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Abstract.  We have previously indicated that porcine blastocysts can be produced by in vitro fertilization (IVF) and
culture (IVC) in chemically defined porcine gamete medium (PGM) and porcine zygote medium (PZM)-5, respectively,
In the present study, the effects of basic media and macromolecular components on in vitro maturation (IVM) were
investigated to develop a defined system for in vitro embryo production using a single basic medium through IVM, IVF
and IVC.  Porcine immature oocytes were matured in porcine oocyte medium (POM) or modified North Carolina State
University (mNCSU) 37, which were supplemented with either 10% (v/v) porcine follicular fluid (pFF) or 3 mg/ml
polyvinyl alcohol (PVA) as a macromolecular component (designated POM+pFF, POM+PVA, mNCSU37+pFF and
mNCSU37+PVA).  In the maturation with mNCSU37+PVA, the percentages of oocytes that reached the metaphase II
stages were significantly lower than those in the other treatments.  Following IVM with the above media, oocytes were
treated with an electrical stimulus and cycloheximide for parthenogenetic activation and were cultured in PZM-5 for 5
days.  The rates of cleavage and blastocyst formation of parthenogenetic oocytes were significantly lowered for
maturation with mNCSU37+PVA compared with the other treatments, while there were no significant differences in
the total numbers of cells in blastocysts among the treatments.  Following IVF and IVC, the rates of penetration, male
pronucleus formation, cleavage and blastocyst formation were significantly lower when oocytes were matured in
mNCSU37+PVA than in other maturation media.  The normal fertilization rate was significantly higher in POM+PVA
compared with the other treatments, although the total number of cells in blastocysts was reduced with the addition of
PVA to both POM and mNCSU37 compared with pFF supplementation.  These results demonstrate that porcine
blastocysts can be produced by the defined system using a single basic medium.
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he establishment of an in vitro production (IVP) system for
preimplantation embryos that can develop to full term after

transfer will contribute to a better understanding of the physiology
of embryonic development in early pregnancy and the control of
animal reproduction, including embryo transfer, transgenesis and
cloning [1].  Numerous studies have investigated the ability of por-
cine oocytes and embryos to develop in vitro using a wide variety
of culture media [2–7].  Recently, we developed a chemically
defined medium (porcine zygote medium: PZM) for in vitro culture
(IVC) of porcine zygotes based on the composition of pig oviduct
fluid [8].  Moreover, we established a chemically defined system
for in vitro fertilization (IVF) of porcine in vitro-matured oocytes
using porcine gamete medium (PGM), modified from PZM, as a
basic medium [9], and the in vivo viability of blastocysts produced
in the chemically defined IVF and IVC media has been confirmed
after embryo transfer to recipients [9, 10].

The standard medium for in vitro maturation (IVM) of porcine
oocytes is either North Carolina State University (NCSU) 23 or
NCSU37 [3] with porcine follicular fluid supplementation.  How-
ever, follicular fluid contains numerous undefined factors and may
be contaminated with viral pathogens [11–13].  A chemically
defined medium is not only useful for analyzing the physical action

of substances, such as inorganic compounds, energy substrates,
hormones, cytokines and vitamins in the development of preim-
plantation embryos, but also for improving the reliability of media
formulations and thereby yielding higher reproducibility of results.
Moreover, application of the defined system for IVP of embryos
may decrease the risk of viral contamination during IVP.

In standard IVP protocols, an embryo may be exposed to three
discrete media during in vitro development due to the use of differ-
ent medium for each phase of in vitro embryo production; namely,
IVM, IVF and IVC.  The effect of transferring the developing
embryo between different culture environments is unknown,
although the embryo may make efforts to adjust to changes in
osmolarity, pH and/or substrate availability, possibly resulting in
reduced developmental potential.  The IVP system using a single
medium throughout IVM, IVF and IVC may be easier to use and
maintain compared with media employed in standard IVP systems.
In cattle, oocytes can be matured, fertilized and cultured in a single
basic medium; namely, modified synthetic oviductal fluid (mSOF)
appropriately supplemented for specific stages of development
[14].

The objective of the present study was to establish a defined sys-
tem for IVP of porcine blastocysts.  Moreover, we attempted to
determine whether media based on the composition of porcine ovi-
ductal fluid could support IVP of porcine blastocysts through IVM,
IVF and IVC.
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Materials and Methods

Oocyte collection and IVM
Cumulus-oocytes complexes (COCs) were collected from the

antral follicles of ovaries by a previously reported method [9].
After the COCs were washed twice with porcine X medium
(PXM)-Hepes, only those with uniform ooplasm and a compact
cumulus cell mass were selected for IVM and placed in groups of
15 into 100 μl droplets of each maturation medium.  The formula-
tions of PXM-Hepes, as well as other media based on the
composition of PZM, are shown in Table 1.  The porcine oocyte
medium (POM) was modified PZM-5 supplemented with 5 mM
glucose and 0.6 mM cysteine, which are known as stimulatory sub-
stances on porcine oocyte maturation [15, 16].  For IVM of
immature oocytes, POM or modified NCSU (mNCSU) 37 [7] was
used as the base IVM medium and was supplemented with either
10% (v/v) porcine follicular fluid (pFF) or 3 mg/ml polyvinyl alco-
hol (PVA) as a macromolecular component (designated
POM+pFF, POM+PVA, mNCSU37+pFF and mNCSU37+PVA).
COCs were cultured for 20 h in each maturation medium supple-
mented with 10 IU/ml eCG (Peamex; Sankyo, Tokyo, Japan), hCG
(Puberogen; Sankyo) and 1 mM dibutyryl cAMP and subsequently
for 0–28 h in the same medium, but without the hormones and
dibutyryl cAMP, at 39 C in a humidified atmosphere containing
5% CO2, 5% O2 and 90% N2.

IVF and oocyte activation
The culture procedures employed in IVF of oocytes following

IVM were as described previously [9] with some modifications.
For IVF, motile spermatozoa from the same batch of frozen semen
were obtained by centrifugation (700 × g for 20 min) of frozen-

thawed semen on a 40%/80% Percoll (GE Healthcare UK, Buck-
inghamshire, UK) gradient.  The sperm pellet was resuspended
with PGM supplemented with theophylline, adenosine and cysteine
[9] with the concentration of Ca-(lactate)2 · 5H2O adjusted from
2.5 to 4 mM (PGMtac4) and was then washed twice by centrifuga-
tion at 500 × g for 5 min.  COCs at 44 h after IVM were
coincubated for 8 h with spermatozoa at a concentration of 1 × 106

spermatozoa/ml in 100 μl droplets of PGMtac4.  The incubation
was carried out at 39 C in a humidified atmosphere containing 5%
CO2, 5% O2 and 90% N2.  Each droplet contained 15–20 COCs.

Some oocytes were activated by an electrical stimulus and
cycloheximide (CHX) at 48 h after IVM.  Briefly, oocytes were
stripped of cumulus cells by vortexing in PXM-Hepes.  Oocytes
with the first polar body were placed in a fusion medium [17] and
activated by a single DC pulse of 150 V/mm for 99 μsec.  After
electrical stimulation, the oocytes were cultured for 6 h in PZM-5
(Research Institute for the Functional Peptides, Yamagata, Japan)
[18] supplemented with 5 μg/ml cytochalasin B and 10 μg/ml
CHX.

Embryo culture
After 8 h of coincubation with sperm, presumptive zygotes were

stripped of cumulus cells by vortexing in PXM-Hepes.  Presump-
tive zygotes after both IVF and electrical activation were washed
three times with PZM-5 and then cultured in 50 μl PZM-5 in a
Reproplate (Research Institute for the Functional Peptides) for 5
days at 39 C in a humidified atmosphere containing 5% CO2, 5%
O2 and 90% N2.

Evaluation of nuclear maturation, activation and fertilization
Oocytes were mounted on a glass slide, fixed with 25% (v/v)

Table 1. Composition of culture media for in vitro production of porcine embryos

Component (mM) POM (for IVM) PGMtac4 (for IVF) PZM-5 (for IVC) PXM-Hepes (for air)

NaCl 108.00 108.00 108.00 108.00
KCl 10.00 10.00 10.00 10.00
KH2PO4 0.35 0.35 0.35 0.35
MgSO4 · 7H2O 0.40 0.40 0.40 0.40
NaHCO3 25.00 25.00 25.00 5.00
Hepes — — — 25.00
Glucose 4.00 1.00 — —
Na-pyruvate 0.20 0.20 0.20 0.20
Ca-(lactate)2 · 5H2O 2.00 4.00 2.00 2.00
L-glutamine 2.00 — 2.00 —
Hypotaurine 5.00 — 5.00 —
BME amino acids (ml/l) 20.00 — 20.00 —
MEM non-essential amino acids (ml/l) 10.00 — 10.00 —
Theophylline — 2.5 — —
Adenosine (μM) — 1.00 — —
L-cysteine (μM) 600 0.25 — —
Gentamicin (mg/ml) 0.01 0.01 0.01 0.01
Polyvinyl alcohol (mg/ml) — 3.00 3.00 3.00
Osmolarity (mOsm)* 286 ± 1 280 ± 1 284 ± 1 268 ± 1

*Mean ± SD.  Each medium was prepared from the same stock solutions (100 mM NaHCO3 and a mixture of 10-fold strengths of NaCl,
KCl, KH2PO4 and MgSO4 · 7H2O), which were stored at 4 C in a refrigerator for several months.  All media were adjusted to pH 7.3.
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acetic acid in ethanol for 24–48 h, stained with 1% (w/v) aceto-
orcein and then examined under a phase-contrast microscope.

Evaluation of embryo development
The percentages of presumptive parthenotes and zygotes that

had cleaved and developed to blastocysts were recorded on Days 2
and 5, respectively.  The total cell number of blastocysts was
assessed on Day 5 of culture using an air-drying method [9].

Experimental design
In Experiment 1, the time course of maturation in different IVM

media and macromolecular components were examined.  COCs
were further cultured in either POM+pFF, POM+PVA,
mNCSU37+pFF or mNCSU37+PVA for 0–28 h following cultiva-
tion in each medium supplemented with hormones and dbcAMP
for 20 h.  The meiotic progress of the oocytes was examined at 4 h
intervals for 28 h from 20 to 48 h after the onset of maturation
culture.

The objective of Experiment 2 was to determine the effects of
different IVM media and macromolecular components during IVM
on oocyte activation and subsequent embryo development without
any effects of fertilization, such as polyspermic penetration and
timing of sperm penetration.  After COCs were cultured for matu-
ration for a total of 48 h, as described in Experiment 1, denuded
oocytes were activated by an electrical stimulus and cultured in
CHX for 6 h.  After activation, some oocytes were fixed for evalu-
ation of meiotic progress and pronucleus formation, while the
remaining oocytes were cultured in PZM-5 for 5 days.

Experiment 3 was conducted to determine the effects of different
IVM media and macromolecular components during IVM on fertil-
ization and subsequent embryo development.  After COCs were
cultured for maturation for a total of 44 h, as described in Experi-
ment 1, COCs were coincubated with spermatozoa in PGMtac4 for
8 h.  After IVF, some oocytes were fixed for evaluation of fertiliza-
tion, while the remaining oocytes were cultured in PZM-5 for 5
days.

Statistical analysis
Data analyses were carried out by general linear model proce-

dures and Tukey’s HSD using the Statistical Analysis System (SAS
Institute, Cary, NC, USA).  All percentage data and total numbers
of cells in blastocysts were subjected to arcsine and logarithmic
transformation, respectively.  A probability of P<0.05 was consid-
ered to be statistically significant.

Results

Effect of basic media and macromolecules on the kinetics of 
oocyte maturation

In the maturation with mNCSU37+PVA, the percentages of
oocytes that showed germinal vesicle breakdown (GVBD) were
significantly lower (P<0.05) than those in other treatments (Fig. 1)
at 36 and 48 h after the onset of IVM.  Moreover, the percentage of
oocytes that reached the metaphase II (MII) stage from 36 to 48 h
of maturation culture was significantly reduced (P<0.05) in
mNCSU37+PVA compared with those of the other treatments.
However, there were no significant differences in the percentages
of GVBD and MII oocytes matured in POM+PVA, POM+pFF or
mNCSU37+pFF.

Effects of basic media and macromolecules during IVM on 
oocyte activation and subsequent embryo development

The percentages of oocytes that were activated and formed two
pronuclei did not differ among the treatments (Table 2).  The rates
of cleavage and blastocyst formation were significantly lowered
(P<0.05) for maturation with mNCSU37+PVA compared with the
other treatments (Table 3).  However, there were no significant dif-
ferences in the total numbers of cells in blastocysts among the
treatments.

Effects of basic media and macromolecules during IVM on 
fertilization and subsequent embryo development

The rates of penetration and male pronucleus formation were
significantly lower (P<0.05) when oocytes were matured in

Fig. 1. Time course of porcine oocyte maturation in different basic
media and macromolecules. The incidences of germinal
vesicle breakdown (GVBD) and metaphase II (MII) were
monitored from 20 h to 48 h after IVM. Data are presented as
means ± SD. Each group had four replicates and 51–58
COCs. Stars indicate significant differences from one or two
([*]) or all others (*; P<0.05).
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mNCSU37+PVA than in other maturation media (Table 4).  The
normal fertilization rate was significantly higher (P<0.05) in
POM+PVA compared with the other treatments.  The proportion of
zygotes that cleaved and developed to blastocysts was significantly
lower (P<0.05) in mNCSU37+PVA than in the other media (Table
5).  The addition of PVA to both POM and mNCSU37 significantly
reduced (P<0.05) the total number of cells in blastocysts compared
with pFF supplementation.

Discussion

The present study clearly demonstrates that porcine oocytes can
be matured, fertilized and cultured in media based on the composi-
tion of porcine oviductal fluid and appropriately supplemented for
specific stages of development.  Moreover, porcine blastocysts can
be produced in the defined IVP system, which consists of
POM+PVA, PGMtac4 and PZM-5 for IVM, IVF and IVC, respec-

tively, as well as in the standard IVP system performed in IVM
with pFF-containing media.

When POM+pFF was used for oocyte maturation, all results
from the present study, including rates of maturation, fertilization,
cleavage and blastocyst formation, as well as total numbers of cells
in  b l as tocys t s ,  were  s imi la r  t o  t hose  ob ta ined  us ing
mNCSU37+pFF, which is one of the standard maturation media for
porcine oocytes [3, 7].  Thus, the single medium we developed
based on the composition of porcine oviductal fluid can be used for
IVP of porcine blastocysts as an alternative to discrete media for
each phase of IVM, IVF and IVC.  This method provides several
advantages.  Since the media used in this study (POM, PGMtac4,
PZM-5, and PXM-Hepes) were prepared from the same basic stock
solutions, which can be prepared and kept at refrigerator tempera-
ture (approximately 4 C) for several months, less time is spent on
medium preparation.  In addition, the use of stock solutions lends
itself very well to experimental work, as several variants of a

Table 2. Activation of porcine oocytes matured in vitro with different media

Medium No. of oocytes No. (%) of oocytes
examined Activated PN-formed* 2 PN-formed*

POM+pFF 102 86 (84.8 ± 9.6) 81 (93.8 ± 10.0) 76 (87.5 ± 13.5)
POM+PVA 111 100 (91.0 ± 8.1) 99 (99.0 ± 2.4) 88 (88.1 ± 11.3)
mNCSU37+pFF 111 93 (85.6 ± 14.3) 91 (97.4 ± 6.3) 79 (84.3 ± 15.3)
mNCSU37+PVA 104 87 (86.2 ± 16.3) 82 (93.9 ± 10.4) 73 (83.5 ± 14.7)

Data from six replicates.  Percentages are expressed as means ± SD.  *Calculated as a percentage of activated oocytes.

Table 3. In vitro development of porcine parthenogenic oocytes matured in vitro with different media

Medium No. of parthenogenic Cleaved at Day 2 Blastocyst at Day 5 Total No. of cells in
 oocytes cultured (%) (%) blastocysts (mean ± SD)

POM+pFF 162 126 (77.4 ± 11.8)a 73 (45.0 ± 9.4)a 46.1 ± 15.0
POM+PVA 159 136 (85.7 ± 7.1)a 77 (48.5 ± 4.4)a 41.4 ± 13.5
mNCSU37+pFF 162 138 (85.3 ± 8.4)a 65 (40.8 ± 15.8)a 41.2 ± 15.6
mNCSU37+PVA 154 87 (56.8 ± 10.9)b 34 (22.2 ± 6.4)b 38.2 ± 13.9

Data from six replicates.  Percentages are expressed as means ± SD.  a, bValues with different superscripts within each column are
significantly different (P<0.05).

Table 4. In vitro fertilization of porcine oocytes matured in vitro with different media

No. of No. (%) of oocytes No. of sperm penetrated 
Medium oocytes in a penetrated oocyte 

examined Matured Penetrated Normal* Polyspermy* MPN-formed* (mean ± SD)

POM+pFF 135 130 118 53 65 118
(96.3 ± 3.8)a (87.6 ± 10.3)a (44.8 ± 10.6)a (55.2 ± 10.6)a (100.0 ± 0)a 1.8 ± 0.9a

POM+PVA 123 113 92 67 19 86
(91.8 ± 6.7)a (74.3 ± 12.8)a (72.4 ± 10.2)b (21.0 ± 8.0)b (93.4 ± 5.7)b 1.2 ± 0.4b

mNCSU37+pFF 137 135 120 54 63 117
(98.5 ± 2.5)a (87.6 ± 9.6)a (45.5 ± 12.4)a (51.9 ± 13.3)a (97.5 ± 4.5)ab 1.8 ± 1.0a

mNCSU37+PVA 124 60 34 10 9 15
(47.1 ± 17.1)b (26.8 ± 14.2)b (35.5 ± 25.8)a (28.3 ± 20.3)b (53.3 ± 28.2)c 1.3 ± 0.5b

Data from seven replicates.  Percentages are expressed as means ± SD.  *Calculated as a percentage of penetrated oocytes.  a–cValues with different super-
scripts within each column are significantly different (P<0.05).
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medium can be compared simultaneously with minimal variation
[14].

It has been reported that addition of pFF to maturation medium
enhances the cytoplasmic maturation of porcine oocytes as mea-
sured by male pronucleus formation after IVF [19] and blastocyst
formation rate [20].  However, pFF can be replaced by PVA to pro-
duce a chemically defined medium, such as modified TCM199 [21]
and mNCSU23 [22].  In the present study, immature oocytes devel-
oped to blastocyst stage embryos using the defined IVP system for
embryos when pFF was replaced by PVA in both POM and
mNCSU37 for IVM.  Generally, pFF contains various unknown
factors that have not only growth stimulatory effects but also detri-
mental effects.  The effects of pFF, therefore, vary greatly from
batch to batch, leading to unpredictable results.  Application of the
defined system to IVP of embryos is considered important to
address the exact effects of any supplement of interest in the
medium on oocyte maturation, fertilization or embryo development
by eliminating these unknown factors from medium preparation
[23].

The maturation rate and meiotic progression of oocytes in
POM+PVA were similar to those in POM or mNCSU37 containing
pFF, while they declined in mNCSU37+PVA.  The reason why
POM as a basal medium did not reduce maturation ability under the
chemically defined conditions is unclear.  POM contains a total of
22 amino acids (glutamine, hypotaurine, cysteine, 12 basal medium
Eagle [BME] essential amino acids and seven minimum essential
medium [MEM] nonessential amino acids), whereas the only
amino acid components of mNCSU37 are glutamine and cysteine.
Amino acids in a protein-free medium may play important roles,
including as osmolytes [24–26], intracellular buffers [27, 28],
heavy metal chelators [29] and energy substrates [29, 30].  The
beneficial effects of essential and/or nonessential amino acids in
chemically defined mNCSU23 medium on porcine oocyte matura-
tion have also been reported [22].

A variety of processes occurring within the oocyte cytoplasm
independently of nuclear maturation during meiosis, referred to as
cytoplasmic maturation, are required for complete developmental
competence following fertilization [31–33].  Oocytes matured in
mNCSU37+PVA showed lowered rates of cleavage and blastocyst
formation after activation by an electrical stimulus and culture in
CHX compared with the other groups.  Maturational age of porcine
oocytes affects the potential of subsequent embryo development.
In pigs, newly matured oocytes showed lower developmental com-
petence after IVF [34] or parthenogenetic activation [35] compared

with oocytes cultured for an additional 8–10 h.  This might be due
to inadequate cytoplasmic maturation and/or immaturity of the
metaphase spindle of MII stage oocytes immediately after MII-
arrest [36].  The time at which the oocytes reached the MII stage in
mNCSU37+PVA was delayed compared with the other maturation
media (Fig. 1).  On the other hand, the percentages of oocytes that
formed two pronuclei did not differ among the treatments after par-
thenogenetic activation when only oocytes having a polar body
were selected before activation in the present study.  Thus,
mNCSU37+PVA seems to be inferior to the other media in terms
of ability to induce complete nuclear and cytoplasmic maturation of
oocytes.

The reduced penetra t ion rate  of  oocytes matured in
mNCSU37+PVA may result in decreased numbers of oocytes
reaching the MII stages during in vitro insemination.  On the other
hand, porcine oocytes matured in POM+PVA were found to be
equally penetrable compared with oocytes matured in the presence
of pFF in the present study.  This result is similar to that obtained in
a previous study in which porcine oocytes matured in protein-free
TCM199 or protein-free Waymouth medium did not reduce sperm
penetration [21].  In contrast, the frequency of occurrence of
polyspermy and the number of sperm that penetrated an oocyte
decreased when pFF was replaced by PVA in both IVM media.  In
porcine IVF, the high incidence of polyspermic penetration is a
major obstacle to the production of normal porcine embryos in
vitro [37].  Polyspermic penetration in vitro has been considered to
be due to delayed or incomplete cortical granule exocytosis and/or
zona reaction resulting from inadequate IVM of oocytes as well as
simultaneous sperm penetration by a number of spermatozoa with a
reacted acrosome [37–40].  Different types of macromolecules
added to maturation media, such as PVA and pFF, may affect the
polyspermy blocking function.  Therefore, different types of mac-
romolecules added to such maturation media might influence the
status of cortical granule exocytosis and/or zona reaction during
IVF.  Further histological and biochemical analyses of fertilized
oocytes are required in order to understand the mechanism of
polyspermy in the porcine embryo IVP system.

In conclusion, the present study describes successful IVP of por-
cine blastocysts in a defined system using a single basic medium.
The use of a defined IVP system yields higher reproducibility of
results and ensures the biosafety of culture media by eliminating
protein preparations, which may be contaminated with pathogens.
Although the percentages of embryos that developed to blastocysts
after IVF did not differ between POM+PVA and POM+pFF, the

Table 5. In vitro development of porcine oocytes matured in vitro with different media after in vitro fertilization

Medium No. of presumptive Cleaved at Day 2 Blastocyst at Day 5 Total No. of cells in
zygotes cultured (%) (%) blastocysts (mean ± SD)

POM+pFF 189 152 (80.3 ± 4.8)a 78 (38.4 ± 7.8)a 52.0 ± 18.8a

POM+PVA 178 135 (75.7 ± 10.0)a 58 (33.4 ± 12.1)a 39.4 ± 21.9b

mNCSU37+pFF 192 141 (73.5 ± 7.6)a 79 (41.3 ± 10.0)a 47.5 ± 16.6a

mNCSU37+PVA 178 56 (30.5 ± 16.7)b 12 (6.5 ± 5.9)b 31.8 ± 18.0b

Data from seven replicates.  Percentages are expressed as means ± SD.  a, bValues with different superscripts within each col-
umn are significantly different (P<0.05).
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total number of cells in blastocysts was reduced by the use of PVA
in place of pFF.  Since these indications of in vitro developmental
competence for IVP embryos did not differ in the artificially acti-
vated oocytes matured in POM+PVA and POM+pFF, the reduced
number of cells in blastocysts seems to be attributable to inade-
quacy closely related to fertilization.  Further improvements of this
porcine defined IVP system are therefore required to optimize
embryonic growth and maximize the number of IVP embryos of
high quality that can survive after embryo transfer.
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