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Abstract
Synchronization of oocyte maturation in vitro has been shown to produce higher in vitro fertilization (IVF) rates than those observed

in oocytes matured in vitro without synchronization. However, the increased IVF rates never exceeded those observed in oocytes

matured in vivo without synchronization. This study was therefore designed to define the effect of in vivo synchronization of oocyte

maturation on IVF rates. Mice were superovulated and orally treated with 7.5 mg cilostazol (CLZ), a phosphodiesterase 3A (PDE3A)

inhibitor, to induce ovulation of immature oocytes at different stages depending on frequency and time of administration of CLZ.

Mice treated with CLZ ovulated germinal vesicle (GV) or metaphase I (MI) oocytes that underwent maturation in vitro or in vivo

(i.e. in the oviduct) followed by IVF. Superovulated control mice ovulated mature oocytes that underwent IVF directly upon

collection. Ovulated MI oocytes matured in vitro or in vivo had similar maturation rates but significantly higher IVF rates, 2–4

cell embryos, than those observed in control oocytes. Ovulated GV oocytes matured in vitro showed similar maturation rates but

significantly higher IVF rates than those observed in control oocytes. However, ovulated GV oocytes matured in vivo had signifi-

cantly lower IVF rates than those noted in control oocytes. It is concluded that CLZ is able to synchronize oocyte maturation and

improve IVF rates in superovulated mice. CLZ may be capable of showing similar effects in humans, especially since temporal

arrest of human oocyte maturation with other PDE3A inhibitors in vitro was found to improve oocyte competence level. The

capability of a clinically approved PDE3A inhibitor to improve oocyte fertilization rates in mice at doses extrapolated from human

therapeutic doses suggests the potential scenario of the inclusion of CLZ in superovulation programs. This may improve IVF

outcomes in infertile patients.
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Introduction

Oocyte maturation involves cytoplasmic and meiotic mat-
uration. Oocyte cytoplasmic maturation refers to events that
occur during two distinct phases of oocyte development:

follicle growth and meiotic maturation. Oocyte cytoplasmic
maturation during follicle growth includes accumulation

and storage of maternal mRNA, proteins, substrates, and
nutrients. This maturation phase is essential for early
embryonic survival, especially before maternal-zygotic

gene transition, which is around 2 and 4/8-cell stages in
mouse and human embryos, respectively.1–3 The higher

developmental capacity observed in large oocytes over
that of small oocytes in many species such as bovine,4

canine,5 and feline6 suggests more accumulation of

nutrients and transcripts at this phase of cytoplasmic mat-
uration, and consequently larger oocyte sizes that efficiently
support early embryonic development. This cytoplasmic
maturation at follicle growth was found to cease as the
fully grown oocyte at the prophase I stage started to enter
meiotic maturation. However, oocytes matured in vitro may
initiate meiotic maturation even though their cytoplasmic
maturation is not yet completed, resulting in oocytes with
low competence level.7,8 Studies have shown that temporal
arrest of oocyte meiotic maturation in vitro, using phospho-
diesterase 3A (PDE3A) inhibitors, was able to improve
oocyte quality and in vitro fertilization (IVF) rates. This sug-
gests that temporal arrest of oocyte meiotic maturation
in vitro results in oocytes with higher cytoplasmic matur-
ation and competence levels.9–13
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The second phase of oocyte cytoplasmic maturation,
which occurs during meiotic maturation, includes morpho-
logical and biochemical events such as cortical granule
migration,14 microfilament relocation,15 mitogen-activated
protein kinase phosphorylation,16 cyclin B synthesis,17 and
p34cdc2 kinase activation.18 This phase of maturation is also
believed to fall behind meiotic maturation when oocytes are
matured in vitro. Temporal arrest of oocyte meiotic matur-
ation in vitro can synchronize both cytoplasmic and meiotic
maturation and result in oocytes of higher quality.9–13

Meiotic maturation refers to the 1st meiotic division and
transition of an immature oocyte at the prophase I stage
with a germinal vesicle (GV) to a mature oocyte at the meta-
phase II (MII) stage with a 1st polar body. Nonsynchronized
maturation of oocytes can not only occur in vitro but also
in vivo upon the administration of exogenous gonado-
tropins in superovulation programs.19,20 However, the
beneficial effect of in vivo synchronization of oocyte matur-
ation on IVF rates in superovulation programs has not yet
been addressed.

Cilostazol (CLZ) is a safe PDE3A inhibitor that is pre-
scribed to patients with intermittent claudication disease in
Europe, USA, and Japan. This compound was recently
reported to inhibit oocyte meiotic maturation in superovu-
lated mice and in a reversible manner.21 This study was
designed to evaluate the ability of CLZ to synchronize
oocyte maturation in vivo and to improve IVF success
rates and development to the 2–4 embryo cell stage in
superovulated mice.

Materials and methods
Mice and ethical approval

Swiss Webster mice, 8–10 weeks old, were purchased from
Harlan Laboratories (Houston, TX). Mice were maintained
under controlled temperature (23�C) and a light/dark (14/
10 h) cycle. Food and water were provided ad libitum. All
experiments were approved by the Texas A&M University
Institutional Animal Care and Use Committee.

Reagents and drug administrations

All chemicals and reagents were purchased from Sigma-
Aldrich (St. Louis, MO) unless otherwise specified.
Superovulated mice were intraperitoneally injected with 5
IU pregnant mare serum gonadotropin (PMSG) followed in
47 h with 5 IU of human chorionic gonadotropin (hCG).
Both PMSG and hCG were purchased from Intervet Inc.,
(Summit, NJ, USA). CLZ (LKT Laboratories Inc., St. Paul,
MN, USA) doses of 7.5 mg were dissolved in aliquots of
0.1 mL dimethyl sulfoxide (DMSO) immediately before
oral administration (gavage). This CLZ dose was extrapo-
lated from the pharmacokinetics of CLZ in humans.21 The
human tubal fluid (HTF) complete culture medium (Zenith
Biotech, Guilford, CT, USA) supplemented with 4.5% fetal
bovine serum with or without HEPES was used for oocyte
and sperm collection or oocyte incubation and IVF,
respectively.

Treated mice ovulating metaphase I oocytes

To study the ability of ovulated metaphase I (MI) oocytes to
undergo synchronized in vitro or in vivo maturation and
IVF, superovulated mice were treated with 7.5 mg CLZ 7 h
pre-hCG to induce ovulation of MI oocytes.21 These mice
were designated as Group I. Group I was divided into three
subgroups. In the first subgroup, oocytes were retrieved
14 h post-hCG. For the second subgroup, ovulated oocytes
were retrieved 14 h post-hCG followed by in vitro matur-
ation (IVM) for 3 h to allow for MI oocytes to mature into
MII oocytes. For the third subgroup, oocytes were retrieved
17 h post-hCG to allow for ovulated MI oocytes to undergo
in vivo oocyte maturation (IVOM), in the oviduct, for 3 h.
The ovulation was monitored and determined to occur in
this mouse strain 14 h post-hCG. Oocytes from all of these
subgroups were then denuded of cumulus cells, using 0.6%
bovine hyaluronidase enzyme, and scored for maturational
status. In other experiments, ovulated cumulus enclosed
oocytes were collected as described in subgroups 2 and 3
followed by IVF 17 h post-hCG without denudation.

Other mice were treated with 7.5 mg CLZ 4 h pre-hCG to
induce ovulation of MI oocytes.21 The latter mice were
designated as Group II. Group II was divided into three
subgroups. Ovulated oocytes from the first subgroup
were retrieved 14 h post-hCG. For the second subgroup,
ovulated oocytes were retrieved 14 h post-hCG followed
by IVM for 6 h to allow for MI oocytes to mature into MII
oocytes. For the third subgroup, oocytes were retrieved 20 h
post-hCG to allow for ovulated MI oocytes to undergo
IVOM in the oviduct for 6 h. Ovulated oocytes from all of
these subgroups were then denuded and scored for matur-
ational status. In other experiments, ovulated oocytes were
collected as described in subgroups 2 and 3 followed by IVF
20 h post-hCG without denudation.

Treated mice ovulating GV oocytes

To study the ability of ovulated GV oocytes to undergo
synchronized in vitro or in vivo maturation and IVF, super-
ovulated mice were treated with 7.5 mg CLZ 4 h pre-hCG
and 2 h post-hCG to induce ovulation of GV oocytes.21

These mice were designated as Group III. Group III was
divided into five subgroups. In the first subgroup, oocytes
were retrieved 14 h post-hCG. For the second subgroup,
ovulated GV oocytes were collected 15.5 h post-hCG to
allow for ovulated GV oocytes to undergo germinal vesicle
breakdown (GVBD) in the oviduct for 1.5 h (IVOM). For the
third subgroup, oocytes were retrieved 14 h post-hCG fol-
lowed by IVM for 1.5 h to allow for ovulated GV oocytes to
undergo GVBD in vitro. For the fourth subgroup, oocytes
were retrieved 14 h post-hCG followed by IVM for 10 h to
allow for ovulated GV oocytes to mature into MII oocytes
in vitro. For the fifth subgroup, oocytes were retrieved 24 h
post-hCG to allow for ovulated oocytes to undergo IVOM in
the oviduct for 10 h and to mature into MII oocytes. All
oocytes were then denuded and scored for maturational
status. In other experiments, ovulated cumulus enclosed
oocytes were collected as described in subgroups 4 and 5
followed by IVF 24 h post-hCG without denudation.

520 Experimental Biology and Medicine Volume 240 April 2015
. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .



Control mice ovulating MII oocytes

The control group corresponding to Group I mice received
0.1 mL DMSO 7 h pre-hCG. The control group correspond-
ing to Group II mice received 0.1 mL DMOS 4 h pre-hCG
whereas the control group corresponding to Group III mice
received 0.1 mL DMSO 4 h pre-hCG and 2 h post-hCG. All
control mice were sacrificed 14 h post-hCG. Ovulated con-
trol oocytes were denuded from cumulus cells and scored
for maturational status or in vitro fertilized directly upon
collection without denudation. These oocytes were desig-
nated as control oocytes.

Determination of the timing of oocyte maturation in vivo

To define oocyte maturation in superovulated mice not trea-
ted with CLZ, mice were superovulated, and oocytes were
collected 1.5, 3, 6, or 10 h post-hCG from large preovulatory
follicles. Oocytes were also collected 14 h post-hCG from
the oviduct after the ovulation. Oocytes were then denuded
and scored for maturation status. These oocytes were desig-
nated as control ovarian GV oocytes that underwent IVOM.

Determination of the timing of oocyte maturation
in vitro

To define oocyte maturation in vitro, mice not treated with
CLZ were sacrificed 47 h post-PMSG, and cumulus
enclosed GV oocytes were collected from large antral fol-
licles. The oocytes were incubated for 1.5, 3, 6, 10, or 14 h in
the culture medium and then denuded and scored for mat-
uration status. These oocytes were designated as control
ovarian GV oocytes that underwent IVM.

IVF

Vasa deferentia attached to thick posterior epididymis tails
were isolated from two mature males and flushed in 1.5 mL
of HTF medium. Spermatozoa were capacitated for 15 min
at 37�C. Final concentrations of 2� 106 spermatozoa/mL of
IVF media containing oocytes collected from three females
were prepared. Oocytes were incubated with spermatozoa
for 6 h followed by three washes. Oocytes were then incu-
bated for 24 h and scored for 2–4 cell stage embryos. IVM
and fertilization of oocyte were conducted at 37�C with 5%
CO2 in humidified air.

Statistics

The Pearson’s chi-square test of independence (contingency
table of 2� 2) was used to determine all statistical differ-
ences. Two variables, each of two levels, were considered.
These variables were the maturation or IVF rates at low or
high rates and CLZ treatments at the two doses of 0 or
7.5 mg. The response of low or high rates of oocyte matur-
ation or IVF to the different CLZ treatments was considered
dependent when the alpha level of P value was less than
0.05.22 The SPSS 14.0 software (SPSS Inc., Chicago, IL) was
used to carry out all the statistical analyses.

Results
MI oocytes

Administration of 7.5 mg CLZ in superovulated mice 7 h
pre-hCG injection (Group I) resulted in mice ovulating
97.3% MI oocytes when compared to 3.9% MI oocytes
resulting from their corresponding control mice
(P< 0.0001, Table 1). Those MI oocytes were synchronized
to undergo maturation in vitro or in vivo in similar periods
of time. In this regard, MI oocytes resulting from Group I
mice had in vitro or in vivo maturation periods of 3 h with
MII oocyte yields of 96.3 or 98.8%, respectively, which were
not significantly different from the 96.1% MII oocytes
resulting from the control group. However, both in vitro
and in vivo MI oocytes matured into MII oocytes resulting
from Group I had higher IVF rates of 88.2 and 90.6%,
respectively, than that of 81.6% observed in their corres-
ponding control group (P< 0.02, Figure 1(a)).

Administration of 7.5 mg CLZ in superovulated mice 4 h
pre-hCG injection (Group II) also resulted in mice ovulating
95.6% MI oocytes in comparison to 4.2% MI oocytes result-
ing from their control group (P< 0.0001, Table 2). Both
in vitro and in vivo maturation periods of these MI oocytes
were synchronized to 6 h with MII oocyte yields of 98.3 and
95.1%, respectively. These MII oocyte yields were not sig-
nificantly different from those of controls (95.8%). Both
in vitro and in vivo MI oocytes matured into MII oocytes
in Group II showed IVF rates higher than those
observed in their corresponding control groups (P< 0.002,
Figure 1(b)).

GV oocytes

Multiple administrations of CLZ in superovulated mice
(Group III) resulted in ovulation of 91.6% GV oocytes in

Table 1 Maturation rates of ovulated MI oocytes resulting from mice treated with 7.5 mg CLZ 7 h pre-hCG (Group I)

Group

GV MI MII

Control Treated Control Treated Control Treated

Maturation stages at ovulation 0.0 (153) 0.0 (147) 3.9a (153) 97.3b (147) 96.1a (153) 2.7b (147)

IVM for 3 h – 0.0 (133) – 3.7a (133) – 96.3a (133)

IVOM for 3 h – 0.0 (170) – 1.2a (170) – 98.8a (170)

Data are presented as percent (total number of oocytes). Values with different superscripts are significantly different (P<0.0001) within each oocyte maturation stage of

germinal vesicle (GV), metaphase I (MI), or metaphase II (MII). Groups of mice of 7–8 were used for each experiment.

IVM: in vitro maturation; IVOM: in vivo oocyte maturation.
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Figure 1 IVF rates (2–4 cell embryo stage) of ovulated immature oocytes resulting from superovulated mice treated with 7.5 mg CLZ. (a) IVF rates of ovulated MI

oocytes resulting from superovulated mice treated with 7.5 mg CLZ 7 h pre-hCG (Group I). (b) IVF rates of ovulated MI oocytes resulting from superovulated mice

treated with 7.5 mg CLZ 4 h pre-hCG (Group II). (c) IVF rates of ovulated GV oocytes resulting from superovulated mice treated with 7.5 mg CLZ 4 h pre-hCG and 2 h

post-hCG (Group III). Columns with different superscripts are significantly different (P<0.02 for Figure 1(a), P<0.002 for Figure 1(b), and P<0.0001 for Figure 1(c)).

Numbers inside columns represent the total number of used oocytes in each subgroup, and 12–16 mice were used in each subgroup

Table 2 Maturation rates of ovulated MI oocytes resulting from mice treated with 7.5 mg CLZ 4 h pre-hCG (Group II)

Group

GV MI MII

Control Treated Control Treated Control Treated

Maturation stages at ovulation 0.0 (140) 4.4 (136) 4.2a (140) 95.6b (136) 95.8 (140) 0.0 (136)

IVM for 6 h – 0.0 (120) – 1.7a (120) – 98.3 (120)

IVOM for 6 h – 0.0 (163) – 4.9a (163) – 95.1 (163)

Data are presented as percent (total number of oocytes). Values with different superscripts are significantly different (P<0.0001) within each oocyte maturation stage of

germinal vesicle (GV), metaphase I (MI), or metaphase II (MII). Groups of mice of 7–8 were used for each experiment.

IVM: in vitro maturation; IVOM: in vivo oocyte maturation.
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comparison to their corresponding controls that did not
ovulate GV oocytes (Table 3). The ovulated GV oocytes
were synchronized to undergo maturation in vitro or
in vivo in similar periods of time of 10 h to result in 98.4 or
95.0% MII oocytes, respectively. These MII oocyte yields
were not significantly different from their corresponding
control group (99.2%). IVM of ovulated GV oocytes
showed high IVF rates when compared to that of control
groups (95% versus 84%, respectively, P< 0.0001,
Figure 1(c)). Conversely, IVOM of ovulated GV oocytes
showed lower rate of IVF than that of the control group
(73.6% versus 84%, respectively, P< 0.0001).

Timing of oocyte meiotic maturation events in vitro
and in vivo

GV breakdown. Ovulated GV oocytes (Group III) were
synchronized to have GVBD at similar times and yields

whether matured in vitro or in vivo when compared to con-
trol ovarian GV oocytes. For example, most of ovulated GV
oocytes resulting from Group III mice were capable of
undergoing GVBD in vitro or in vivo within 1.5 h and with
similar yields of MI oocytes of 94.1 and 86.3%, respectively
(P> 0.05, Table 4). Conversely, control ovarian GV oocytes
showed 20 or 0% of oocytes at the MI stage after 1.5 h of
IVM or IVOM, respectively (Table 5). In addition, while
most of control ovarian GV oocytes finished GVBD by 3 h
when matured in vitro with MI oocyte yield of 81.5%, such
control oocytes started GVBD only after 3 h when matured
in vivo with MI oocyte yield of 2% (P< 0.0001). This yield of
MI oocytes increased to 29% when oocytes were collected
6 h post-hCG injection, which was still not synchronized to
the high yield (83.8%) of MI oocytes resulting from control
ovarian oocytes matured in vitro for 6 h (P< 0.0001). At 10 h
post-hCG, few GV oocytes were collected from large preo-
vulatory follicles when compared to those collected 6 h

Table 5 Timing of meiotic events of control ovarian GV oocytes underwent IVM or IVOM

Incubation period (h)

GV MI MII

IVM IVOM IVM IVOM IVM IVOM

1.5 80.0a (85) 100.0b (102) 20.0a (85) 0.0 (102) 0.0 (85) 0.0 (102)

3 18.5c (92) 98.0b (198) 81.5b (92) 2.0c (198) 0.0 (92) 0.0 (198)

6 16.2c (88) 69.0d (283) 83.8b (88) 29.0ad (283) 0.0 (88) 2.0a (283)

10 14.0c (79) 25.0c (184) 35.4ad (79) 38.4d (184) 50.6b (79) 36.6c (184)

14 14.3c (99) 0.0 (157) 4.0c (99) 5.0c (157) 81.7d (99) 95e (157)

Data are presented as percent (total number of oocytes). Values with different superscripts are significantly different (P<0.03) within each oocyte maturation stage of

germinal vesicle (GV), metaphase I (MI), or metaphase II (MII). Groups of mice of 8–10 were used for each time point.

IVM: in vitro maturation of control ovarian GV oocytes; IVOM: in vivo oocyte maturation of control ovarian GV oocytes.

Table 3 Maturation rates of ovulated GV oocytes resulting from mice treated with 7.5 mg CLZ 4 h pre-hCG and 2 h post-hCG (Group III)

Group

GV MI MII

Control Treated Control Treated Control Treated

Maturation stages at ovulation 0.0 (133) 91.6 (120) 0.8a (133) 8.4b (120) 99.2a (133) 0.0 (120)

IVM for 10 h – 0.0 (126) – 1.6a (126) – 98.4a (126)

IVOM for 106 h – 0.0 (160) – 5.0b (160) – 95.0a (160)

Data are presented as percent (total number of oocytes). Values with different superscripts are significantly different (P<0.03) within each oocyte maturation stage of

germinal vesicle (GV), metaphase I (MI), or metaphase II (MII). Groups of mice of 7–8 were used for each experiment.

IVM: in vitro maturation; IVOM: in vivo oocyte maturation.

Table 4 Timing of meiotic events in ovulated GV oocytes (Group III) matured in vitro or in vivo

Incubation period (h)

GV MI MII

IVM IVOM IVM IVOM IVM IVOM

1.5 5.9 (118) 13.7 (95) 94.1a (118) 86.3a (95) 0.0 (118) 0.0 (95)

10 0.0 (126) 0.0 (160) 1.6b (126) 5.0b (160) 98.4 (126) 95.0 (160)

The meiotic stages of oocytes in Group III mice at ovulation were 91.6% GV, 8.4% MI, and 0% MII (n¼120 oocytes). Data are presented as percent (total number of

oocytes). Values with different superscripts are significantly different (P<0.0001) within each oocyte maturation stage of germinal vesicle (GV), metaphase I (MI), or

metaphase II (MII). Groups of mice of 8–10 were used for each experiment.

IVM: in vitro maturation; IVOM: in vivo oocyte maturation.
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post-hCG (25% versus 69%, P< 0.0001). At ovulation, only
MI and MII oocytes were observed, indicating that GVBD
was continuous up to the onset of ovulation.

First polar body emission. Ovulated GV oocytes (Group
III) were synchronized to mature into MII oocytes at similar
times and yields whether matured in vitro or in vivo when
compared to control ovarian GV oocytes. For example, ovu-
lated GV oocytes matured in vitro or in vivo for 10 h resulted
in similar yields of MII oocytes of 98.4 or 95%, respectively
(P> 0.05, Table 4). Conversely, scoring of control ovarian
GV oocytes matured in vitro or in vivo for 10 h showed MII
oocyte rates of 50.6 or 36.6%, respectively (P< 0.03, Table 5).
The latter yields were also lower than those observed in
ovulated GV oocytes matured in vitro or in vivo
(P< 0.0001). Scoring of control ovarian GV oocytes matured
in vitro or in vivo for 14 h showed MII oocyte rates of 81.7 or
95%, respectively (P< 0.001). Extending the IVM period to
18 h in control ovarian GV oocytes did not significantly
improve the yields of MII oocytes (data not shown).
Moreover, the first appearance of 1st polar body 6 h post-
hCG in control ovarian GV oocytes suggests that the
emission of 1st polar bodies started first 6 h post-hCG and
continued until the onset of ovulation.

Discussion

Administration of CLZ in superovulated mice results in
ovulation of GV or MI oocytes, which can mature in vitro
or in vivo into MII oocytes with yields similar to those
observed in control superovulated mice. The resultant MII
oocytes from CLZ treated mice were observed to have high
fertilization rates when compared to those of superovulated
mature oocytes. CLZ also synchronizes meiotic events,
such as GVBD and 1st polar body emission, and time
periods required for oocyte maturation in vitro or in vivo.
For instance, ovulated GVoocytes matured in vitro or in vivo
required 1.5 h for most of oocytes to undergo GVBD.
Conversely, only small numbers of ovarian GV oocytes
underwent GVBD when matured in vitro for 1.5 h whereas
scoring of oocytes from large preovulatory follicles at dif-
ferent timings after the hCG injection revealed that GVBD
occurred first 3 h post-hCG injection and continued until
the onset of ovulation. As for 1st polar body emission,
most of ovulated GV oocytes required 10 h of IVM or
IVOM to emit 1st polar bodies whereas only smaller num-
bers of ovarian GV oocytes matured in vitro or in vivo for
10 h emitted 1st polar bodies. It is also interesting that some
MII oocytes were collected as early as 6 h post-hCG admin-
istration in control mice. This directs attention to the occur-
rence of premature polar body emission in some oocytes in
superovulation, and consequently the ovulation of aged
MII oocytes with compromised viability and fertility. This
emphasizes the usefulness of synchronization of oocyte
maturation in superovulation programs.

Superovulation in rodents has been found to adversely
affect embryonic development, cause abnormal microfila-
ment distribution,19 and increase retardation of fetal
growth.23 A dose–response relationship between PMSG
dose and the incidence of polyploidy has also been

noted.20 In IVF clinics, serial measurements of serum estra-
diol and applications of transvaginal ultrasonography are
used to monitor follicular development and to adjust hor-
monal dosage administrations in superovulation pro-
grams.24 Nevertheless, a delay of embryonic development
and low birth weights have also been observed after IVF
treatment in humans.25,26 In addition, fully grown GV
oocytes with active transcriptional activities can respond
to administered gonadotropins and terminate the transcrip-
tional activity at earlier times.7,8 It is thus possible that
superovulation results in oocytes that lack some essential
transcripts and proteins that are required for oocyte matur-
ation and embryonic development. Administration of CLZ
may reduce some of these adverse effects resulting from
superovulatory hormones because temporal arrest of
oocyte maturation in superovulation allows for more GV
oocytes to finish synthesis and accumulation of transcripts
and proteins that aid in sustaining oocyte maturation and
embryonic development. Moreover, temporal arrest of
ovarian GV oocytes matured in vitro has been shown to
positively affect GV oocytes. Such oocytes were observed
to have high rates of nucleoli surrounded with chromatin,
chromosomes aligned at equators of normal spindles, mat-
uration, and fertilization in humans,11,12 rodents,9,10,13 and
bovine.9 Therefore, the results of high levels of synchron-
ization and fertilization rates observed in this in vivo study
using CLZ may also be due to the same positive effects
observed in ovarian GV oocytes matured in vitro upon tem-
poral arrest using other PDE3A inhibitors.

Although temporal arrest of maturation of ovarian GV
oocytes in vitro was reported to be associated with high
oocyte quality and embryonic rates,9–13 other investigators
have reported the lack of such beneficial effects.27,28 It is
possible that concentrations and types of PDE3A inhibitors
used and/or durations of arresting of oocytes at the GV
stage are factors that may explain such discrepancies.
Similarly, we observed that although arresting of oocytes
at the GV stage in vivo followed by IVM for 10 h improved
the IVF rate more than that of control MII oocytes, oviductal
maturation of ovulated GV oocytes for 10 h reduced IVF
rates. Interestingly, oviductal maturation of MI oocytes for
3 or 6 h into MII oocytes showed significantly higher IVF
rates in the present study. In humans, delaying IVF after
oocyte collection showed high levels of fertilization, fetal
development, and pregnancy.29–31 Moreover, delaying
oocyte retrieval after the hCG injection showed similar
results.32 These results indicate that prolonged in vitro or
in vivo maturation of oocytes is beneficial and increases fer-
tilization rates. In the present study, the maturation period
of ovulated GV oocytes in vivo or in vitro was similar (10 h),
excluding the possibility of oocytes or factor(s) within
oocytes undergoing aging. Therefore, it is suggested that
other in vivo factor(s) such as CLZ concentrations upon
multiple administrations may affect viability and normality
of oocytes when at the GV stage.

Genetic polymorphisms in hepatic CYP 450, CYP3A
(CYP3A5*3) and CYP2C19 (CYP2C19*2 and CYP2C19*3),
were found to cause substantial interindividual variability
in CLZ clearance when administered orally in humans.33 It
is possible that such genetic polymorphisms in hepatic
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enzymes are also present in mice that result in CLZ inhibi-
tory concentrations being maintained longer in some of the
treated mice. As a result, meiotic maturation kinetics might
have been disrupted. It is therefore suggested that some of
the MII oocytes, obtained from IVOM of ovulated GV
oocytes, may have disrupted meiotic maturation and con-
sequently reduced fertilization capability.

Until the time of preparation of this report, synchroniza-
tion of oocyte maturation was conducted in vitro but not
in vivo and was found to improve oocyte maturation and
fertilization rates in humans.9–13 The main shortcoming for
not extrapolating these promising in vitro observations into
in vivo clinical application is due to the lack of a safe PDE3A
inhibitor that can be administered in vivo without inducing
cardiovascular adverse effects. In the present study, we
have selected CLZ, which is an FDA approved therapeutic
(pletal�) with both PDE3A and cellular adenosine uptake
inhibitory effects. The latter effect is believed to counterbal-
ance the adverse effects associated with inhibition of
PDE3A in the cardiac tissue. Inhibition of adenosine
uptake by cells increases adenosine circulatory levels.
Adenosine affects adenosine 1 receptor on myocytes lead-
ing to activation of Gi protein and deactivation of protein
kinase A and therefore inhibition of the positive inotropic
like effects resultant from the inhibition of PDE3A in the
heart. This explains the wide margin of safety and the safe
long-term use of this medication in patients over other
PDE3A inhibitors.34–36

Many studies have shown that PDE3A inhibitors are
capable of inhibiting oocyte maturation in vitro and
in vivo in different animal species.37–40 Other studies
have shown that PDE3A inhibitors are also capable of
inhibiting human oocyte maturation in vitro.11,12

Inhibition of human oocyte maturation in vivo has not
been studied. It is expected that administration of a
safe PDE3A inhibitor such as CLZ in women is capable
of inhibiting oocyte maturation at the GV or MI stage
depending on time and frequency of administration. If
this would be the case, we would suggest the potential
scenario of inclusion of CLZ in superovulation programs
in order to synchronize oocyte maturation and to
improve IVF success in infertile patients. Ovarian stimu-
lated patients could be treated with an appropriate CLZ
dose(s). Oocytes at the GV or MI stage could be collected
before ovulation as currently conducted in IVF clinics
and matured in vitro for an appropriate time period
before fertilization. Such a modified superovulation pro-
gram might improve IVF success. Moreover, we have
recently produced normal live births from ovulated GV
and MI oocytes in mice treated with CLZ (unpublished
data). It is also noteworthy to mention that the evaluated
dose of CLZ used in this research was extrapolated from
the therapeutic doses of CLZ prescribed in humans.21

Therefore, CLZ is not only able to block oocyte meiotic
maturation as a potential nonsteroidal contraceptive
agent21,41,42 but also can be utilized to produce oocytes
of high fertilization capacity. From the later point of
view, administration of CLZ in superovulation protocols
may improve IVF outcomes in humans.
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