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Synchronization of Meiosis in Porcine Oocytes by Exposure to Dibutyryl Cyclic
Adenosine Monophosphate Improves Developmental Competence
Following In Vitro Fertilization1
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ABSTRACT

The effect of stage of maturation of the germinal vesicle of
porcine oocytes at the time of in vitro maturation on subsequent
developmental competence was examined. A large variation ex-
ists in the germinal vesicle morphology of oocytes at the time
of collection of cumulus-oocyte complexes (COCs) and after
culture in the absence of dibutyryl cAMP (dbcAMP) for 20 h.
However, the morphology of the germinal vesicle was synchro-
nized to a specific stage after culture in the presence of 1 mM
dbcAMP for 20 h. There was no difference in germinal vesicle
breakdown rate (total mean, 75.0 ± 5.4%) or in maturation rate
(total mean, 82.1 2.1%) at 28 and 44 h of culture, respec-
tively. However, differences in meiotic progress of oocytes were
observed (p < 0.05) at 36 h of culture when COCs were exposed
to dbcAMP for the first 20 h of maturation, as compared to
controls. The incidence of embryos that developed to the blas-
tocyst stage after in vitro fertilization was higher (p < 0.05)
when COCs were exposed to dbcAMP (21.5 2.5%) as com-
pared to controls (9.2 ± 1.6%). After transfer of experimental
embryos to four recipient gilts, the three pregnant recipients
delivered 19 live piglets. These results indicate that exposure of
COCs to dbcAMP for the first 20 h of culture for maturation
increases the homogeneity of oocyte nuclear maturation and im-
proves the efficiency of in vitro production of swine embryos.

INTRODUCTION

For porcine embryo production in vitro, extensive use
has been made of cumulus-oocyte complexes (COCs) with
uniform ooplasm and a compact cumulus cell mass that
have been collected from antral follicles of slaughtered pre-
pubertal gilts. However, although we have collected COCs
from antral follicles 3-6 mm in diameter on the surface of
ovaries from an abattoir for in vitro production of porcine
embryos, the size of follicles that are selected for collection
of COCs has varied both between and within investigations
[1]. Further, oocyte maturation has been assessed by only
the integrated number of oocytes that reached the meta-
phase II (MII) stage against the total number of those ex-
amined, whereas there appears to be a large variation in the
rate of meiotic progression of porcine oocytes in vitro [1,
2]. In normal mature gilts, there are dramatic changes in
the number and size of follicles during the period from Day
16 to 21 of the estrous cycle [3-5]. The nuclear morphology
of oocytes in developed antral follicles was drastically
changed soon after the injection of hCG at 72 h after an
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injection of eCG [6]. Recently, a transient increase in
cAMP concentrations of in vivo oocytes was observed
around 12 h after hCG injection and was also induced by
LH during the first 12 h of in vitro maturation (IVM) in
the presence of follicular cells [7]. Since dibutyryl cAMP
(dbcAMP) inhibits meiotic resumption reversibly [7, 8], ex-
posure of COCs to dbcAMP for the early period of IVM
may synchronize the oocytes to a specific germinal vesicle
(GV) stage and improve early embryonic development fol-
lowing in vitro fertilization (IVF). The present studies were
designed to determine whether exposure of COCs to
dbcAMP for the first 20 h of culture for maturation would
synchronize nuclear morphology of porcine oocytes during
IVM and improve early embryonic development following
IVF

MATERIALS AND METHODS

Culture Media

The medium used for COC collection and washing was
modified TL-HEPES-PVA medium composed of 114 mM
NaC1, 3.2 mM KC1, 2 mM NaHCO 3, 0.34 mM KH2PO 4,
10 mM sodium lactate, 0.5 mM MgC12/6H 20, 2 mM CaC12 /
2H 20, 10 mM HEPES, 0.2 mM sodium pyruvate, 12 mM
sorbitol, 25 mg/ml gentamicin, 65 mg/ml penicillin G, and
0.1% polyvinyl alcohol. The maturation medium (OMM37)
used was BSA-free North Carolina State University 37 me-
dium [9] supplemented with 50 ,pM -mercaptoethanol, 0.6
mM cysteine, 5 mg/ml insulin, 10% (v:v) porcine follicular
fluid, and hormonal supplements (10 IU/ml eCG and 10
IU/ml hCG). The basic medium used for IVF was modified
Medium 199 (mM199) [10]. All media were equilibrated
at 39°C in an atmosphere of 5% CO 2 in air for a minimum
of 3 h before incubation of oocytes. Porcine follicular fluid
was prepared as described previously [10].

Preparation and Culture of COCs

Ovaries from prepubertal gilts were collected at a local
abattoir. Transportation of ovaries to the laboratory was car-
ried out at 23-27°C in physiological salt solution (0.9%
NaCl) supplemented with antibiotic-antimycotic solution
(GIBCO BRL, Life Technologies Inc., Grand Island, NY).
COCs were aspirated through an 18-gauge needle into a
disposable 10-ml syringe from antral follicles (3-6 mm in
diameter) on the surface of ovaries, washed three times
with modified TL-HEPES-PVA medium, and then collected
in a droplet (3 ml) of fresh modified TL-HEPES-PVA me-
dium. Fifty COCs with uniform ooplasm and a compact
cumulus cell mass were washed three times with OMM37
and then cultured in 500 R1 of OMM37 covered with par-
affin oil (light mineral oil; Fisher Scientific, Fair Lawn, NJ)
for 20 h at 39°C in an atmosphere of 5% CO2 in air. The
complexes were then transferred to 500 ,l of OMM37
without hormonal supplements, and cultured for an addi-
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FIG. 1. Categories of the nuclear mor-
phology of porcine oocytes at the GV
stage: GV-X, characterized by a nucleolus
and filamentous chromatin located
throughout the whole area of the GV;
GV-I, characterized by a nucleolus and
chromatin in the form of a ring or horse-
shoe around the nucleolus; GV-II, charac-
terized by a nucleolus and chromatin as a
ring or horseshoe around the nucleolus
but with some well-stained clumps local-
ized mainly around the ring- or horseshoe-
like chromatin; GV-III, characterized by an
irregular network of filamentous bivalents
in the whole area of the GV and no nu-
cleolus; and GV-IV, characterized by dia-
kinesis chromatin. These categories were
modified from those by Motlik and Fulka
[13].

tional 24 h [11, 12]. After culture, oocytes were pipetted
with 0.1% (w:v) hyaluronidase in OMM37 without hor-
monal supplements and stripped of cumulus cells.

IVF and Culture for Early Embryonic Development

Sperm-rich fractions of an ejaculate were collected from
a boar, kept at 20°C for 16 h, and washed three times with
physiological salt solution (0.9% NaCl, pH 7.2) supple-
mented with 1 mg/ml BSA, 63 mg/L penicillin-G, and 50
mg/L streptomycin sulfate. Spermatozoa were preincubated
at 2 x 108 cells/ml in mM199 supplemented with 1% (v:
v) porcine follicular fluid and 4 mg/ml BSA at pH 7.8 for
90 min. Fifty denuded oocytes were cocultured with sper-
matozoa at a final concentration of 1 x 106 cells/ml in a
100-L1 droplet of mM199 supplemented with 5 mM caf-
feine sodium benzoate and 4 mg/ml BSA for 6 h at 39°C
in an atmosphere of 5% CO2 in air. The eggs were then
transferred to a 500-1 droplet of NCSU23 medium [9] sup-
plemented with 5 mg/ml insulin, and cultured for 6 days at
39°C in an atmosphere of 5% CO 2 in air. At 10 h after
insemination, some oocytes were fixed and stained with 1%
(v:v) orcein to examine the incidence of oocytes penetrated
normally by assessment of monospermy and male pronu-
clear formation.
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FIG. 2. Distribution (mean ± SEM) of the nuclear morphology of porcine
oocytes before (0 h) and after culture in the absence (cAMP-) or presence
(cAMP+) of 1 mM dibutyryl cAMP In the maturation medium for 20 h
The number of oocytes examined in each group is given in parentheses.
Different letters above the bars denote statistically significant differences
(p < 0.05).

Experimental Design

Experiment 1. COCs were cultured in the absence or
presence of 1 mM dbcAMP in OMM37 for 20 h. At 0 and
20 h of culture for maturation, nuclear morphology of oo-
cytes at the GV stage was classified into five categories
(Fig. 1) modified from those of Motlik and Fulka [13].

Experiment 2. After culture in the absence or presence
of 1 mM dbcAMP in OMM37 for 20 h, COCs were con-
tinued in culture in the absence of dbcAMP in OMM37
without gonadotropins for 24 h. Meiotic progress of oocytes
was examined at 28, 36, and 44 h of culture for maturation.

Experiment 3. After COCs were cultured for maturation
for a total of 44 h, as described in experiment 2, denuded
oocytes were cocultured with spermatozoa for 6 h and then
cultured in modified NCSU37 for 6 days. In vitro embry-
onic development to the 2-cell, morula, and blastocyst
stages was assessed at 48 h, 5 days, and 6 days after in-
semination, respectively. In addition, 24-36 h after insem-
ination, 40 cleaved embryos were transferred surgically to
the ampullar section of an oviduct of four recipient gilts on
Days 2-4 (one on Day 2, two on Day 3, and one on Day
4).

Statistical Analysis

Statistical analyses of samples from three replicate trials
for treatment comparisons were carried out by analysis of
variance (ANOVA) and Fisher's protected least significant
difference test using the STATVIEW (Abacus Concepts,
Inc., Berkeley, CA) program. All percentage data were sub-
jected to arc sine transformation before statistical analysis.
Data were expressed as mean ± SEM. Probability of p <
0.05 was considered to be statistically significant.

RESULTS

Experiment 1

The distribution of nuclear morphology of oocytes at 0
h and at 20 h when cultured in the absence or presence of
1 mM dbcAMP in OMM37 is shown in Figure 2. At the
start (0 h) of culture, the majority (44.8 + 7.9%) of the
oocytes aspirated were at the GV-II stage followed by the
GV-X (18.7 + 7.4%), GV-III (17.9 + 2.5%), GV-I (8.1 +
2.0%), GV-IV (3.1 + 1.6%), and GVBD (2.2 + 1.2%)
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FIG. 4. Early development in vitro of porcine oocytes that were matured
in the absence (cAMP-) or presence (cAMP+) of 1 mM dibutyryl cAMP
for the first 20 h of maturation culture and then fertilized in vitro. The
number of oocytes examined in each group is given in parentheses. Dif-
ferent letters above the bars denote significant differences (p < 0.05).
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FIG. 3. Distribution (mean +_ SEM) of meiotic-stage porcine oocytes at
8-h periods during 24 h of culture after COCs had been cultured in the
absence (cAMP-) or presence (cAMP+) of 1 mM dibutyryl cAMP for 20
h. The number of oocytes examined in each group is given in parentheses.
Different letters above the bars denote significant differences (p < 0.05).

stages. After 20 h of culture, most (58.9 -+ 2.7%) of the
oocytes cultured in the presence of dbcAMP were arrested
at the GV-II stage, but GVBD was observed in more than
61 7.3% of oocytes cultured in the absence of dbcAMP.

Experiment 2

Meiotic progression of oocytes cultured in the absence
or presence of dbcAMP for 20 h and then in the control
medium for an additional 8, 16, and 24 h is shown in Figure
3. There was no difference in GVBD rate (75.0 4.8% in
the absence of dbcAMP vs. 75.0 + 11.0 in the presence of
dbcAMP) or maturation rate (83.6 +_ 2.2% in the absence
of dbcAMP vs. 80.6 + 3.7 in the presence of dbcAMP) at
28 and 44 h of culture, respectively. However, the incidence
of oocytes at the anaphase-I to telophase-I stages was high-
er (p < 0.05) when cultured in the presence of dbcAMP,

and more oocytes (p < 0.05) cultured in the absence of
dbcAMP had matured to the MII stage at 36 h of culture
(Fig. 3).

Experiment 3

At 10 h after insemination, as shown in Table 1, there
was no difference in the incidence of maturation, penetra-
tion, monospermy, and male pronuclear formation between
oocytes cultured in the absence and those cultured in the
presence of dbcAMP for the first 20 h of IVM. However,
as shown in Figure 4, the development of IVM eggs to the
blastocyst stage after IVF was higher (p < 0.05) when
COCs had been exposed to dbcAMP (21.5 2.5%) as
compared to controls (9.2 + 1.6). When embryos that were
exposed to dbcAMP during the first 20 h of IVM were
transferred to four recipient gilts, three recipients, which
were on Day 2 and Day 3 of the estrous cycle at embryo
transfer, became pregnant, and they farrowed a total of 19
live piglets (mean birth weight: 996.8 + 99.8 g).

DISCUSSION

In the present studies, the concentration of dbcAMP was
at 1 mM, and the length of exposure of COCs to dbcAMP
was 20 h from the start of culture. This protocol was based
on the report by Mattioli et al. [7] that the presence of 1
mM dbcAMP for 20 h completely inhibited the meiotic
resumption of cumulus-enclosed porcine oocytes which had
also been maintained in connection with the everted follicle
wall, but that the presence of LH did not inhibit the meiotic
resumption. Our objective for the first experiment was to
determine whether dbcAMP would cause nuclear activated
oocytes to arrest at a specific phase. The results indicate
that the presence of 1 mM dbcAMP in medium for the first
20 h of IVM arrested a majority (59%) of the oocytes at
the GV-II stage. Since 23% of the oocytes were at stages

TABLE 1. Sperm penetration of porcine oocytes matured in the absence and presence of 1 mM dibutyryl cAMP
during the first 20 h of culture for maturation and then fertilized in vitro.*

No. of oocytes

Fertilized
Matured Penetrated Monospermy MPN formed normally

dbcAMP Examined (%) (%)a (%)b (%)b (%)

- 72 63 (87.5) 58 (92.1) 39 (67.2) 52 (89.7) 36 (50.0)
+ 72 67 (93.1) 65 (97.0) 41 (63.1) 57 (87.7) 37 (51.4)

' Percentage of oocytes matured.
b Percentage of oocytes penetrated.
* There were no significant differences between groups (p > 0.05).
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beyond the GV-II stage at the start of culture for matura-
tion, most of the oocytes before the GV-II stage appeared
to be arrested at the dictyate stage of prophase (GV-II) by
dbcAMP treatment. However, oocytes at stages beyond the
GV-II stage did not appear to be blocked by dbcAMP since
the incidence of oocytes at the GV-IV and GVBD stages
increased during dbcAMP treatment. It has been reported
that exposure of porcine COCs to dbcAMP for 48 h de-
creased the incidence of GVBD in some but not all oocytes
[14]. This observation appears to be consistent with our
results. Meiotic maturation of porcine oocytes is also re-
versibly prevented when dbcAMP is added in combination
with follicular cells [7] or testosterone [8, 14]. Further, we
recently observed that nuclear morphology of porcine oo-
cytes in vivo matured to the GV-II stage after hCG injec-
tion [6]. Similar results have been observed in a previous
study by Motlik and Fulka [13]. As reported by Mattioli et
al. [7], a transient increase in cAMP concentration of in
vivo porcine oocytes follows hCG injection. Therefore, in-
creased intracellular cAMP concentration appears to be as-
sociated with the transition of nuclear morphology in por-
cine oocytes to the GV-II stage or the arrest at the GV-II
stage. Decreasing the cAMP concentration would permit
oocytes to resume meiosis.

In the second experiment, we demonstrated that meiotic
progression of porcine oocytes was more synchronized
when exposed to dbcAMP during the first 20 h of IVM.
Distribution of oocytes at various meiotic stages did not
differ between dbcAMP-treated COCs and controls at 28 h
of IVM, but did differ at 36 h. It should be noted that in
porcine oocytes the first metaphase stage is relatively long-
er than later stages [15]. Our observation also confirms that
the effects of dbcAMP on meiotic arrest at the dictyate
stage of prophase are reversible [7, 8] and do not prevent
subsequent meiotic maturation [7]. Changes in the meiotic
distribution of oocytes between 20 h and 28 h of culture
suggests that treatment with dbcAMP may stimulate sub-
sequent meiotic progression, and consequently the inci-
dence of matured oocytes after dbcAMP treatment was not
different from that in controls at the end of culture for mat-
uration. Asynchronous meiotic progression of porcine oo-
cytes has been repeatedly observed during IVM [2, 13, 16].
The present studies demonstrate that this asynchrony, which
is partially due to heterogeneity in the morphology of the
GV at oocyte collection, can be reduced during IVM by
dbcAMP treatment.

In the present studies, we demonstrated that the inci-
dence of IVM-IVF porcine embryos that developed to the
blastocyst stage was almost double when COCs were ex-
posed to dbcAMP during the first 20 h of IVM as compared
to controls. Kim and Menino [17] have reported that culture
in the presence of dbcAMP stimulates plasminogen acti-
vator activity in porcine COCs. It has been suggested that
in the rat a possible role of the tissue-type plasminogen
activator released during the cortical granule exocytosis is
to contribute to the block to polyspermy [18]. We hypoth-
esized that porcine mature oocytes exposed to dbcAMP
would have a lower incidence of polyspermic penetration.
However, there was no difference in the normal sperm pen-
etration rate between dbcAMP-treated oocytes and controls.
Therefore, increased productivity of blastocysts in these
studies did not appear to be due to improvement in normal
fertilization of oocytes. In the second experiment, we found
that about 47% of oocytes in the control group had already
developed to the MII stage after 36 h of maturation culture.
Since sperm penetration takes place about 3 h after insem-

ination in our culture system [19], this suggests that almost
half of the control oocytes had aged at least 11 h before
fertilization. We have demonstrated that histone Hi kinase
activity, which is associated with cell cycle [20], is lower
in aged porcine oocytes as compared to freshly matured
oocytes [21]. Low histone Hi kinase activity may lead to
a decreased incidence of oocytes that develop to the blas-
tocyst stage after IVE Naito et al. [22] have reported lower
histone Hi kinase activity in porcine oocytes matured in a
medium known to result in lower embryonic development
of oocytes to blastocysts after IVF [23] than in oocytes
matured in a more effective maturation medium.

Recently, we have also observed that nuclear morphol-
ogy of oocytes in mature follicles is synchronized to a spe-
cific stage, GV-I, after eCG injection, and then the nuclear
morphology changes to another stage, GV-II, after hCG
injection [6]. Motlik and Fulka [13] have also observed that
more than 90% of oocytes collected from eCG-treated gilts
were at the GV-I stage. Therefore, there appears to be a
mechanism for synchronization of the nuclear morphology
of oocytes to the GV-I stage in vivo. In the present studies,
however, there was a large variation in the nuclear mor-
phology of porcine oocytes just after aspiration of COCs
from follicles 3-6 mm in diameter, and about 45% of the
oocytes were at the GV-II stage. For in vitro embryo pro-
duction, many investigators are collecting COCs from an-
tral follicles on the surface of slaughterhouse ovaries, which
are derived from prepubertal gilts. Therefore, our obser-
vation indicates that the meiotic stage of porcine oocytes
that are being used for in vitro embryo production differs
from that present during the follicular phase of the estrous
cycle.

In summary, we have demonstrated in these studies that
there is a large variation in the nuclear morphology of por-
cine oocytes used for in vitro embryo production. Further,
the presence of dbcAMP during the first 20 h of culture for
maturation induces a more synchronous meiotic progres-
sion of porcine oocytes and improves the rate of early em-
bryonic development to the blastocyst stage after IVE
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