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The present study was conducted to investigate the effects of
attachment of cumulus cells to porcine oocytes during the
process of maturation and fertilization on the nuclear
maturation, fertilization and subsequent development after
in vitro fertilization (IVF). In the first experiment, the
cumulus cells were removed from cumulus–oocyte complexes
(COCs) at 0, 24 and 42 h after the onset of maturation
culture and were then cultured until reaching 42 h of
cultivation. In the second experiment, COCs were denuded
as described in the first experiment, then fertilized and
cultured for 7 days. As a control, cumulus cells were allowed
to maintain attachment to the oocytes until the end of IVF.
The proportion of oocytes reaching metaphase II signifi-
cantly increased with the delay in the removal treatment of
cumulus cells. The proportion of normal fertilization gradu-
ally increased with delay in the removal treatment of
cumulus cells from COCs until the end of IVF. However,
no significant difference in the proportion of normal
fertilization was found between the 42-h and control groups.
The removal treatment of cumulus cells in the 0- and 24-h
group significantly (p < 0.05) decreased the proportion of
cleaved embryos when compared with the control, and none
of them developed to the blastocyst stage. The proportion of
development to the blastocyst stage was significantly higher
(p < 0.05) in the control group than in the 42-h group
(18.1% vs 12.4%; p < 0.05). The present study indicates
that the attachment of cumulus cells to the oocyte during
maturation and fertilization is important to support oocyte
nuclear maturation, fertilization and subsequent embryo
development. Particularly, the attachment of cumulus
cells to the oocyte during IVF promotes embryonic
development.

Introduction

Recently, an increased number of studies on in vitro
maturation (IVM) and in vitro fertilization (IVF) of
porcine oocytes have been reported. Nevertheless, the
efficiency of IVM and IVF techniques is lower in
porcine species than in other species. Three major
problems are generally assumed to be the cause of
poor results: (1) a low rate of male pronucleus
formation, (2) a high rate of polyspermy, and (3) a
lower rate of development of IVM/IVF embryos
(Niemann and Rath 2001; Abeydeera 2002). The
oocyte quality during IVM is the most important
factor for determining successful fertilization and
development in vitro.

It is generally accepted that the relationship
between cumulus cells and oocytes is important not
only in the process of maturation to the metaphase II
stage of oocytes but also in the cytoplasmic matur-
ation needed for development of oocytes after

fertilization (Moor et al. 1990; Ka et al. 1997). The
effect of cumulus cells may be due to the local
production of glycosaminoglycans, steroid hormones
and other factors that support cytoplasmic matur-
ation, which is responsible for male pronucleus
formation, monospermic fertilization, and early
embryonic development (Brower and Schultz 1982;
Danforth 1995; Yamauchi and Nagai 1999; Dode and
Graves 2002). Moreover, the cumulus cells stabilize
the disruption of cortical granules (CG), and their
removal at various times during maturation results in
a premature migration and partial exocytosis of CG
(Galeati et al. 1991). It has been shown that cumulus-
denuded oocytes can complete meiotic maturation in
several species (Binor and Wolf 1979; Magnusson
1980; Yamauchi and Nagai 1999), but significantly
more cumulus-enclosed oocytes were fertilized with
spermatozoa and developed to the blastocyst stage
in vitro when compared with cumulus-denuded oocytes
(Staigmiller and Moor 1984; Vanderhyden and
Armstrong 1989; Mochizuki et al. 1991; Yamauchi
and Nagai 1999). A high proportion of abnormal
fertilization was found when cumulus-denuded oocytes
were used for IVF (Vanderhyden and Armstrong
1989). However, there is little information concerning
the role of cumulus cells on porcine oocyte matur-
ation, fertilization and development after IVF.

In porcine IVF, different procedures are used among
laboratories and some steps involved in the IVF
process still remain unclear. One of these steps is
the oocyte manipulation for IVF (to remove, or not,
the cumulus cells prior to IVF). It is known that the
presence of cumulus cells surrounding the oocyte
during the time of fertilization increase the fertilization
rate in mouse (Miyamoto and Chang 1972), bovine
(Tajik et al. 1993; Zhang et al. 1995), and pig oocytes
(Kikuchi et al. 1993; Tajik et al. 1993; Wang et al.
1995). Moreover, cumulus cells have positive effects on
sperm capacitation, penetrability of sperm, male pro-
nuclear formation and prevention of the oocyte zona
hardening during IVF (Tanghe et al. 2002). In pigs,
however, denuded oocytes are widely used for IVF in
many laboratories, and acceptable rates of penetration
and monospermy have been reported (Abeydeera and
Day 1997; Funahashi and Nagai 2001; Marchal et al.
2002).

The present study was conducted to examine whether
the presence or absence of cumulus cells during the
process of maturation and fertilization affect the oocyte
nuclear maturation, fertilization and subsequent devel-
opment after IVF.
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Materials and Methods

Recovery and maturation culture of oocytes

Ovaries from pre-pubertal crossbred gilts were collected
at a local slaughterhouse and transported to the
laboratory in physiological saline [0.85% (w/v) NaCl].
COCs from follicles (3–6 mm in diameter) were aspir-
ated with an 18-guage needle attached to a disposable
5-ml syringe. After being washed twice with modified
phosphate-buffered saline (PBS) (Embryoteck; Nihon-
zenyaku, Fukushima, Japan), only oocytes with uniform
ooplasm and compact cumulus cells were used. The
selected COCs were transferred into maturation med-
ium, a modified North Carolina State University
(NCSU)-37 solution (Petters and Wells 1993) supple-
mented with 0.6 mM cysteine, 1 mM dibutyryl cyclic
AMP (dbcAMP; Sigma, St Louis, MO, USA), 10 IU/ml
equine chorionic gonadotropin (eCG; Teikokuzoki,
Tokyo, Japan), 10 IU/ml human chorionic gonadrotro-
pin (hCG; Teikokuzoki, Tokyo, Japan), 50 lg/ml gen-
tamicin (Sigma) and 10% (v/v) porcine follicular fluid
(pFF). About 50 oocytes were cultured in each 500 ll of
the maturation medium under a layer of mineral oil for
20 h. They were then transferred to the maturation
medium without hormones and dbcAMP supplements,
and cultured for an additional 22 h. All cultures were
performed in a 38.5�C humidified incubator containing
5% CO2 in air.

In vitro fertilization

In vitro fertilization was carried out according to the
method described by Kikuchi et al. (2002), with minor
modifications. After IVM culture, COCs were washed
three times with pre-incubated IVF medium that con-
sisted of 90 mM NaCl, 12 mM KCl, 25 mM NaHCO3,
0.5 mM NaH2PO4, 0.5 mM MgSO4, 10 mM sodium
lactate, 3 mg/mL bovine serum albumin (BSA; fatty
acid free, Sigma), 5 mM caffeine (Sigma) and 50 lg/ml
gentamicin. After washing, 10–15 oocytes were placed in
90-ll drops of the IVF medium that had been covered
with warm mineral oil in a culture dish. The COCs were
incubated for about 30 min before spermatozoa were
added for fertilization. Frozen–thawed boar spermato-
zoa were diluted in tissue culture medium (TCM) 199
with Earle’s salts (Gibco, Grand Island, NY, USA)
adjusted to pH 7.8 and then centrifuged at 200 · g for
2 min. After centrifugation, the supernatant was
removed and the sperm pellet was pre-incubated for
15 min at 38.5�C in an atmosphere of 5% CO2 and 95%
air with high humidity before fertilization. A portion
(10 ll) of pre-incubated spermatozoa was introduced
into a 90-ll fertilization medium containing COCs to
yield a concentration of 1 · 106/ml.

Embryo culture

After co-incubation of oocytes with spermatozoa for
6 h, all inseminated oocytes were stripped from cumu-
lus cells and attached spermatozoa by mechanical
pipetting and then transferred to culture medium.
Presumptive zygotes were cultured in NCSU-37
solution supplemented with 4 mg/mL BSA, 0.17 mM

sodium pyruvate, 2.73 mM sodium lactate and 50 lg/ml
gentamicin. At 72 h after insemination, all cleaved
embryos were transferred into fresh culture medium;
NCSU-37 solution supplemented with 4 mg/ml BSA,
5.55 mM D-glucose, and 50 lg/ml gentamicin. The
cleaved embryos were cultured for an additional 4 days
to evaluate their ability to develop to the blastocyst
stage.

Assessment of oocyte nuclear status and fertilization

At the end of IVM culture, oocytes were mechanically
denuded from cumulus cells in Dulbecco’s PBS (Gibco)
supplemented with 1 mg/ml hyaluronidase (Sigma).
Denuded oocytes were then mounted on a glass slide,
and fixed with acetic acid : ethanol (1 : 3 v/v) for
48–72 h. The fixed oocytes were stained with acetic-
orcein (1% orcein in 45% acetic acid) and examined
under a phase-contrast microscope. Oocytes were
classified as being at the germinal vesicle (GV),
diakinesis (DK), metaphase I (MI), anaphase I/telo-
phase I (AT) or metaphase II (MII) stage. Oocytes
showing an abnormal chromatin configuration or no
chromatin at all after staining were considered as being
degenerated.

At 16 h after IVF, the presumptive zygotes were
mounted on a slide, fixed and stained as described
above. Oocytes containing both female and male pro-
nuclei were considered as fertilized and categorized as
normal or polyspermic, according to the number of
swollen sperm head and pronuclei in the cytoplasm.

Experimental design

In the first experiment, the effects of removal time of
cumulus cells from COCs on the oocyte nuclear matur-
ation were examined. The COCs were randomly alloca-
ted to one of three treatment groups. In the first
treatment group (0-h group), the COCs were denuded
by pipetting using a narrow-bore pipette in maturation
medium containing 1 mg/ml hyaluronidase before the
onset of IVM culture. The denuded oocytes were then
washed several times and cultured in the maturation
medium for 42 h. In the second treatment group (24-h
group), the cumulus cells were removed from COCs at
24 h after the onset of IVM culture as described above.
After the removal of cumulus cells from COCs, they
were then washed several times in the fresh maturation
medium, returned to the same droplets and cultured
until reaching 42 h of total culture period. In the control
group (42-h group), cumulus cells were allowed to
remain attached to the oocytes until the end of matur-
ation culture. At 42 h after the onset of maturation, all
oocytes were fixed and stained for the examination of
oocyte nuclear status.

In the second experiment, COCs were denuded at 0,
24 and 42 h after the onset of IVM culture, then
fertilized and cultured for 7 days. As a control, cumulus
cells were allowed to maintain attachment with the
oocytes until the end of IVF. Presumptive zygotes were
evaluated for fertilization and embryo development as
described above.
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Statistical analysis

Statistical analyses were carried out by analysis of
variance (ANOVA) and Fisher’s protected least significant
difference test using the STATVIEW (Abacus Concepts,
Inc, Berkeley, CA, USA) program. All data were
subjected to arc-sin transformation before analysis.
Data were expressed as mean ± SEM. Differences at
a probability value (p) of £0.05 were considered to be
significant.

Results

Effects of cumulus cell removal from COCs on oocyte
nuclear maturation

As shown in Table 1, removal of cumulus cells at the
onset of maturation culture (0-h group) significantly
decreased the proportion of oocytes undergoing germi-
nal vesicle breakdown (GVBD) (p < 0.05). The pro-
portion of oocytes reaching MII significantly increased
with the delay in the removal time of cumulus cells. No
significant differences in the proportion of degenerated
oocytes among the three treatment groups were found.

Effects of cumulus cell removal from COCs during
maturation and before IVF on fertilization and subsequent
development of oocytes

As shown in Table 2, the proportion of total fertiliza-
tion of oocytes in the 0-h group was significantly lower
(p < 0.05) than that in the other groups. The propor-
tion of normal fertilization gradually increased with the
delay in the removal treatment of cumulus cells from
COCs until the end of IVF, but no significant difference
in the proportion of normal fertilization was found
between the 42-h and control groups. The removal
treatment of cumulus cells at 0 and 24 h after the onset
of maturation culture significantly decreased the pro-
portions of cleavage and blastocyst formation, when

compared with the control group (p < 0.05), and none
of the oocytes that had denuded during maturation
culture (0- and 24-h groups) developed to the blastocyst
stage (Table 3).

Discussion

The present study demonstrated that the removal of
cumulus cells during maturation culture has detrimental
effects on the meiotic competence of porcine oocytes.
Only 28.7% of the oocyte denuded at the onset of
maturation culture reached MII. When cumulus cells
were removed from COCs at 24 and 42 h after the onset
of maturation culture, the maturation rates were signi-
ficantly improved (52.5 and 78.1%, respectively). Stud-
ies in various species (mice, rats, pigs and cattle) have
shown that some cumulus-denuded oocytes can com-
plete meiotic resumption (Binor and Wolf 1979; Ma-
gnusson 1980; Yamauchi and Nagai 1999; Geshi et al.
2000), but the removal of cumulus cells before oocyte
maturation results in a significant reduction of the
nuclear maturation rate (Das et al. 1997). The interac-
tion of cumulus cells with the oocyte provides the local
production of glycosaminoglycans, steroid hormones,
nutrients and other factors to support the oocyte
maturation (Brower and Schultz 1982; Danforth 1995;
Yamauchi and Nagai 1999; Dode and Graves 2002). It
has been shown that during the maturation culture, the
cumulus cells are very important for oocytes to complete
the cytoplasmic maturation in sheep (Staigmiller and
Moor 1984), rats (Vanderhyden and Armstrong 1989),
cattle (Chian et al. 1994) and pigs (Yamauchi and Nagai
1999). Han et al. (1999) reported that incomplete
cytoplasmic maturation of oocytes causes a decrease in
male pronucleus formation, monospermic fertilization
and embryonic development. In the present study, the
removal of cumulus cells from COCs during maturation
culture decreased the proportion of normal fertilization

Table 1. Effect of cumulus cell
removal during maturation
culture on nuclear status of
porcine oocytes*Treatment group No. of oocytes examined

No. (mean ± SEM) of oocytes
No. (mean ± SEM) of

degenerated oocytesGVBD MII

0-h 233 162 (54.8 ± 10.1)a 78 (28.7 ± 5.5)a 34 (26.1 ± 8.5)

24-h 233 189 (80.5 ± 5.9)b 125 (52.5 ± 5.9)b 32 (14.5 ± 6.5)

42-h 225 208 (91.8 ± 2.7)b 178 (78.1 ± 2.4)c 14 (7.0 ± 2.9)

*Seven replicate trials were carried out.

GVBD, germinal vesicle breakdown; MII, metaphase II.

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

Table 2. Effect of cumulus cell
removal during maturation
culture and before fertilization
on the fertilization of porcine
oocytes*

Treatment group

No. of

oocytes examined

No. (mean ± SEM) of oocytes fertilized
No. (mean ± SEM)

of degenerated oocytesTotal Normal Polyspermic

0-h 134 52 (33.7 ± 9.5)a 37 (24.8 ± 6.5)a 15 (8.9 ± 3.4) 12 (7.5 ± 2.1)

24-h 131 68 (59.9 ± 9.9)b 51 (44.4 ± 6.1)b 17 (15.5 ± 4.8) 6 (4.1 ± 1.1)

42-h 123 94 (76.0 ± 4.1)b 72 (58.1 ± 2.8)c 22 (17.9 ± 4.3) 5 (4.6 ± 2.9)

Control� 128 95 (73.9 ± 1.6)b 83 (63.7 ± 1.4)c 12 (9.6 ± 0.6) 3 (2.4 ± 1.1)

*Five replicate trials were carried out.
�The cumulus cells were allowed to maintain attachment with the oocytes until the end of IVF.

Values with different superscripts in the same column are significantly different (p < 0.05).
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and development to blastocysts after IVF. Moreover,
none of the oocytes denuded at 0 and 24 h after the
onset of maturation culture developed to the blastocyst
stage. Therefore, our results indicate that the attachment
of cumulus cells to oocyte to the end of IVM is essential
to promote porcine oocyte maturation, fertilization and
embryo development.

In porcine IVF, it has been unclear whether the
presence or absence of cumulus cells during IVF is
suitable for the development of oocytes after IVF. It has
been suggested that the attachment of cumulus cells to
oocytes during IVF enhances oocyte penetrability by
secreting substances that promote penetration (Saeki
et al. 1994) and acrosome reaction of sperm (Sullivan
et al. 1990) by favouring sperm capacitation (Wang
et al. 1994). However, denuded oocytes are still widely
used for IVF in many laboratories. No differences in the
rates of total and normal fertilization between oocytes
denuded before and after IVF have been reported
(Abeydeera and Day 1997; Funahashi and Nagai 2001;
Marchal et al. 2002). In contrast, other studies showed
that denuded oocytes have less penetrability when
compared with oocytes with intact cumulus cells at the
time of IVF (Wang et al. 1994). In the present study,
there were no significant differences in the rates of total,
normal and polyspermic fertilization between 42-h and
control groups, indicating that the removal of cumulus
cells prior to fertilization had no detrimental effects on
the fertilization of the oocytes. However, we observed
that the rates of development to the blastocyst stage
were significantly higher in cumulus-intact oocytes than
in cumulus-denuded oocytes. The results contradict a
previous report by Gil et al. (2004) who reported that
the efficiency of fertilization and embryonic develop-
ment was lower in oocytes with intact cumulus cells than
that in oocytes without a cumulus. Tanghe et al. (2002)
suggested that cumulus-enclosed oocytes have several
possible roles during IVF: (i) attract, trap and select
morphologically normal and hyperactive spermatozoa;
(ii) facilitate sperm capacitation, acrosome reaction and
penetration; (iii) prevent zona hardening and support
the subsequent embryo development. Therefore, our
results indicate that, in our system, the use of oocytes
with intact cumulus cells for IVF has more efficiency for
embryonic development.

In conclusion, our results indicate that the presence of
cumulus cells during IVM is responsible for the oocyte

nuclear maturation, fertilization and subsequent embryo
development. The attachment of cumulus cells to
oocytes during IVF has a positive influence on the
embryonic development but not on fertilization.
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