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Summary

This study attempted to develop a ‘less meiotically competent’ murine model for oocyte in vitro
maturation (IVM), which could more readily be extrapolated to human clinical assisted reproduction.
Oocyte meiotic competence was drastically reduced upon shortening the standard duration of in vivo
gonadotrophin stimulation from 48 h to 24 h, and by selecting only naked or partially naked germinal
vesicle oocytes, instead of fully cumulus enclosed oocyte complexes. With such a less meiotically
competent model, only porcine granulosa coculture significantly enhanced the oocyte maturation
rate in vitro, whereas no significant enhancement was observed with macaque and murine granulosa
coculture. Increased serum concentrations and the supplementation of gonadotrophins, follicular fluid
and extracellular matrix gel within the culture medium did not enhance IVM under either cell-free or
coculture conditions. Culture medium conditioned by porcine granulosa also enhanced the maturation
rate, and this beneficial effect was not diminished upon freeze–thawing. Enhanced IVM in the presence
of porcine granulosa coculture did not, however, translate into improved developmental competence, as
assessed by in vitro fertilization and embryo culture to the blastocyst stage.
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Introduction

Many studies have established that the in vitro mat-
uration (IVM) of germinal vesicle (GV) oocytes to the
metaphase II (MII) stage is technically feasible in a
range of different mammalian species (Heikinheimo &
Gibbons, 1998). In domesticated mammals such as
pig and cattle, IVM of GV oocytes derived from
slaughterhouse ovaries is routinely used for the
commercial production of embryos and hence new
livestock (Chanson et al., 2001; Kikuchi et al., 1999). In
laboratory animals such as rats and mice, IVM is also
a well-established protocol with high rates of success
in the production of embryos and new animals (Zhang
et al., 1991; Anderiesz & Trounson, 1995). By contrast,
the IVM of human GV oocytes in clinical assisted
reproduction is much less successful (Trounson et al.,
1998; Anderiesz et al., 2000).

There are various reasons for this discrepancy.
Most obviously, IVM studies on the human clinical
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model comprises a heterogeneous group of subfertile
patients, in contrast to the young and healthy subjects
used in animal models. IVM studies on the human
model can be divided into two categories. The first
includes the less maturationally competent GV and
metaphase I (MI) oocytes from stimulated human
patients that were either slow or had failed to respond
to human chorionic gonadotrophin (hCG) stimulation
in vivo. Such immature oocytes have been reported to
have extremely poor maturational and developmen-
tal competence, as well as high rates of chromosomal
abnormalities (De Vos et al., 1999; Nogueira et al., 2000;
Kim et al., 2000). The second category includes the im-
mature oocytes recovered from the small antral follicles
of unstimulated or very mildly stimulated polycystic
ovarian syndrome (PCOS) patients (Son et al., 2002),
which are truncated in the early follicular phase of
their development, and are therefore maturationally
and developmentally compromised. By contrast, IVM
studies on animal models selectively retrieve oocytes
from larger, more-well-developed follicles, while
excluding oocytes from smaller, less-well-developed
follicles (Chanson et al., 2001; Kikuchi et al., 1999).
Additionally, most animal models focus solely on
GV oocytes within fully enclosed cumulus–oocyte
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complexes (COCs) while excluding naked or partially
naked GV oocytes. There cannot be such selectivity
within the human model, because the aim of clinical
assisted reproduction is to maximize the number of
mature MII oocytes available for fertilization.

One aim of this study would therefore be to develop a
murine IVM model with a lower degree of maturational
and developmental competence, which might be more
readily extrapolated to the human model. This could
be achieved by several modifications to the standard
laboratory protocol for IVM within the mouse model.
First, the immature oocytes will be retrieved much
earlier after gonadotrophin (PMSG) stimulation, at
24 h instead of the usual 48 h (Anderiesz & Trounson,
1995; Downs & Mastropolo, 1997; De La Fuente et al.,
1999). This should increase the proportion of GV
oocytes that are truncated during their early follicular
growth phase, upon retrieval for IVM. Second, the IVM
study could use oocytes retrieved from a mixture of
both small and large antral follicles. Last, we would
include only the naked or partially naked GV oocytes
for the IVM study, while excluding all fully cumulus
enclosed GV oocytes. Subsequently, this study looks at
various ways to improve IVM within such a putatively
less competent murine model. The effects of granulosa
coculture and granulosa-conditioned medium on
meiotic maturation are investigated, together with
various modifications to the culture milieu that might
enhance IVM, such as increasing serum concent-
rations and the supplementation of gonadotrophins
and follicular fluid. Additionally, a novel granulosa-
coculture system on a bed of extracellular matrix (ECM)
gel is investigated.

Materials and methods

Ethics in the use of laboratory animals

All the experiments using animals were in accordance
with the International Guiding Principle for Biomedical
Research Involving Animals and the experimental
protocol was approved by the Ethics Committee for
Experimental Animals of the National University of
Singapore.

Isolation of immature GV oocytes from the mouse

Immature GV oocytes were collected from gonado-
trophin-primed 4–6-week-old F1 (C57BL × CBA)
female mice, which were acclimatized under controlled
temperature (25 ◦C), lighting (lights on from 0700–
1900) and humidity (50–70%) for at least 1 week
before use. Gonadotrophin priming was achieved by
intraperitoneal (i.p.) injection of 5 IU pregnant mare’s
serum gonadotrophin (Folligon; Intervet, Australia)
per mouse. Depending on the experiment, the mice

were killed by cervical dislocation either 24 h or 48 h
after gonadotrophin priming. The ovaries were dis-
sected out and placed in HEPES-buffered M199 me-
dium (Gibco-BRL, USA) supplemented with antibiotics
(50 µg ml−1 penicillin and 75 µg ml−1 streptomycin;
Sigma, USA). Under the view of a stereomicroscope,
the immature GV oocytes were recovered by manual
puncture and dissection of a mixture of large and
small antral follicles in HEPES-buffered M199 medium
supplemented with antibiotics. Naked and partially
naked immature oocytes (in which the GV was clearly
visible; Fig. 1a,b) were separated from fully cumulus
enclosed oocyte complexes (GV being occluded by
surrounding cumulus mass; Fig. 1c), and were then
further washed in bicarbonate-buffered M199 medium
(Gibco-BRL, USA) before being subjected to IVM.
Unlike some earlier studies (Anderiesz & Trounson,
1995; Downs & Mastropolo, 1997; De La Fuente et al.,
1999), no attempt was made to further denude the
partially naked and fully cumulus enclosed oocytes to
obtain completely naked GV oocytes.

Collection and cryopreservation of granulosa cells

Granulosa cells were isolated from three different
sources in this study: long-tailed macaque, mouse
and pig. Granulosa cells from gonadotrophin-primed
female macaques were isolated from follicular aspirates
(HEPES-buffered TALP medium) obtained through
standard laparascopic oocyte retrieval techniques (Ng
et al., 2002). The macaques (average body weight 2.5 kg)
were downregulated with a bolus dose of 1.8 mg
GnRH agonist (Decapeptyl; Ferring, Germany) and,
14 days later, were primed with daily intramuscular
(i.m.) injections of 37.5 IU of recombinant human
follicle-stimulating hormone (FSH) (Gonal-F; Serono,
Switzerland) for a total of 12 days (Ng et al., 2002),
before administration of 1000 IU hCG (Profasi; Serono,
Switzerland). Follicular aspiration by laparoscopy was
carried out 34 h later. Granulosa cells from the mouse
were collected simultaneously with the immature GV
oocytes from the ovaries of gonadotrophin-primed
4–6-week-old F1 (C57BL × CBA) female mice (see
above). The mural granulosa sheets were released by
follicular puncture into HEPES-buffered M199 medium
supplemented with antibiotics. Porcine granulosa cells
were retrieved in a similar fashion from the ovaries
of non-stimulated prepubertal pigs that were obtained
from a local abattoir. The granulosa cells from these
various sources were then pelleted by centrifugation
and resuspended in 1 ml of M199 medium supple-
mented with 10% (v/v) foetal calf serum (FCS; Gibco-
BRL, USA) and 10% (v/v) dimethyl sulfoxide within
a cryovial, and left to freeze overnight in a −80 ◦C
refrigerator before being plunged into liquid nitrogen
(−196 ◦C).

https://doi.org/10.1017/S0967199404002461 Published online by Cambridge University Press

https://doi.org/10.1017/S0967199404002461


Investigations of oocyte in vitro maturation within a mouse model 3

Figure 1 Immature germinal vesicle oocytes recovered from
the mouse: (a) naked; (b) partially naked with sparse cumulus
mass; (c) fully cumulus enclosed.

Collection of porcine follicular fluid

Porcine follicular fluid (PFF) was obtained by aspi-
ration of selected 3–6 mm follicles of the ovaries of
unstimulated prepubertal pigs with a 10 ml syringe
and 18G needle. To remove cells and debris, the
follicular aspirate was centrifuged at 1000 g for 10 min
and the supernatant passed through a 0.5 µm filter.
The filtered follicular fluid was frozen at −20 ◦C before
being thawed for use.

Thaw and culture of the cryopreserved granulosa
cells

The cryopreserved granulosa cells within the cryovials
were thawed in a water bath set at 37 ◦C. The cells
were then pelleted by centrifugation at 500 g for 10 min
and resuspended in M199 medium supplemented with
20% (v/v) FCS, 0.23 mM pyruvate and antibiotics
(50 µg ml−1 penicillin, 75 µg ml−1 streptomycin). This
procedure was repeated at least twice to remove
all traces of the cryoprotectant (dimethyl sulfoxide).
Unlike earlier studies, the freeze–thawed granulosa
cells were not subjected to enzymatic treatment (col-
lagenase or trypsin) because the freeze–thaw process
dissociated many of the granulosa cells. To remove
large clumps of undissociated granulosa cells and other
debris, the freeze–thawed cell suspension was passed
through a cell strainer (Becton–Dickinson, USA). The
granulosa cells were then seeded within a four-well
Nunclon dish (Nunclon, Roskilde, Denmark) at a
seeding density of 1.0 × 105 vital cells per well (10 mm
diameter). The cells were plated either directly on the
plastic surface or on a coat of ECM gel (Sigma, USA).
After 24 h, unattached and dead cells were removed
by gently rinsing the wells with fresh culture medium,
which was subsequently allowed to be conditioned by
the granulosa cells for a further 24 h before being used
for coculture with the immature GV oocytes.

Preparation of conditioned medium

M199 medium supplemented with 10% (v/v) FCS,
0.23 mM pyruvate and antibiotics (50 µg ml−1 peni-
cillin and 75 µg ml−1 streptomycin) was conditioned
by granulosa cells for 24 h. The granulosa cells were
either cultured on the plastic surface or on a coat
of ECM gel (Sigma, USA) within four-well Nunclon
dishes. The conditioned medium was then aspirated
from the wells and subjected to centrifugation at 1000 g
for 10 min to remove cells and other debris, and either
used immediately for IVM or frozen at −80 ◦C before
being thawed for use.

In vitro maturation of GV oocytes

In all experiments, the maturation medium used
was M199 supplemented with 0.23 mM pyruvate
and antibiotics (50 µg ml−1 penicillin and 75 µg ml−1

streptomycin). Additionally, the concentrations of FCS,
PFF and gonadotrophins (FSH, hCG) within the
maturation medium were varied according to the
experiment. Unless indicated otherwise, all experi-
ments used naked or partially naked oocytes with a
clearly visible GV. IVM was carried out under a range
of different culture conditions: cell-free or coculture
with granulosa cells, in the absence or presence of
ECM gel, and with granulosa-conditioned medium.
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Figure 2 Preimplantation embryos derived from in vitro matured oocytes. (a) Compacting morula, day 3. (b) Compacted
morula, day 3. (c) Early expanding blastocyst, day 4. (d) Fully expanded blastocyst, day 5.

After 18 h of culture, the maturity of the oocytes
was assessed under a Hoffman-modulation contrast
microscope. Only oocytes that possessed a distinct first
polar body were classified as metaphase II.

In vitro fertilization of IVM oocytes

MII oocytes obtained from IVM were fertilized in vitro
(IVF) with spermatozoa retrieved from the caudal
epididymis of Swiss Albino (SA) male mice. The
spermatozoa were teased from the epididymis with
a 27-gauge needle, dispersed in MT6 medium
(Whittingham, 1971) plus 15 mg ml−1 bovine serum
albumin and subsequently diluted down to a final
concentration of 5.0 × 106 ml−1. 50 µl droplets of this
sperm suspension were covered under light mineral
oil (Sigma, USA) within a Petri dish, and incubated for
at least 90 min within a humidified 5% CO2 incubator at
37 ◦C in order to allow capacitation of the spermatazoa
to take place. MII oocytes with a distinct first polar body
were removed from the maturation medium after 18 h,
washed in MT6 + 15 mg ml−1 bovine serum albumin
and then inseminated by transferring to the sperm
droplets under oil. The duration of insemination was
4–5 h. After insemination, the oocytes were washed
and subsequently cultured in 50 µl droplets of KSOM
medium (Erbach et al., 1994) under mineral oil, within
the 5% CO2 incubator at 37 ◦C.

Embryo culture and assessment of developmental
competence

24 h after insemination, fertilization was assessed by
cleavage to the two-cell stage. The two-cell embryos
were transferred to fresh droplets of KSOM medium
under mineral oil and cultured for a further 4 days. On
day 3 after insemination, the embryos were assessed
for signs of compaction (Fig. 2a,b) and, on day 5 after
insemination, the blastulation rate was assessed. Only
embryos with a distinct inner cell mass (ICM), tro-
phectoderm (TE) and a clear blastocoelic cavity
without any signs of vacuolation (Fig. 2c,d) were con-
sidered to be blastocyst stage embryos.

Total cell counts of blastocyst by differential
fluorescent staining of ICM and TE

Blastocyst stage embryos on day 5 after insemination
were subjected to fluorescent staining according to
the methods of Ebert et al. (1985) and Papaioannou
& Ebert (1988). Blastocysts that have not yet hatched
or were in the process of hatching from their zonae
pellucidae were enzymatically treated with 0.5%
Pronase (Sigma, USA) in KSOM for 3–5 min under
constant observation with a stereomicroscope, until
their zonae were completely dissolved. The zona-
free blastocysts were then washed in droplets of
KSOM medium under oil at least three times and
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Figure 3 Differential staining of blastocyst for cell counts. The inner cell mass (ICM) is stained blue, whereas the trophectoderm
(TE) is stained pink. The combined cell numbers of ICM and TE would give the total cell number (TCN).

then incubated in KSOM + 10% heat-inactivated rabbit
anti-mouse serum (RAM) for 30 min at 37 ◦C. The
blastocysts were then washed again and incubated in
KSOM medium + 10% non-heat-inactivated guinea pig
serum (as a source of complement) + fluorescent stains
(10 µg ml−1 bisbezimide and 10 µg ml−1 propidium
iodide; Sigma, USA) for another 30 min at 37 ◦C. To
count the differentially stained nuclei of the ICM and
TE, each blastocyst was individually placed within
a droplet of medium on alcohol-cleaned microscope
slides, squashed under a coverslip and viewed under
ultraviolet light with an inverted microscope at 200×
magnification. The ICM nuclei which were stained only
by bisbenzimide would fluoresce blue, whereas the
TE nuclei that were stained by both bisbenzimide and
propidium iodide would fluoresce pink (Fig. 3). The
combined numbers of differentially-stained ICM and
TE nuclei would give the total cell count (TCN) for
each blastocyst.

Statistical analysis of data

Immature GV oocytes collected from several females
were randomly allocated to the different treatment
groups within each set of experiments. At least
three replicates of GV oocyte collection and culture
were carried out for each treatment group. The pro-
portion of MII oocytes and the proportion of those that

remain arrested at the GV stage were expressed as a
percentage of the initial number of GV oocytes cultured
within each treatment group. Fisher’s protected
least significant difference (LSD) test and analysis
of variance (ANOVA) were used to compare the
proportion of immature GV oocytes that matured to
MII, as well as the proportion of those that remain
arrested at GV, in the different treatment groups.
Cells counts of ICM, TE and TCN were presented as
mean ± standard deviation, and these were compared
with the unpaired Student’s t-test. A probability of
P < 0.05 was considered to be statistically significant.

Results

Validation of reduced meiotic competence in the
murine model used in this study

The meiotic competence of fully cumulus enclosed
oocyte complexes (COCs) recovered after 48 h of in vivo
PMSG stimulation was compared with that of naked
and partially naked GV oocytes retrieved after 24 h
and 48 h of in vivo PMSG stimulation (Fig. 4). The
proportion of GV oocytes from fully cumulus enclosed
COCs (collected after 48 h of PMSG stimulation) that
matured to MII was 65.3%, which was significantly
higher (P < 0.05) than the value of 54.4% obtained
for naked and partially naked oocytes that were
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Figure 4 Proportions of fully cumulus enclosed and naked
or partially naked GV oocytes that progress to MII and that
remain arrested at the GV stage. The percentages are shown
above the bars. The numbers in brackets represent the raw
data expressed as a fraction, from which the percentages are
calculated.

retrieved at the same time. When the duration of
exposure to in vivo PMSG stimulation was shortened
to 24 h, there was a further significant reduction
(P < 0.05) in the meiotic maturation rate to 23.1%. The
proportion of COCs (48 h in vivo PMSG stimulation)
that were arrested at the GV stage was 2.1%. This was
significantly lower (P < 0.05) than the values of 15.3%
and 13.8% obtained for naked and partially naked
GV oocytes that were retrieved after 48 h and 24 h of

in vivo PMSG stimulation, respectively (Fig. 4). Hence,
reducing the duration of in vivo PMSG stimulation from
48 h to 24 h and selecting only naked and partially
naked GV oocytes led to a significant reduction in
meiotic competence in the murine model used in this
study.

Morphology of granulosa cells cultured on plastic
and on ECM gel

Macaque, murine and porcine granulosa cells that were
cultured directly on uncoated plastic surface formed
monolayers that displayed characteristic epithelioid
morphology, with the cells having a flattened poly-
hedral appearance (Fig. 5a–c). There were only slight
differences in cell morphology between the three
different species, with the murine and macaque
granulosa cells being less elongated and having a more
granular cytoplasm than the porcine granulosa cells.
Confluent monolayers were formed by the granulosa
cells of all three different species after 48 h of in vitro
culture (Fig. 5d–f).

Granulosa cells that were cultured on a coat of ECM
gel possessed a markedly different morphology to
the single monolayer formed on the plastic surface.
Instead of having a flattened epithelioid appearance,
the granulosa cells of all three species have a spherical
morphology when cultured on ECM gel, with their
cytoplasm having a much darker and more granular
appearance. It was also observed that the cells clustered
together to form distinct clumps (Fig. 6a–c), as opposed

Figure 5 Monolayers of granulosa cells formed on plastic surface. (a) From mouse after 24 h in vitro culture. (b) From macaque
after 24 h in vitro culture. (c) From pig after 24 h in vitro culture. (d) From mouse after 48 h in vitro culture. (e) From macaque
after 48 h in vitro culture. (f) From pig after 48 h in vitro culture.
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Figure 6 Clusters of granulosa cells formed on ECM gel. (a) From mouse after 48 h in vitro culture. (b) From macaque after
48 h in vitro culture. (c) From pig after 48 h in vitro culture.

to the monolayer formed on plastic. Although the
macaque and murine granulosa cells appeared to form
discrete isolated cell clumps (Fig. 6a,b), the clumps
of porcine granulosa cells appeared to be interconnec-
ted through multicellular bridges, giving a web-like
appearance on ECM gel (Fig. 6c).

Effects of co-culture and ECM gel on meiotic
maturation

On plastic, the proportion of GV oocytes that matured
to MII (Fig. 7a) in the presence of porcine granulosa
coculture was 37.3%, which was significantly higher
(PF < 0.05) than the value of 23.1% obtained for the
cell-free control. The corresponding values of 19.3%
and 28.3% obtained for macaque and mouse granulosa
coculture, respectively, were both not significantly
different from the cell-free control on plastic (P > 0.05).
The proportions of immature oocytes that remained
arrested at the GV stage (Fig. 7b) in the presence
of murine and porcine granulosa coculture were
14.9% and 11.3%, respectively, which were both not
significantly different (P > 0.05) from the value of 13.8%
obtained for the cell-free control on plastic. However,
the corresponding value of 22% obtained for macaque
granulosa coculture was significantly higher (P < 0.05)
than the cell-free control on plastic.

On ECM gel, the proportion of GV oocytes that
matured to MII (Fig. 7a) in the presence of porcine
granulosa coculture was 40.6%, which was significantly
higher (P < 0.05) than the value of 24.5% obtained
for the cell-free ECM gel control. The corresponding
value of 29.4% obtained for murine granulosa coculture
on ECM gel was not significantly different (P > 0.05)
from the cell-free ECM gel control, whereas the
corresponding value of 7.4% obtained with macaque
granulosa coculture on ECM gel was significantly
lower (P < 0.05). The proportion of immature oocytes
that remained arrested at the GV stage (Fig. 7b) in
the presence of macaque granulosa coculture on ECM
gel was 41.4%, which was significantly higher than

Figure 7 Effects of granulosa coculture (after 18 h culture)
on (a) the meiotic maturation rate and (b) the proportion of
immature oocytes arrested at the GV stage. The percentages
are shown above the bars. The numbers in brackets represent
the raw data expressed as a fraction, from which the
percentages are calculated.
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Figure 8 Effects of increasing serum (FCS) concentrations on (a) the meiotic maturation rate and (b) the proportion of immature
oocytes arrested at the GV stage. The percentages are shown above the bars. The numbers in brackets represent the raw data
expressed as a fraction, from which the percentages are calculated.

the value of 15.2% obtained for the cell-free ECM gel
control. The corresponding value of 14.2% obtained
for murine granulosa coculture on ECM gel was not
significantly different (P > 0.05) from the cell-free ECM
gel control, whereas the corresponding value of 7.5%
obtained for porcine granulosa coculture on ECM gel
was significantly lower (P < 0.05).

The results therefore show that only porcine gran-
ulosa coculture had a beneficial effect on murine
meiotic maturation, with the macaque granulosa co-
culture having a detrimental effect and the murine
granulosa coculture having neither a beneficial nor a
detrimental effect.

The presence of ECM gel under cell-free conditions
did not enhance the meiotic maturation rate (24.5%
versus 23.1%, P > 0.05) or significantly lower the
proportion of immature oocytes arrested at the GV
stage (15.2% versus 13.8%, P > 0.05). Additionally, the
presence of ECM gel did not further enhance the
already beneficial effects that the porcine granulosa
coculture had on the meiotic maturation rate (40.6%
versus 37.3%, P > 0.05) or significantly lower the
proportion of immature oocytes that remain arrested
at the GV stage (7.5% versus 11.3%, P > 0.05).

Serum concentration and meiotic maturation

When the serum concentration within the maturation
medium was increased from 10% (v/v) to 20% (v/v),
there were no significant improvements in the meiotic
maturation rates under cell-free conditions in either the
presence (22.4% versus 25.7%, P > 0.05) or the absence

(22.1% versus 23.3%, P > 0.05) of ECM gel (Fig. 8a).
The proportion of immature oocytes that remained
arrested at GV was also unaffected by the increase
in serum concentration in either the presence (12.8%
versus 14.4%, P > 0.05) or the absence (13.7% versus
16.3%, P > 0.05) of ECM gel (Fig. 8b).

When the serum concentration within the maturation
medium was increased from 10% (v/v) to 20% (v/v)
in the presence of porcine granulosa coculture; there
were also no significant improvements in the meiotic
maturation rates in either the presence (42.8% versus
40.6%, P > 0.05) or the absence (39.6% versus 37.3%,
P > 0.05) of ECM gel (Fig. 8a). Similarly, the proportion
of immature oocytes which remained arrested at
GV was also unaffected by the increase in serum
concentration, both in the presence (4.4% versus 7.5%,
P > 0.05) and absence (12.9% versus 11.3%, P > 0.05)
of ECM gel (Fig. 8b). Hence, increasing the serum
concentration from 10% (v/v) to 20% (v/v) had no
effect on meiotic maturation under either cell-free or
coculture conditions.

PFF and meiotic maturation

Under cell-free conditions in the presence of ECM gel
(Fig. 9a), when 10% (v/v) FCS within the maturation
medium was substituted for 10% (v/v) PFF, there were
no significant changes in either the meiotic maturation
rate (26.1% versus 24.8%, P > 0.05) or the proportion
of immature oocytes arrested at the GV stage (14.1%
versus 20.3%, P > 0.05). When the concentration of PFF
was increased from 10% (v/v) to 20% (v/v), there was a
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Figure 9 Effects of porcine follicular fluid (PFF) on the proportions of immature oocytes progressing to MII and arrested at the
GV stage (a) under cell-free culture conditions and (b) with porcine granulosa coculture. The percentages are shown above the
bars. The numbers in brackets represent the raw data expressed as a fraction, from which the percentages are calculated.

significant decrease in the meiotic maturation rate from
26.1% to 18.1% (P < 0.05) but no significant change in
the proportion of immature oocytes arrested at the GV
stage (13.1% versus 14.1%, P > 0.05). When 10% (v/v)
FCS was combined with 10% (v/v) PFF, there were also
no significant changes in either the meiotic maturation

rate (25.1% versus 24.8%, P > 0.05) or the proportion
of immature oocytes arrested at the GV stage (18.0%
versus 20.3%, P > 0.05) compared with the presence of
10% (v/v) FCS alone.

With porcine granulosa coculture on ECM gel
(Fig. 9b), when 10% (v/v) FCS within the maturation
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Figure 10 Effects of varying concentrations of gonadotrophins (hCG and FSH) on the proportions of immature oocytes
progressing to MII and arrested at the GV stage (a) under cell-free culture conditions and (b) with porcine granulosa coculture.
The percentages are shown above the bars. The numbers in brackets represent the raw data expressed as a fraction, from which
the percentages are calculated.

medium was substituted for 10% (v/v) PFF, there were
no significant changes in either the meiotic maturation
rate (46.6% versus 47.2%, P > 0.05) or the proportion
of immature oocytes arrested at the GV stage (11.7%
versus 9.4%, P > 0.05). When the concentration of PFF
was increased from 10% (v/v) to 20% (v/v), there were
no significant changes in either the meiotic maturation
rate (50.3% versus 46.6%, P > 0.05) or the proportion of
immature oocytes arrested at the GV stage (6.3% versus
11.7%, P > 0.05). When 10% (v/v) FCS was combined
with 10% (v/v) PFF, there were also no significant
changes in either the meiotic maturation rate (50.2%
versus 47.2%, P > 0.05) or the proportion of immature
oocytes arrested at the GV stage (8.3% versus 9.4%,
P > 0.05) compared with the presence of 10% (v/v) FCS
alone.

The results (Fig. 9a,b) therefore show that the
inclusion of PFF within the maturation medium had
no beneficial effects on meiotic maturation under
cell-free or coculture conditions. Furthermore, high
concentrations of PFF (20% v/v) appeared to be
detrimental to meiotic maturation under cell-free
conditions (Fig. 9a), but this effect was ‘masked’ in the
presence of porcine granulosa coculture (Fig. 9b).

Gonadotrophins and meiotic maturation

Under cell-free conditions in the presence of ECM gel
(Fig. 10a), when 10 IU ml−1 hCG and 1 IU ml−1 FSH
were introduced within the maturation medium, there
was no significant change in the meiotic maturation

rate (26.6% versus 21.6%, P > 0.05), but the proportion
of immature oocytes arrested at the GV stage was
significantly reduced (14.8% versus 26.8%, P < 0.05)
compared with the gonadotrophin-free control. When
the concentration of FSH was increased from 1 IU ml−1

to 10 IU ml−1 in the presence of 10 IU ml−1 hCG, there
was a significant increase in the meiotic maturation rate
compared with the gonadotrophin-free control (29.6%
versus 21.6%, P < 0.05), but no significant change in
the proportion of immature oocytes arrested at the GV
stage (22.1% versus 26.8%, P > 0.05).

With porcine granulosa coculture on ECM gel
(Fig. 10b), when 10 IU ml−1 hCG and 1 IU ml−1 FSH
were introduced within the maturation medium, there
were no significant changes in either the meiotic
maturation rate (38.5% versus 38.0%, P > 0.05) or the
proportion of immature oocytes arrested at the GV
stage (12.1% versus 10.9%, P > 0.05) compared with the
gonadotrophin-free control. When the concentration
of FSH was increased from 1 IU ml−1 to 10 IU ml−1

in the presence of 10 IU ml−1 hCG, there were also
no significant changes in either the meiotic matu-
ration rate (46.6% versus 38.0%, P > 0.05) or the pro-
portion of immature oocytes arrested at the GV stage
(12.0% versus 10.9%, P > 0.05) compared with the
gonadotrophin-free control.

The results therefore show that the inclusion of
gonadotrophins within the maturation medium was
beneficial to meiotic maturation only under cell-free
conditions, but this beneficial effect was ‘masked’
within porcine granulosa coculture.
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Figure 11 Effects of fresh and freeze–thawed porcine granulosa conditioned medium on (a) the meiotic maturation rate and
(b) the percentage of immature oocytes arrested at the GV stage. The percentages are shown above the bars. The numbers in
brackets represent the raw data expressed as a fraction, from which the percentages are calculated.

Porcine granulosa coculture conditioned medium
and meiotic maturation

Maturation medium that was conditioned by porcine
granulosa cells on plastic enhanced the meiotic matu-
ration rate (Fig. 11a) compared with the cell-free
control (36.5% versus 26.7%, P < 0.05). Additionally,
there was also a significant reduction in the proportion
of immature oocytes arrested at the GV (Fig. 11b) stage
(9.4% versus 16.9%, P < 0.05). When the conditioned
medium was freeze–thawed, there was also an en-
hancement of the meiotic maturation rate (35.8% versus
22.6%, P < 0.05), as well as a significant reduction in
the proportion of immature oocytes arrested at the GV
stage (11.9% versus 20.4%, P < 0.05).

When maturation medium was conditioned by
porcine granulosa cells cultured on ECM gel, there
was also an enhancement of the meiotic maturation
rate compared with the corresponding cell-free control
(39.0% versus 26.3%, P < 0.05). However, the reduction
in the proportion of immature oocytes arrested at the
GV stage was not significant (12.1% versus 17.4%,
P > 0.05). When the conditioned medium on ECM gel
was freeze–thawed, there was also an enhancement
of the meiotic maturation rate (39.2% versus 24.2%,
P < 0.05), as well as a significant reduction in the
proportion of immature oocytes arrested at the GV
stage (10.3% versus 16.7%, P < 0.05).

The results (Fig. 11a,b) therefore show that matu-
ration medium conditioned by porcine granulosa

cells had a beneficial effect on oocyte meiotic matu-
ration that was not diminished by freeze–thawing.

Developmental competence of IVM oocytes

The developmental competence of IVM oocytes was
assessed by IVF and subsequent embryo culture to
the blastocyst stage. On plastic (Fig. 12a), porcine
granulosa coculture did not enhance the proportion
of IVM oocytes that fertilized and cleaved to the
two-cell stage compared with the corresponding cell-
free control on plastic (53.0% versus 58.5%, P > 0.05).
Additionally, there was also no enhancement in the
proportions of two-cell embryos able to reach the
compacting/compacted stage on day 3 (66.9% versus
76.8%, P > 0.05) or the blastocyst stage on day 5 (33.8%
versus 41.3%, P > 0.05). Hence, the values obtained
for the porcine granulosa coculture IVM group on
plastic appear to be consistently slightly lower than
the corresponding cell-free control, but these were not
significantly different (P > 0.05).

In the presence of ECM gel (Fig. 12b), the proportion
of IVM oocytes that fertilized and cleaved to the
two-cell stage was significantly lower for the porcine
granulosa coculture group than for the cell-free
control on ECM gel (27.0% versus 36.7%, P < 0.05).
The proportions of two-cell embryos reaching the
compacting/compacted stage on day 3 (43.1% versus
47.7%, P > 0.05) and the blastocyst stage on day 5
(20.0% versus 27.3%, P > 0.05) were slightly lower for
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Figure 12 Effects of porcine granulosa coculture on the embryonic development of IVM oocytes that were cultured on
(a) plastic surface and (b) ECM gel. The percentages are shown above the bars. The numbers in brackets represent the raw data
expressed as a fraction, from which the percentages are calculated.

the porcine granulosa coculture group than for the cell-
free control, but these were not significantly different.

The values obtained for IVM oocytes exposed
to ECM gel were all consistently and significantly
lower (P < 0.05) than the corresponding values on
plastic under both cell-free and coculture conditions
(Fig. 12a,b). Hence, the results show that ECM gel could
be detrimental to the developmental competence of
IVM oocytes.

Cell counts of blastocysts derived from IVM oocytes

On plastic (Table 1), the use of porcine granulosa
coculture for IVM did not significantly increase the
total cell numbers of the blastocysts compared to
the corresponding cell-free control [61.7 ± 23.0 (n = 24)
versus 59.7 ± 21.0 (n = 30), P > 0.05]. There were also
no significant differences in the cell counts of the ICM
[16.3 ± 6.8 (n = 24) versus 16.2 ± 8.0 (n = 30), P > 0.05]
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Table 1 Cell counts of trophectoderm (TE), inner cell mass (ICM) and total cell numbers (TCN) of blastocysts (on day 5)
derived from IVM oocytes

Substrate Conditions n TE ICM TCN

Plastic Cell free 30 43.4 ± 17.6 16.2 ± 8.0 59.7 ± 21.0
Porcine granulosa 24 45.4 ± 21.8 16.3 ± 6.8 61.7 ± 23.0

ECM gel Cell free 18 22.9 ± 8.8 14.3 ± 6.1 37.2 ± 10.5
Porcine granulosa 7 22.9 ± 11.3 15.7 ± 6.9 38.6 ± 16.6

and TE [45.4 ± 21.8 (n = 24) versus 43.4 ± 17.6 (n = 30),
P > 0.05].

In the presence of ECM gel (Table 1), the use
of porcine granulosa coculture for IVM also did
not significantly change the cell counts of the ICM
[15.7 ± 6.9 (n = 7) versus 14.3 ± 6.1 (n = 18), P > 0.05],
TE [22.9 ± 8.8 (n = 7) versus 22.9 ± 11.3 (n = 18),
P > 0.05] and TCN [38.6 ± 16.6 (n = 7) versus 37.2 ± 10.5
(n = 18), P > 0.05] of the blastocysts compared with
the corresponding cell-free control. However, when
the IVM oocytes were exposed to ECM gel, the cell
counts of the TE were significantly lower than the
corresponding values on plastic under both cell-free
[43.4 ± 17.6 (n = 30) versus 22.9 ± 8.8 (n = 18), P < 0.05]
and coculture [45.4 ± 21.8 (n = 24) versus 22.9 ± 11.3
(n = 7), P < 0.05] conditions. This in turn led to
significant differences in the corresponding TCN under
both cell-free [59.7 ± 21.0 (n = 30) versus 37.2 ± 10.5
(n = 18), P < 0.05] and coculture [61.7 ± 23.0 (n = 24)
versus 38.6 ± 16.6 (n = 7), P < 0.05] conditions when
ECM gel was present. Hence, the results show that
ECM gel could be detrimental to the developmental
competence of IVM oocytes.

Discussion

The murine IVM model that was used in previous
studies had a high degree of meiotic competence,
with as many as 70–80% of the immature GV oocytes
progressing to MII in the presence of standard culture
milieu (Table 2). Hence, this study attempted to develop
a ‘less competent’ murine model for oocyte meiotic
maturation in vitro that could be more relevant to
developing IVM protocols for clinical human assisted
reproduction. For such a ‘less competent’ murine IVM
model, the omission of in vivo gonadotrophin (PMSG)
stimulation would be inappropriate because there
would be a great deal of variability arising from the
endogenous ovulatory cycle within the female mice.
This problem could be solved by selectively retrieving
COCs from only large antral follicles from ovaries
that appear to be well stimulated, as in the case of
previous IVM studies on the porcine and bovine model,
whereby COCs are retrieved from slaughterhouse
ovaries without any prior exogenous gonadotrophin
stimulation (Chanson et al., 2001; Kikuchi et al., 1999).

The pitfall of this approach is that such immature
oocytes would be near the end of the follicular phase of
the endogenous ovulatory cycle within the female mice
and would therefore not provide a ‘less competent’
murine IVM model. What would be required for a ‘less
competent’ model would be to increase the proportion
of immature GV oocytes that are truncated mid-way
through the early follicular phase of development,
when they are retrieved for IVM.

Hence, in vivo stimulation with PMSG was provided
to increase the number of immature oocytes that
are recruited and set on the pathway of follicular
development so that, when the immature oocytes
are recovered for IVM after a shortened stimulation
time of 24 h, a higher proportion of such immature
oocytes would be truncated mid-way through the early
follicular phase of their development. This would then
provide a ‘less competent’ model for mouse meiotic
maturation in vitro. Indeed, the results (Fig. 4) do
indeed show that a reduction in the duration of in vivo
PMSG stimulation from 48 h to 24 h led to a significant
decrease in meiotic competence.

The putatively ‘less competent’ murine IVM model
developed in this study also used naked and partially
naked GV oocytes, as opposed to the fully cumulus-
enclosed oocyte complexes used in previous studies.
The results (Fig. 4) show that naked or partially naked
oocytes that were retrieved after the standard 48 h
of in vivo PMSG stimulation had reduced meiotic
competence compared with fully cumulus-enclosed
oocyte complexes that were retrieved at the same time.
This is expected from previous studies with different
species, which have all shown that the surrounding
cumulus cells have an important part to play in the
oocyte meiotic maturation process (Gilula et al., 1978;
Voznesenskaia et al., 2001). This is probably mediated
through their gap junction cytoplasmic connections to
the ooplasm (Carabatsos et al., 2000), which traverses
the zona pellucida, as well as by the cumulus mass
exerting a modulatory effect on the microenvironment
surrounding the immature oocytes (Byskov et al., 1997;
McNatty et al., 1980); which could be important if the
in vitro culture conditions are suboptimal. The use
of naked or partially naked immature GV oocytes
could also make this study more relevant to the
human clinical assisted reproduction model, in which a
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Table 2 Comparison of the murine IVM model used in this study with previous studies

Reference State of cumulus mass

Duration and type of
in vivo gonadotrophin

stimulation

Duration
of in vitro

culture Base medium

Presence of
gonadotrophins in

culture medium
Maturation
rate (% MII)

Andriesz & Trounson, 1995 Fully enclosed COCs 48 h, 5 IU PMSG 18 h TCM 199 + 10% FCS 4 ng ml−1 LH +
4 ng ml−1 FSH

80%

Downs & Mastropolo, 1997 Fully enclosed COCs 48 h, 5 IU PMSG 17–18 h MEM Nil 75%
Downs & Mastropolo, 1997 Fully enclosed COCs 48 h, 5 IU PMSG 17–18 h Ham’s F10 Nil 77%
Downs & Mastropolo, 1997 Fully enclosed COCs 48 h, 5 IU PMSG 17–18 h TCM 199 + 0.23 mM

pyruvate
Nil 78%

Byskov et al., 1997 Fully enclosed COCs 48 h, Humegon (20 IU
FSH + 20 IU LH)

24 h Mc Coy’s 5A Culture
medium

36 IU l−1 FSH 65%

De La Fuente et al., 1999 Fully enclosed COCs 48 h, 5 IU PMSG 17–18 h Waymouth medium 100 ng ml−1 FSH 54%
Nakano & Kubo, 2000 Denuded or naked oocyte 42–48 h, 5 IU PMSG 24 h Human tubal fluid Nil 74.6%
This study Fully enclosed COCs 48 h, 5 IU PMSG 18 h TCM 199 + 10% FCS +

0.23 mM pyruvate
Nil 65.3%

This study Naked or partially naked
oocyte

48 h, 5 IU PMSG 18 h TCM 199 + 10% FCS +
0.23 mM pyruvate

Nil 54.4%

This study Naked or partially naked
oocyte

24 h, 5 IU PMSG 18 h TCM 199 + 10% FCS +
0.23 mM pyruvate

Nil 23.1%
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substantial number of naked or partially naked oocytes
are routinely obtained by follicular aspiration or upon
denudation of the cumulus mass for intracytoplasmic
sperm injection (ICSI).

The next step of the study would be to investigate the
use of coculture to improve the meiotic competence
of such putatively ‘less competent’ GV oocytes from
the mouse. Ovarian granulosa cells would be the
physiological choice for coculture, because these are
found in vivo within the developing follicle, and
undoubtedly play an important role in the oocyte
maturation process. Additionally, a novel granulosa
coculture system on a bed of ECM gel would also
be investigated. Sites et al. (1996) reported that the
presence of ECM adhesion proteins enhanced FSH
receptor expression and intercellular interaction among
porcine granulosa cells cultured in vitro. Hwang et al.
(2000) and Richardson et al. (2000) reported that the
in vitro culture of human granulosa cells on ECM
probably mimicked the physiological situation in vivo,
in which sheets of granulosa cells are attached to
the basement membrane within the follicle. Indeed,
both Hwang et al. (2000) and Richardson et al. (2000)
observed in their studies that human granulosa cells
appear to cluster together and to have a more
differentiated morphology in the presence of ECM.
Hence, the presence of ECM might enhance any
beneficial effects that granulosa coculture could have
on the IVM of mouse GV oocytes.

The beneficial effect of porcine granulosa coculture
on murine meiotic maturation (Fig. 7) is consistent
with previous studies that showed that granulosa
monolayers (Anderiesz & Trounson, 1995; Dandekar
et al., 1991) and autologous follicular shells (Abeydeera
et al., 1998; Hunter, 2000) derived from the pig
had a beneficial effect on oocyte meiotic maturation.
Granulosa cells have been reported to secrete vari-
ous meiosis-promoting factors (Byskov et al., 1997;
Driancourt & Thuel, 1998). It is likely that such factors
are not species specific, so that a beneficial effect
of porcine granulosa coculture on murine meiotic
maturation was observed in this study. Although
previous studies (Sites et al., 1996; Hwang et al., 2000;
Richardson et al., 2000; Ben Ze’ev & Amsterdam, 1989)
have reported that the in vitro culture of granulosa
cells on ECM enhanced cellular differentiation and
impeded senescence by providing a more physiolo-
gical environment (akin to the cells being attached
to basement membrane in vivo); the results showed
that the use of ECM gel did not further enhance the
beneficial effects that the porcine granulosa coculture
already had on meiotic maturation (Fig. 7a,b).

The inhibitory effect of macaque granulosa coculture
on murine meiotic maturation (Fig. 7) could be because
of increased inhibin production by the luteinized
granulosa cells (Seifer et al., 1996). Unlike the granulosa

cells from the mouse and pig, which were non-
luteinized, the macaque granulosa cells that were
used in this study were luteinized owing to in vivo
exposure to hCG (34–36 h) before being retrieved by
follicular aspiration. The formation of corpus-luteum-
like clusters on ECM gel (Fig. 6b) could further increase
inhibin production, which could in turn further reduce
the meiotic maturation rate, as observed in this study
(Fig. 7).

Unlike porcine and macaque granulosa, coculture
with murine granulosa either on plastic or ECM gel did
not appear to have any significant effect on the meiotic
maturation rate or on the proportion of immature
oocytes arrested at the GV stage (Fig. 7a,b). This was
consistent with the results of Eppig & Downs (1987),
who also found no significant effect of mouse granulosa
coculture on murine meiotic maturation, both in the
presence and absence of FSH.

Previous studies have reported that oocyte meiotic
maturation in vitro and subsequent developmental
competence are enhanced in the presence of serum
(Leibfried-Rutledge et al., 1986; Kito & Bavister, 1997;
Mermillod et al., 1999; Yamazaki et al., 2001). It has been
suggested that serum not only inhibits zona hardening
within in vitro culture (Eppig et al., 1992) but also en-
hances oocyte cytoplasmic maturity (Mermillod et al.,
1999; Yamazaki et al., 2001). The results (Fig. 8a,b)
show that increasing the serum concentration from
10% (v/v) to 20% (v/v) had no significant effect on
murine meiotic maturation under either cell-free or
coculture conditions, in the absence and presence of
ECM gel. It is possible that increased serum con-
centrations could be more beneficial to fully cumulus
enclosed oocyte complexes (Leibfried-Rutledge et al.,
1986; Kito & Bavister, 1997), as opposed to the naked
and partially naked oocytes used in this study. Another
possibility is that 10% (v/v) serum concentration
within the culture medium is already optimal, so that
increasing the serum concentration would have no
further beneficial effect on the meiotic maturation rate.

The supplementation of follicular fluid within the
culture medium for IVM have led to ambiguous results
in previous studies, with some studies reporting a
beneficial effect on oocyte meiotic maturation (Reed
et al., 1993; Khatir et al., 1997; Vatzias & Hagen, 1999;
Yoon et al., 2000; Bøgh et al., 2002), whereas other
studies reported a detrimental effect (Jagiello et al.,
1977; Hillensjö et al., 1979; Tsafriri & Pomerantz, 1984;
Slüss et al., 1989; Bhat & Moudgal, 1989; Kokawa et al.,
1993; Ayoub & Hunter, 1993). Additionally, it is
possible that follicular fluid could enhance or stimulate
granulosa cell function, because it is the physiological
fluid found within the follicle. This could in turn further
enhance the beneficial effects of porcine granulosa
coculture on murine meiotic maturation (Fig. 7a,b).
The results (Fig. 9a,b), however, showed that PFF by
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itself or in combination with serum had no significant
beneficial effect on murine meiotic maturation, under
either cell-free or coculture conditions. In fact, a high
concentration of PFF (20%) was detrimental to murine
meiotic maturation (Fig. 9a,b). This is consistent with
several previous studies that reported the presence
of meiosis inhibitory factors within follicular fluid
(Jagiello et al., 1977; Hillensjö et al., 1979; Tsafriri &
Pomerantz, 1984; Slüss et al., 1989).

The inclusion of gonadotrophins within the culture
medium appeared to have a slightly beneficial effect
on murine meiotic maturation only under cell-free
conditions. This could be mediated by gonadotrophin
receptors on the sparse cumulus cells surrounding
some of the partially naked GV oocytes. The effects
of gonadotrophins appeared to be somewhat ‘masked’
within porcine granulosa coculture, leading to no
further enhancement of the beneficial effects of porcine
granulosa coculture on murine meiotic maturation
(Fig. 10b).

Because it was shown in this study and in previous
studies that granulosa coculture had a beneficial
effect on oocyte meiotic maturation (Anderiesz &
Trounson, 1995; Dandekar et al., 1991), it is likely that
the granulosa cells could be secreting some meiosis
promoting factors within the culture medium. It is
hypothesized that such secreted factors could remain
active within the granulosa-conditioned medium
under cell-free conditions, which could in turn lead
to an enhancement in oocyte meiotic maturation.
This hypothesis is supported by previous studies on
granulosa-conditioned medium, which have shown
the presence of embryotrophic factors secreted into the
medium by the granulosa cells (Kobayashi et al., 1992;
Maeda et al., 1996).

Indeed, the results of this study (Fig. 11a,b) showed
that the porcine granulosa-conditioned medium en-
hanced murine meiotic maturation to a similar ext-
ent to that observed for granulosa coculture itself.
Additionally, the results also showed that the putative
meiosis-promoting factors secreted by the granulosa
cells into the conditioned medium remained potent
after freeze–thawing. This is somewhat consistent with
the study of Kobayashi et al. (1992), which showed that
the embryotrophic activity of granulosa-conditioned
medium was stable to freeze–thawing, lysophilization
and heating at 56 ◦C.

Although the earlier part of this study showed
that porcine granulosa coculture improved the meiotic
maturation rate (Fig. 7), this did not translate into
any significant improvement in developmental com-
petence, as assessed by IVF, embryo culture to the
blastocyst stage (Fig. 12) and subsequent total cell
counts (Table 1). In fact, the proportions of oocytes
cleaving to the two-cell stage and developing further to
the compacting/compacted and blastocyst stage were

consistently lower for the porcine granulosa coculture
group than the cell-free control (Fig. 12). One possible
hypothesis is that some of the less maturationally
and developmentally competent immature oocytes
that could not have progressed to MII under cell-free
conditions could do so when stimulated by porcine
granulosa coculture. Nevertheless, because such MII
oocytes are not developmentally competent, a large
proportion of them could not undergo cleavage to
the two-cell stage after IVF or develop further to
the compacting/compacted and blastocyst stage. This
could then possibly explain why the corresponding
proportions of two-cell, compacting/compacted and
blastocyst stage embryos were consistently lower for
the coculture-IVM group than the cell-free control
(Fig. 12a,b). However, it is difficult to validate this
hypothesis experimentally.

The results (Fig. 12b) showed that ECM gel could
be detrimental to the fertilization and developmental
competence of the IVM oocytes. One possible
hypothesis is that ECM gel hardened the zona pellucida
of the IVM oocytes. Dolci et al. (1991) reported that
several different lectins had the ability to harden
the zona pellucida of murine oocytes. ECM gel,
which is a basement membrane extract of Engelbeth–
Swarm mouse sarcoma (Kleinman, 1993), is a complex
heterogeneous mixture of various ECM components
including lectins, and hence could have a possible
effect on zona hardening. Zona hardening would
in turn reduce the fertilization rate and hence the
proportion of IVM oocytes cleaving to the two-
cell stage, which was what was observed in this
study (Fig. 12b). Additionally, it is also possible that,
with a hardened zona, it might take longer for the
sperm to penetrate the zona, which could in turn
lead to the oocytes being post-mature when actual
fertilization takes place, leading to a detrimental effect
on embryonic development.

In conclusion, this study showed that porcine gran-
ulosa coculture had a beneficial effect on oocyte
meiotic maturation, within a putatively ‘less com-
petent’ murine IVM model, but this did not necessarily
translate to improved embryonic developmental
competence. Increased serum concentrations and
supplementation with PFF and gonadotrophins (hCG
and FSH) have little or no effect on murine meiotic
maturation under either cell-free or coculture con-
ditions. ECM gel was not detrimental to meiotic
maturation but appeared to have a detrimental effect
on fertilization and developmental competence.
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