group aging (h) examined survived fertilized developed to blastocyst
Aged 12 610 485 (79.5)° 390 (63.9)° 130 (33.3)°

615 570 (92.7)° 500 (81.3)° 330 (66.0)°
Control 0 970 905 (93.3)* 860 (88.7)" 690 (80.2)*

Values with different superscripts in the same column are significantly different (P < 0.05). * Percentage of fertilized oocytes.

all fertilized oocytes in the 6 h and 12 h aged groups were
66.0% (330/500) and 33.3% (130/390), respectively, and
80.2% (690/860) in the control group. The development
rates were significantly different among all the groups (P
<0.05).

Constitution of blastomeres in E4.0 embryos

A comparison of the number of CDX2 and OCT3/4
positive cells in ICSI embryos (E4.0) derived from post-
ovulatory aged oocytes is shown in Table 2 and Fig. 2.
The averages (mean tstandard deviation) of the num-
ber of CDX2 positive cells in E4.0 embryos were 39.8
+ 6.9 and 36.2 + 6.8 in the 6 h and 12 h aged groups,
respectively, and the numbers of CDX2 positive cells in
both aged groups were significantly lower than that in
the control group (47.9 £ 10.3) (P < 0.05). The averages
of the number of OCT3/4 positive cells in E4.0 embryos
were 6.8 £+ 21 and 3.7 + 1.4 in the 6 h and 12 h aged
groups, respectively, and the number of OCT3/4 posi-
tive cells in the 12 h aged group was significantly lower
than that in the control group (7.7 + 2.8) (P < 0.05). There
was no significant difference between the 6 h aged and
control groups. Notably, blastomeres that remained rich
in OCT3/4 expression were observed in the TE region
of E4.0 blastocysts derived from in vitro aged oocytes.
The averages of total cell numbers in E4.0 embryos were
46.2+£9.0and 40.9 + 8.7 in the 6 h and 12 h aged groups,
respectively, and the numbers of total cells in E4.0 em-
bryos in both aged groups were significantly lower than
that in the control group (57.7 £ 10.8) (P < 0.05).

Dynamics of CDX2 and OCT3/4 expression during early
development

To evaluate the dynamics of CDX2 and OCT3/4 ex-
pression during early development, the levels of CDX2
and OCT3/4 expression were analyzed in embryos at
36 h (E1.5), 72 h (E3.0), and 96 h (E4.0) after ICSI (Figs.
3 and 4). The expression levels of CDX2 in E1.5, E3.0,
and E4.0 embryos were 0.01 £ 0.00, 0.50 + 0.16, and
0.41 £ 0.02 in the 6 h aged group, and 0.01 £ 0.00, 0.90 +
0.21, and 1.17 £ 0.15 in the control group, respectively. In

both groups, the expression levels of CDX2 in E3.0 and
E4.0 embryos were significantly higher than that in E1.5
embryos (P < 0.05). Comparing the two groups at the
same embryo stage, the expression level of CDX2 was
significantly lower in the aged group than in the control
group at E4.0 (P < 0.05) (Figs. 3A and 3B). The expres-
sion levels of OCT3/4 in E1.5, E3.0, and E4.0 embryos
were 0.07 £ 0.01, 1.11 £ 0.41, and 0.94 + 0.47 in the 6 h
aged group, and 0.08 £ 0.01, 1.72 £ 0.33, and 1.29 £ 0.07
in the control group, respectively. In both groups, the
expression levels of OCT3/4 in E3.0 and E4.0 embryos
were significantly higher than that in E1.5 embryos (P <
0.05). There were no differences in the expression levels
of OCT3/4 between the aged and control groups at any
embryonic stage (Figs. 4A and 4B).

Expression of p-FGFR2 in E4.0 embryos

The immunofluorescence staining results of p-FGFR2
in ICSI embryos at E4.0 are shown in Fig. 5A. p-FGFR2
localization was clearly detected in the cytoplasm sur-
face in the control and aged + FGF4 groups. Although
p-FGFR2 signals were also detected on the cytoplasm
surface in both the AZD and aged groups, the brightness
values of the p-FGFR2 signal were significantly lower
than those in the control and aged + FGF4 groups (P <
0.05) (Fig. 5B). The expression levels of p-FGFR2 in ICSI
embryos are shown as ratios relative to a-tubulin expres-
sion (Fig. 5C). The expression levels of p-FGFR2 were
0.15 £ 0.05, 0.22 £ 0.11, and 1.00 £ 0.21 in the AZD, the
aged, and the aged + FGF4 groups, respectively. There
were significant differences between the AZD and aged
groups and the control group (0.71 + 0.05, P < 0.05) (Fig.
5C). There were also significant differences between the
AZD and aged groups and the aged + FGF4 group (P <
0.05) (Fig. 5C).

Expression of p-MEK1/2 and p-ERK1/2 in E4.0 embryos

The expression levels of p-MEK1/2 and p-ERK1/2 in
ICSI embryos at E4.0 are shown as ratios relative to
a-tubulin expression, in Figs. 6A—6C. The expression
levels of p-MEK1/2 were 0.22 + 0.10 and 0.57 + 0.35 in
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Table 2. Comparison of the number of CDX2 and OCT3/4 positive cells in mouse ICSI embryos derived from

post-ovulatory aged oocytes

Time of in vitro ~ No. of embryos No. of CDX2 No. of OCT3/4
Exp. Group . . . o Total cell number
aging (h) examined positive cells positive cells
Aged 12 26 36.2+6.8° 37+ 1.4 409 +8.7°
6 50 39.8+6.9° 6.8+2.1° 46.2+9.0°
Control 0 50 479 +10.3* 7.7 +2.8 57.7+10.8*

Values with different superscripts in the same column are significantly different (P < 0.05).

Fig. 2.

the aged and aged + FGF4 groups, respectively, and
the expression level in the aged group was significantly
lower than that in the control group (0.97 £ 0.12, P < 0.05)
(Figs. 6A and 6C). The expression levels of p-ERK1/2
were 0.55 + 0.13 and 0.83 + 0.17 in the aged and aged
+ FGF4 groups, respectively, and the expression level in
the aged group was significantly lower than that in the
control group (1.00 + 0.07, P < 0.05) (Figs. 6B and 6C).

Expression of CDX2 in E4.0 embryos
The immunofluorescence staining results of CDX2 in
ICSI embryos at E4.0 are shown in Fig. 7A. CDX2 local-

Comparison of blastomeres that composed an E4.0 (96 h after ICSI) blastocyst. Immunofluorescent im-
ages of blastocysts immunolabeled with anti-CDX2 (green) and anti-OCT3/4 (red) antibodies. DNA
(blue) was stained with Hoechst33258. White arrowheads indicate ectopic expression of OCT3/4 in the
trophectoderm of the blastocyst. Scale bar=50 pm.

ization was clearly detected in the cytoplasm in the con-
trol group. Although CDX2 signals were also detected in
the cytoplasm in both the aged and aged + FGF4 groups,
the brightness value of the CDX2 signals was significant-
ly lower in the aged group than that in the control group
(P < 0.05) (Fig. 7B). The expression levels of CDX2 in
ICSI embryos are shown as ratios relative to a-tubulin
expression, in Fig. 7C. The expression levels of CDX2
were 0.42 + 0.06 and 0.75 + 0.41 in the aged and the
aged + FGF4 groups, respectively. There was a signifi-
cant difference between the aged group and the control
group (1.38 £ 0.22, P < 0.05).
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Fig. 3. Dynamics of CDX2 expression during early develop-
ment in mice. Seventy embryos/tube were sampled for
each experimental group, and immunoblotting was re-
peated three times. (A) Expression levels of CDX2 in
E1.5, E3.0, and E4.0 (36 h, 72 h, and 96 h after ICSI) em-
bryos. Bars indicate the relative expression of CDX2 to
a-tubulin, and different superscripts indicate significant
differences (P < 0.05). * P <0.05. (B) Electrophoretic
profiles indicate CDX2 and a-tubulin protein bands in
ELS5, E3.0, and E4.0 embryos. a-tubulin was used as a
loading control.
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Developmental competence during post-implantation
The implantation rates and offspring birth rates of ICSI
embryos derived from post-ovulatory aged oocytes are
presented in Table 3. Implanted embryos were observed
in 30.3% (46/152) and 10.4% (15/144) of all embryos
transferred to the uteri of recipient females in the 6 h and
12 h aged groups, respectively. The implantation rate in
the 12 h aged group was significantly lower than that in
the control group (38.8%, 83/214) (P < 0.05). Offspring
birth rates were 17.1% (26/152) and 4.2% (6/144) of all
embryos transferred to the uteri of recipient females in
the 6 h and 12 h aged groups, respectively. The offspring
birth rates in both aged groups were significantly lower
than that in the control group (29.0%, 62/214) (P < 0.05).

Discussion

In this study, the effects of post-ovulatory oocyte aging
on developmental competence and initial differentiation
after fertilization in murine embryos were investigated.
Embryos derived from in vitro aged oocytes had poor
competence in early development after insemination
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Fig. 4. Dynamics of OCT3/4 expression during early develop-

ment in mice. Seventy embryos/tube were sampled for
each experimental group, and immunoblotting was re-
peated three times. (A) Expression levels of OCT3/4 in
El.5, E3.0, and E4.0 embryos. Bars indicate the relative
expression of OCT3/4 to a-tubulin. * P <0.05. (B) Elec-
trophoretic profiles indicate OCT3/4 and a-tubulin pro-
tein bands in E1.5, E3.0, and E4.0 embryos. a-tubulin
was used as a loading control.

by ICSI and had significantly smaller numbers of blas-
tomeres, especially TE cells, at the blastocyst stage. In
these embryos, the expression of CDX2 involved in TE
differentiation and FGFR2/MAPK signaling was attenu-
ated. Also, the developmental competencies in the im-
plantation and post-implantation phases of embryos de-
rived from aged oocytes were extremely low compared
to those of normal embryos. These results suggest that
post-ovulatory oocyte aging in vitro weakens the expres-
sion of TE differentiation-related factors and affects the
initial differentiation into TE and extra-embryonic tissue
lineages in embryos after fertilization.

In this study, the fertilization and development rates
after ICSI in the aged group decreased with advancing
oocyte aging (Table 1). Several studies have investigated
the developmental competence of post-ovulatory aged
oocytes. Wakayama et al. [13] reported that IVF and ICSI
using 1-day-old oocytes resulted in poor blastocyst de-
velopmental competence in research into the short-term
preservation of mammalian oocytes without freezing. An-
other study showed that oocyte aging for 15—18 hours
after collection from oviducts did not affect the release
of the second polar body or the first cleavage after IVF,
but decreased the developmental rate to the blastocyst
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Comparison of p-FGFR2 expression in mouse E4.0 embryos. (A) Localization of p-FGFR2 in E4.0 em-
bryos. Confocal images of blastocyst stage embryos immunolabeled with anti-p-FGFR2 (green) an-
tibody. DNA (blue) was stained with Hoechst 33258. The right panels show higher-magnified images
obtained from the white frame in the center panels, respectively. Scale bar=25 um. (B) Brightness values
of p-FGFR2 signal in E4.0 embryos. Ten embryos were analyzed for each experimental group. Bars with
different superscripts in box-and-whisker plots indicate significant differences (P < 0.05). (C) Expres-
sion levels of p-FGFR2 in E4.0 embryos. One hundred twenty embryos/tube were sampled for each
experimental group, and immunoblotting was repeated three times. Bars indicate the relative expression
of FGFR2 to a-tubulin, and different superscripts indicate significant differences (P < 0.05). Electropho-
retic profiles indicate p-FGFR2 and a-tubulin protein bands in E4.0 embryos. a-tubulin was used as a
loading control.
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Comparison of expression levels of p-MEK1/2 and p-ERK1/2 in mouse E4.0 embryos. One hundred em-
bryos/tube were sampled for each experimental group, and immunoblotting was repeated three times for
each protein. (A) Expression levels of p-MEK1/2 in E4.0 embryos. Bars indicate the relative expression
of p-MEK1/2 to a-tubulin. * P < 0.05. (B) Expression levels of p-ERK1/2 in E4.0 embryos. Bars indi-
cate the relative expression of p-ERK1/2 to a-tubulin. * P < 0.05. (C) Electrophoretic profiles indicate
p-MEK1/2, p-ERK1/2, and a-tubulin protein bands in E4.0 embryos. a-tubulin was used as a loading
control.
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Comparison of CDX2 expression in mouse E4.0 embryos. (A) Localization of CDX2 in E4.0 embryos.

Confocal images of blastocyst stage embryos immunolabeled with anti-CDX2 (red) antibody. DNA
(blue) was stained with Hoechst 33258. Scale bar=50 pm. (B) Brightness values of CDX2 signal in E4.0
embryos. Ten embryos were analyzed for each experimental group. * P < 0.05. (C) Expression levels of
CDX2 in E4.0 embryos. Seventy embryos/tube were sampled for each experimental group, and immu-
noblotting was repeated three times. Bars indicate the relative expression of CDX2 to a-tubulin. * P <
0.05. Electrophoretic profiles indicate CDX2 and a-tubulin protein bands in E4.0 embryos. a-tubulin was

used as a loading control.

Table 3. Developmental competence of ICSI embryos during post-implantation in mice

Time of in vitro ~ No. of recipient

No. of embryos

No. (%)* of No. (%)* of

Exp. Group aging (h) female mice transferred implantation sites offspring

Aged 12 7 144 15 (10.4)° 6 (4.2)°
6 6 152 46 (30.3) 26 (17.1)°

Control 0 9 214 83 (38.8)" 62 (29.0)*

Values with different superscripts in the same column are significantly different (P < 0.05). *Percentage of trans-

ferred embyos.

stage [12]. Our previous study indicated that the effects
of in vitro aging on fertilization and pre-implantation de-
velopment appeared at 12 h after oocyte collection [9]. In
that study, we showed that the ability of artificially acti-
vated oocytes to form a normal single pronucleus tended
to deteriorate over time in vitro. This also suggests that
the deteriorations in fertilization capacity and early de-
velopmental competence in aged oocytes are unlikely
to be related to sperm side factors. The adverse effects
of post-ovulatory aging in vitro on oocytes also appear
in the blastomeres, which constitute the embryo at the
blastocyst stage after fertilization. Takahashi et al. [12]
reported that oocytes left in vitro for more than 15 h have
a reduced number of blastomeres at the blastocyst stage
after IVF. Similarly, our present study showed that the
number of blastomeres decreased in E4.0 embryos de-
rived from in vitro aged oocytes. In particular, the number

of CDX2-positive cells, as a TE marker, significantly de-
creased (Table 2). The decrease in the total cell number
of embryos may be primarily due to a decrease in TE
cells, which account for the majority of blastomeres in
E4.0 embryos.

The transcription factors Oct4 and Cdx2 are respec-
tively known to be important for the normal development
of ICM and TE which constitute the E4.0 embryo. Oct4
has a Cdx2-binding site in the promoter region and is
subject to repressive regulation by Cdx2 [24, 25]. Cdx2
also has an Oct4-binding site in the promoter region and
is repressively regulated by Oct4, and these two tran-
scription factors are functionally regulated via physical
interactions [24, 25]. The altered expression balance of
both factors results in tissue-specific expression of Oct4
and Cdx2 in the ICM and TE, respectively [17, 18, 23,
25]. In the present study, blastomeres that remained rich
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in OCT3/4 expression were observed in the TE region of
E4.0 blastocysts derived from in vitro aged oocytes (Fig.
2). This ectopic expression of OCT3/4 may be due to in-
sufficient expression of CDX2 in TE cells. Wu et al. [23]
showed that Oct4 was ectopically expressed in the TE
cells of embryos in which Cdx2 was strongly downregu-
lated using Cdx2-specific siRNA. In Cdx2 gene-deficient
embryos, Oct4, which exhibits ICM-specific expression
in normal embryos, was expressed in the TE [17, 18]. In
the present study, CDX2 expression levels in embryos
derived from in vitro aged oocytes were decreased at
the morula and blastocyst stages compared to normal
embryos, whereas OCT3/4 expression levels were not
affected by oocyte aging (Figs. 3 and Fig. 4). Our present
data does not provide clear evidence that only the ex-
pression level of CDX2 is decreased in embryos derived
from in vitro aged oocytes, even though both factors in-
teract with antagonistic expression. The ectopic expres-
sion of OCT3/4 observed in embryos derived from aged
oocytes suggests the attenuation of CDX2 expression in
TE cells, which might inhibit normal differentiation into
the TE lineage.

To investigate this further, the expression of molecules
associated with the FGF4 signaling pathway, which reg-
ulates the expression of TE differentiation factors, was
examined. FGF4, a growth factor secreted from the ICM,
acts as a paracrine factor on the receptor FGFR2 which
is on the TE cell membrane adjacent to the ICM [22] (Fig.
1). The maintenance of Cdx2 expression in pre-and post-
implantation embryos requires cell signaling via the bind-
ing of FGF4 to FGFR2 [22]. FGFRZ2, the initiation point
of the FGF4 signaling pathway, is activated by the phos-
phorylation of the intracellular tyrosine kinase domain
and transmits molecular signals downstream [26]. In this
study, a fluorescent signal indicating the localization of
p-FGFR2 labeled with a fluorescent probe was clearly
visible on the cellular membranes of the blastomeres in
control embryos. However, the intensity of the fluores-
cent signal on the blastomere was attenuated in embryos
derived from aged oocytes (Figs. 5A and 5B). When em-
bryos in the aged group were cultured with FGF4, the
fluorescence intensity of the p-FGFR2 signal on the cel-
lular membrane recovered. Semi-quantitative analysis of
p-FGFR2 expression by immunoblotting showed that the
phosphorylation level of FGFR2 significantly decreased
in the aged group (Fig. 5C). The decrease in the level
of FGFR2 phosphorylation in the aged group was com-
parable to that in control embryos treated with FGFR2
inhibitors, suggesting that in vitro aging of oocytes weak-
ens FGFR2 activation in blastocysts after fertilization.
Moreover, the supplementation of exogenous FGF4 led

to the recovery of the phosphorylation level of FGFR2
in embryos derived from in vitro aged oocytes, a result
in agreement with the results of immunofluorescence
staining described above. These results suggest that the
inhibition of FGFR2 activity observed in embryos derived
from in vitro aged oocytes is due to the lack of FGF4 se-
creted from the ICM.

The FGFR2 tyrosine kinase activates the downstream
Ras/MAPK pathway, which is mediated by effector mol-
ecules [22, 26] (Fig. 1). The MAPK pathway is a cascade
of successive phosphorylation of downstream proteins:
MAPK is phosphorylated by upstream MAPK kinase
(MAPKK), and MAPKK is in turn phosphorylated by
further upstream MAPKK kinase (MAPKKK). The ERK
pathway is a classical MAPK pathway that is primarily ac-
tivated by cell growth factors to regulate cell proliferation
and differentiation [22, 27]. In this study, the phosphory-
lation levels of MEK1/2 (MAPKK) and ERK1/2 (MAPK),
downstream effectors of the ERK pathway, were both
significantly decreased in embryos derived from in vi-
tro aged oocytes; however, their phosphorylation levels
were recovered by the supplementation of FGF4, like
the phosphorylation of FGFR2 (Fig. 6). Furthermore,
the expression level of CDX2 in embryos derived from
aged oocytes stagnated in tandem with the decreased
activity of FGFR2, MEK, and ERK (Fig. 7). Some reports
have suggested the importance of Ras/MAPK signaling
in Cdx2 expression. Lu et al. [28] demonstrated that the
induction of activated Ras expression, which phosphory-
lates MAPKKK in response to the stimulation of tyrosine
kinase receptors, promotes Cdx2 expression in ES cells
and differentiation into the trophectoderm lineage, which
is not normally observed in ES cells. They also showed
that blocking the MAPK pathway by inhibiting Erk2 in
cultured mouse embryos compromised Cdx2 expression
and delayed blastocyst development [28]. When embryos
treated with a MAPK inhibitor were explanted onto feeder
cells, the delay in blastocoel formation was accompanied
by a decrease in the outgrowth of trophoblast giant cells
[28]. These findings suggest that Ras/MAPK signaling
regulates Cdx2 expression in the embryo and is involved
in maintaining TE function and trophoblast proliferation in
the developing embryo. Therefore, our data indicate that
the attenuation of MAPK signaling and CDX2 expression
observed in embryos derived from in vitro aged oocytes
led to a decrease in TE cells, which might have affected
TE differentiation and proliferation. The attenuation of
MAPK signaling associated with the inhibition of FGFR2
activity may be indirectly affected by a lack of FGF4 as
described above. However, even though the downstream
signals of FGF4 were attenuated in the blastocysts of the



6 h aged group, the number of ICM cells that secreted
FGF4 and the OCT3/4 expression level that regulates
Fgf4 transcription did not deviate from their normal
ranges (Table 2 and Fig. 4). To resolve this question, the
involvement of Sox2, a transcriptional regulator of Fgf4
that forms a complex with Oct3/4, should be considered.
Thus, further examinations of the effects of oocyte aging
on Sox2 expression, the interaction between Sox2 and
Oct3/4, and the transcription of Fgf4 are required.

Cdx2, the first transcription factor specifically ex-
pressed in the TE of developing embryos [23], plays a
crucial role in differentiating the TE lineage and main-
taining TE function. Normal differentiation into the TE lin-
eage is essential for the establishment and maintenance
of implantation. In murine models of Erk2 [27] and Cdx2
[17] gene knockouts, defects in the implantation and for-
mation of an ectoplacental cone, which develops from
the TE and differentiates into trophoblastic tissue, have
been recognized. Although Cdx2 gene-deficient or gene-
suppressed embryos become lethal prior to implantation
because of delayed cavitation and abnormal hatching
processes, they develop to the blastocyst stage [17, 23,
28]. Indeed, our present data also shows that embryos
derived from aged oocytes with a serious lack of CDX2
expression developed into blastocysts, but the implanta-
tion and delivery rates were significantly reduced after
transfer into the uteri of pseudopregnant foster mothers
(Table 3). Such poor competence in implantation and
post-implantation development suggests that embryos
derived from aged oocytes that form blastocysts may
have problems with the differentiation of TE into extra-
embryonic tissues during the implantation phase. To test
this hypothesis, an analysis focusing on embryo implan-
tation in the early phase is required. Analysis of Cdx2-de-
ficient embryos has established that, whereas the main-
tenance of TE function supporting embryogenesis is
completely dependent on Cdx2, the expression of Cdx2
is not necessary to trigger the differentiation of totipotent
blastomeres into trophoblast [23]. A recent study pro-
posed a molecular model of the TE differentiation regula-
tory network (Fig. 8), in which TEA domain transcription
factor 4 (Tead4) regulates TE-associated genes such as
Cdx2, Eomes, and Fgfr2 downstream and is involved in
the initiation of TE lineage segregation [23, 29-31]. It
seems that the association between defects of TE differ-
entiation in embryos derived from in vitro aged oocytes
and the expression of Tead4 requires future clarification.

It is debatable why oocyte aging in vitro affects TE dif-
ferentiation in the embryo after fertilization. One inter-
esting study examined the effects of mRNA level knock-
down using a RNAIi approach on Cdx2 expression. As
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Fig.8 Molecular model of the TE differentiation regulatory
network. Whereas the maintenance of TE function
supporting embryogenesis is completely dependent on
Cdx2, the expression of Cdx2 is not necessary to trigger
the differentiation of totipotent blastomeres into tropho-
blast. TEA domain transcription factor 4 (Tead4) regu-
lates TE-associated genes such as Cdx2, Eomes, and
Fgfr2 downstream and is involved in the initiation of
TE lineage segregation.

described above, Cdx2 gene deficiency causes failure of
hatching and implantation, ectopic expression of Oct4 in
the blastocyst, and significant reduction of Cdx2 mRNA
expression levels in the embryogenic process. Wu et
al. [23] reported that maternal Cdx2-deficient embryos
obtained by microinjection of Cdx2-specific siRNA into
MIl oocytes showed changes in phenotype and gene ex-
pression profiles, similar to previously reported zygotic
Cdx2-deficient embryos. Their report provides clear evi-
dence that transcripts derived from maternal Cdx2 can
affect TE differentiation after fertilization. In post-ovula-
tory aged oocytes, loss of the transcript accumulation of
maternal Cdx2 over time in vitro may affect the differen-
tiation of TE and extra-embryonic tissues. In this study,
we detected expression of the zygotic CDX2 protein. The
first time CDX2 expression is detected at the protein lev-
el during early development is at the 8-cell stage, when
CDX2 can be detected as a very weak nuclear signal [17,
23, 25], and it is probably difficult to detect CDX2 before
that time. As reported by Wu et al., analysis of changes
in the transcript accumulation of maternal Cdx2 in aged
oocytes might resolve why oocyte aging in vitro affects
TE differentiation in the embryo.

In conclusion, post-ovulatory oocyte aging in vitro de-
creased developmental competence after fertilization
and attenuated FGFR/MAPK signaling and CDX2 ex-
pression in early embryos. Moreover, our results suggest
that the decreased competence of implantation and post-
implantation development in embryos derived from aged
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oocytes is due to defects in the differentiation into TE at
the blastocyst stage. Our findings provide evidence that
post-ovulatory oocyte aging in vitro can affect the initial
differentiation into the TE lineage after fertilization.
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