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Abstract

This study investigated the effects of porcine granulocyte-macrophage colony-stimulating factor (pGM-CSF) on the devel-
opmental potential of porcine in vitro-fertilized (IVF) embryos in chemically and semidefined (with BSA) medium. In experiment
1, zygotes were treated with different concentrations of pGM-CSF (0, 2, 10, 100 ng/mL). The results indicated that 10 ng/mL
pGM-CSF significantly (P � 0.05) increased blastocyst development and total cell number (15.1% and 53.5, respectively)
compared with the control (6.1%, and 38.8, respectively). Comparing blastocyst formation, early and expanded blastocyst
formation was significantly higher in the 10 ng/mL-pGM-CSF group than in the control on Days 6 and 7 of the culture period.
However, there was no significant difference in cleavage rate. Experiment 2 demonstrated that pGM-CSF influenced the
percentage of blastocyst formation and total cell number when pGM-CSF was added during Days 4 to 7 (14.6% and 53.9,
respectively) or Days 0 to 7 (15.2% and 54.0, respectively) compared with the control (7.8% and 43.1, respectively) and compared
with Days 0 to 3 (8.7% and 42.5, respectively). Similarly, early blastocyst formation rates were significantly higher at Days 4 to
7 than in the control, and expanded blastocyst formation was significantly higher at Days 4 to 7 or Days 0 to 7. No significant
difference in cleavage rates appeared among the groups. In experiment 3, in the presence of BSA, pGM-CSF also increased the
percentage of embryos that developed to the blastocyst stage and the total cell number (20.3% and 59.8, respectively) compared
with the control (14.9% and 51.4, respectively), whereas there was no significant difference in cleavage rate. Experiment 4 found
that the total cell number and the number of cells in the inner cell mass (ICM) were significantly increased compared with the
control when zygotes were cultured in either porcine zygotic medium (PZM)-3 or PZM-4 supplemented with 10 ng/mL
pGM-CSF. The number of trophectoderm (TE) cells was significantly higher in PZM-3 medium supplemented with pGM-CSF
than in the control, and the number tended to increase (P � 0.058) in PZM-4 medium supplemented with pGM-CSF. The ratio
f inner cell mass to trophectoderm cells was significantly higher in PZM-4 supplemented with 10 ng/mL pGM-CSF, but not in
ZM-3. In experiment 5, it was found that the male pronuclear formation rate, monospermic penetration and sperm/oocyte were
5.4%, 37.2%, and 2.4, respectively. Together, these results suggest that pGM-CSF may have a physiological role in promoting
he development of porcine preimplantation embryos and regulating cell viability and that addition of pGM-CSF to IVC medium
t Days 4 to 7 or 0 to 7 improves the developmental potential of porcine IVF embryos.
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1. Introduction

Over the past decade, mammalian embryos have
been routinely cultivated in vitro up to the blastocyst

tage for use in numerous studies, including as biomed-
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ical models for human physiology and diseases as well
as for xenotransplantation [1]. However, mammalian
embryos produced in vitro are known to have reduced
developmental competence compared with embryos
produced in vivo. The porcine in vitro embryo-culture
ystem has also suffered from an inadequate in vitro
nvironment. Under in vivo conditions, as preimplan-
ation porcine embryos traverse the female reproductive
ract and develop from the zygote to blastocyst stage, a
ariety of secretory nutrients, growth factors, and cy-
okines affect the embryo. These molecules include
eukemia inhibitory factor (LIF) [2], insulin-like
rowth factor-I (IGF-I) [3], epidermal growth factor
EGF) [4], transforming growth factor beta (TGF-�)
5], and leptin [6]. Most of these growth factors and
egulatory molecules are derived from or produced by
he endometrium or embryo. These molecules mediate
ignaling between the maternal tissues and the embryo
nd act on the pre- and postimplantation embryo to
odulate developmental competence [7,8].
Granulocyte-macrophage colony-stimulating factor

GM-CSF) is a cytokine that affects preimplantation
mbryo development. GM-CSF was originally identi-
ed as a product of activated T-lymphocytes involved

n the proliferation and differentiation of myeloid he-
atopoietic cells [9,10]. GM-CSF is expressed during

arly pregnancy in epithelial cells lining the oviduct
nd uterus in women [11,12], rodents [13], and other
ammalian species [14–17] and mediates maternal ef-

ects on the growth and development of preimplanta-
ion embryos in several species, including humans [18],
ice [19], cows [20], and pigs [21]. Human embryos

xposed to recombinant human GM-CSF in vitro blas-
ulate earlier, have increased cell numbers in both the
nner cell mass (ICM) and trophectoderm (TE) with
educed apoptosis [22], and show improved ability to
atch from the zona pellucida (ZP) and to attach to the
ulture dish [18]. In mice, GM-CSF increases blasto-
yst formation, hatching, and subsequent attachment to
he culture dish. GM-CSF also stimulates glucose me-
abolism and increases the number of viable blastom-
res by inhibiting apoptosis. In previous research, the
ate of blastocyst formation was retarded and blastocyst
otal cell numbers were reduced in genetically GM-
SF-deficient mice compared with controls [19]. Off-

pring from genetically GM-CSF-deficient mice
howed decreased fetal size, increased fetal resorption,
nd increased mortality during postnatal life [23,24]. In
bovine study, GM-CSF increased the percentage of

mbryos that developed to the blastocyst stage in vitro

nd also increased the blastocyst yield when added at s
ay 5 after insemination (when embryos had reached
he morula stage) [20]. In ovine embryos, GM-CSF
ncreased implantation potential through upregulating
xpression of interferon-� [16]. In the pig, supplemen-

tation of recombinant mouse GM-CSF to porcine par-
thenotes in defined culture medium enhanced viability
and increased the percentage of blastocyst formation in
vitro, but total cell number was not significantly increased
[21]. However, until now, the effects of GM-CSF on
porcine IVF embryos have been poorly understood.

During blastulation, the outer cells allocated to form
TE become connected by tight junctions and desmo-
somes that seal the expanding blastocyst cavity, where
the ICM forms as a tight cluster of lucent cells [25].
The ICM serves a crucial role in embryos by forming a
germ layer. The ICM cells are said to be pluripotent,
and pluripotent embryonic stem cells are derived from
this population of cells. The TE cells are restricted to
generation of the trophoblast components of the pla-
centa and help support the embryo proper and implan-
tation. In pigs, in vitro-produced embryos have lower
otal blastocyst cell numbers compared with their in
ivo counterparts [26–28] in terms of both numbers of
CM cells and the ratio of ICM to TE cell numbers [26].
ere, we examined whether recombinant porcine GM-
SF enhances the developmental potential of porcine

VF embryos in either defined porcine zygotic medium
PZM)-4 (poly vinyl alcohol (PVA) based) or PZM-3
BSA based), and we also determined the embryonic
tage at which the GM-CSF effect was initiated in in
itro-produced embryos. Use of a chemically defined
edium is important for evaluating components that
ay affect embryo development.

. Materials and methods

.1. Oocytes collection and in vitro maturation

Ovaries of prepubertal gilts were collected from a
ocal slaughterhouse and transported to the laboratory
ithin 2 h in physiological saline supplemented with
00 IU/mL penicillin G and 100 mg/mL streptomycin
ulfate at 30 °C to 35 °C. The cumulus oocyte com-
lexes (COCs) were aspirated using an 18-gauge needle
ttached to a 10-mL disposable syringe [29] from su-
erficial follicles 3 to 6 mm in diameter and pooled in
o 15-mL conical tubes and allowed at 37 °C during 5
inutes to settle down as sediment. The supernatant
as discarded and the precipitate was resuspended with
EPES-buffered Tyrode’s medium (TLH) containing
.05% (wt/vol) polyvinyl alcohol (TLH-PVA) and ob-

erved under a stereomicroscope. Only compact COCs
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with � 3 uniform layers of compact cumulus cells and
homogenous cytoplasm were recovered from the col-
lected fluid and washed three times in TLH-PVA. Ap-
proximately 50 to 60 COCs were transferred into each
well of a 4-well Nunc dish (Nunc, Roskilde, Denmark)
containing 500 �L of culture medium (TCM-199; In-
itrogen Corporation, Carlsbad, CA, USA) which was
upplemented with 0.6 mM cysteine, 0.91 mM sodium

pyruvate, 10 ng/mL epidermal growth factor, 75 �g/mL
anamycin, 1 �g/mL insulin, 10% (vol/vol) porcine

follicular fluid (pFF), 4 IU/mL equine chronic gonad-
otropin (eCG), and 4 IU/mL hCG (Intervet, Boxmeer,
Netherlands). The pFF was aspirated from 3 to 7 mm
follicles of prepubertal gilt ovaries. After centrifugation
at 1600g for 30 min, the supernatants were collected
and filtered sequentially through 1.2- and 0.45-�m sy-
ringe filters (Gelman Sciences, Ann Arbor, MI, USA).
The prepared pFF was then stored at �20°C until use.
For maturation, the selected COCs were incubated at
39 °C in a humidified atmosphere of 5% CO2 in 95%
air. After 20 to 21 h of maturation with hormones, the
COCs were washed two times in a maturation medium
without hormone supplements and then cultured for 20
to 21 h without hormone supplements at 39 °C under
5% CO2 in air.

.2. In vitro fertilization and culture

For in vitro fertilization (IVF), liquid semen was
upplied weekly from the Veterinary Service Labora-
ory (Department of Livestock Research, Yong-in city,
yeonggi-do, Republic of Korea) and kept at 17 °C for
days before use. Semen sample was washed two

imes by centrifugation with Dulbecco’s phosphate
uffered saline (DPBS) supplemented with 0.1% BSA
t 2000g for 2 min. After washing, the sperm pellet was
esuspended in modified Tris-buffered medium
mTBM) [30] which was pre-equilibrated for 18 h at 39
C under 5% CO2. After 40 to 42 h of IVM, the COCs
ere denuded by gently pipetting with 0.1% hyaluron-

dase and washed three times in TLH-PVA. Oocytes
ith evenly ooplasm and visible first polar body were
sed for all experiments. Groups of 15 oocytes were
andomly placed into 40-�L droplets of mTBM in a

35 � 10 mm Petri dish (Falcon; Becton Dickinson
Labware, Franklin Lakes, NJ, USA) covered with pre-
warmed mineral oil. After appropriate dilution, 5 �L of
he sperm suspension was added to a 40-�L drop of
ertilization medium (mTBM) to yield a final sperm
oncentration of 1 � 106 sperm/mL. Just before fertil-

ization, sperm motility was assessed and more than

80% motile sperm were used in every experiment. For O
IVF, two step culture system [31] was used. The
oocytes were coincubated with sperm for 20 min at 39
°C in a humidified atmosphere of 5% CO2 and 95% air.
After 20 min coincubation with sperm, the loosely
attached sperms were removed from the ZP by gentle
pipetting. The oocytes were then washed three times in
mTBM and incubated in mTBM without sperm for 5 to
6 h at 39 °C in a humidified atmosphere of 5% CO2 and
5% air. Thereafter, gametes were washed three times
ith embryo culture medium and cultured in 25 �L
icrodrops (10 gametes/drop) of porcine zygote me-

ium (PZM) [32] according to experimental design.
he embryos with cultured drops were covered with
rewarmed mineral oil and incubated at 39 °C for 168 h
nder a humidified atmosphere of 5% O2, 5% CO2, and
0% N2. In all experiments, the culture media were

renewed at 48 h (Day 2) and 96 h (Day 4) after IVF.

2.3. Embryo evaluation and total cell count

The day of IVF was considered Day 0. The embryos
were evaluated under a stereomicroscope for cleavage
on Day 2. Evenly cleaved embryos were divided to
three groups (2 to 3, 4 to 5, and 6 to 8 cells) and 1 cell
and fragmented embryos were not counted. Blastocyst
formation was assessed at Days 6 and 7 after IVF, and
blastocysts were classified according to degree of ex-
pansion and hatching status [33]: early blastocyst
(small blastocyst with a blastocoel equal to or less than
half of the embryo volume), expanded blastocyst (a
large blastocyst with a blastocoel greater than half of
the embryo volume or blastocyst with a blastocoel
completely filling the embryo), and hatched blastocyst
(hatching or already hatched blastocyst).

To determine the total cell number of blastocysts, at
Day 7, blastocysts were collected and washed in 1%
(wt/vol) PBS-BSA and stained with 10 �g/mL

oechst-33342 (bisbenzimide) for 5 min. Following a
nal wash in PBS-BSA, embryos were fixed briefly in
% paraformaldehyde in PBS. Then, the blastocysts
ere mounted on glass slides in a drop of 100% glyc-

rol, squashed gently with a cover slip, and observed
nder a fluorescence microscope (Nickon Corp., To-
yo, Japan) at magnification � 400.

.4. Differential staining (immunocytochemistry)

Blastocysts were fixed in 4% paraformaldehyde in
BS containing 0.1% PVA for 20 min at room temper-
ture and treated with 0.05% Triton X-100 in 1% (wt/
ol) PBS-BSA for 10 min at room temperature. Differ-
ntial staining was then performed using goat anti-

ct-4 antibody (Santa Cruz Biotechnology, Inc., Santa
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Cruz, CA, USA) (1:100 in PBS-BSA) and mouse anti-
Cdx-2 (Santa Cruz Biotechnology) (1:200 in PBS-

SA) overnight at 4 °C. After washing three times in
BS-BSA, the blastocysts were incubated with second-
ry antibodies, donkey anti-goat IgG-TRITC (Santa
ruz Biotechnology) (1:200 in PBS-BSA) and chicken
nti-mouse IgG-FITC (Santa Cruz Biotechnology) (1:
00 in PBS-BSA) for 2 h at room temperature. To
isualize the nuclei, the blastocysts were counterstained
ith 10 �g/mL Hoechst-33342 for 5 min in PBS-BSA.

Stained blastocysts were mounted on oil-free glass slides
and examined using confocal microscopy (TCS SP2
AOBS, Leica, Tokyo, Japan) at magnification � 400. A
single 10-�m equatorial section was captured for each
blastocyst. The total number of Hoechst-33342 positive
cells was counted (total cell number), and each Hoechst-
33342-positive cell was classified as either ICM or TE on
the basis of predominant expression of either Oct-4 (red
olor) or Cdx-2 (green color), respectively.

.5. Assessment of fertilization parameters

Sperm penetration and pronuclear formation was per-
ormed according to Koo et al. [34] with some modifica-
ions. Briefly, at 10 h after insemination, the ZP of oocytes
as dissolved with 0.5% pronase. The zona-free embryos
ere washed three times in HEPES buffered Tyrode’s
edium (TL-HEPES) containing 0.1% formaldehyde and

.01% PVA for 1 min and fixed in 1% formaldehyde and

.01% PVA in PBS for 10 min at room temperature. The
xed embryos were placed in a drop of mounting medium
25% [vol/vol] glycerol in PBS containing 2.5 mg/mL
odium azide and 2.5 �g/mL Hoechst stain) on a slide,
nd a cover slide was placed over the embryos gently. The
umber of spermatozoa penetrating the ZP, the presence
f polyspermy, and male pronuclear formation (MPN)
ere examined under a fluorescence microscope.

.6. Experimental designs

Experiment 1 sought to optimize the standard doses of
orcine granulocyte-macrophage colony-stimulating fac-
or (pGM-CSF) during in vitro embryo production. After
VF, embryos were randomly allocated and cultured in
hemically defined medium (PZM-4) supplemented with
, 2, 10, or 100 ng/mL pGM-CSF for the whole culture
eriod (Days 0 to 7) to evaluate developmental potential.
xperiment 2 was conducted to determine the embryonic
tage at which pGM-CSF can initiate its effect during in
itro embryo culture with PZM-4. Therefore, four groups
ere established. After IVF, embryos were cultured with
GM-CSF for Days 0 to 3 (early stage), Days 4 to 7 (late

tage), and Days 0 to 7 (whole stage). Embryos cultured b
or Days 0 to 7 without supplementation with pGM-CSF
erved as the control. In experiment 3, we investigated
hether the stimulatory effect of pGM-CSF is initiated
hen BSA is present in the culture medium (PZM-3).
ygotes were cultured with or without pGM-CSF supple-
entation in the presence of BSA in PZM-3 for 7 days. In

xperiment 4, to determine the specific effects of pGM-
SF on total cell number, cell numbers of ICM and TE,
nd the blastocyst ICM/TE ratio, blastocysts were col-
ected at Day 7 from the PZM-3 and PZM-4 cultures and
tained using immunocytochemistry as described above.
lastocysts cultured in PZM-3 and PZM-4 for 7 days,
ithout pGM-CSF served as controls. In experiment 5, to
etermine the sperm penetration and pronuclear formation
n fertilized zygote that were coincubated with in vitro
atured porcine oocytes with traditional culture medium

nd liquid boar semen in given concentration as men-
ioned above.

.7. Statistical analysis

Statistical analysis was carried out using the PASW-17
tatistical software (Chicago, IL, USA). The means of
he cleavage rate, developmental rate to the blasto-
yst stage, and number of nuclei were compared by
ne-way ANOVA, followed by Duncan’s multiple
ange test. Data were presented as mean � SEM.
ifferences were considered significant if the P value
as less than 0.05.

. Results

.1. Developmental competence of porcine IVF
mbryos in chemically defined medium supplemented
ith different concentrations of pGM-CSF during in
itro culture (IVC)

The blastocyst development rate with 10 ng/mL of pGM-
SF in chemically defined medium was significantly higher

han in the control, but no significant difference was found
mong treatments (Table 1). At Day 2, there was no signif-
cant difference in the total cleavage rate among the groups
P � 0.05) (Table 1). However, the cleavage pattern differed
mong the treatment groups. At Day 2, there were signifi-
antly fewer 2- to 3-cell embryos in the 10 ng/mL pGM-CSF
roup than in other groups; at the same time, there were
ignificantly more (P � 0.05) 6- to 8-cell embryos in the 10
g/mL pGM-CSF treatment group than in the control (Fig.
), but no significant difference among the treatment groups.
t day 2, no significant difference in 4- to 5-cell embryos
as found between any of the treatment groups. Comparing

lastocysts on Days 6 and 7, early and expanded blastocyst
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formations were significantly higher in the 10 ng/mL pGM-
CSF group than in the control (Fig. 2). Supplementation with
10 ng/mL pGM-CSF significantly increased the total cell
number compared with the control, 2 ng/mL, and 100 ng/mL
pGM-CSF groups (Table 1). Therefore, 10 ng/mL pGM-
CSF was selected as the optimal concentration for porcine in
vitro embryo production.

3.2. Effects of pGM-CSF (10 ng/mL) on
preimplantation porcine IVF embryos according to
day of treatment

As shown in Table 2, there was no significant difference
in the total cleavage rate among the groups (P � 0.05).

owever, the cleavage pattern differed according to the time
f treatment: significantly (P � 0.05) more embryos with 6
o 8 cells were found when zygotes were cultured with
GM-CSF from Days 0 to 3 or Days 0 to 7 compared with
he control group (Fig. 3). Additionally, 2- to 3-cell embryo

Table 1
Effect of different concentrations of pGM-CSF on porcine in vitro f

pGM-CSF (ng/mL) Number of embryos cultured (r)*

0 230 (4)
2 213 (4)
10 213 (4)
100 209 (4)

Values with different superscripts within same column are significan
pGM-CSF, porcine granulocyte-macrophage colony-stimulating fact
* Replication.
† Percentage of total cultured oocytes.
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Fig. 1. Effect of different concentration of porcine granulocyte-macr
at Day 2. Within each end point, bars with different letters (a, b) are

treatment.
ormation was significantly lower when zygotes were cul-
ured with pGM-CSF on Days 0 to 7 compared with the
ontrol. No significant difference was shown for 4- to 5-cell
mbryos among the different treatment groups. Interestingly,
he blastocyst formation rate and total cell number per blas-
ocyst (BL) were significantly higher for Days 0 to 7 (15.2 �
.8%, 54.0 � 2.0, respectively) or Days 4 to 7 (14.6 � 1.6%,

53.9 � 2.3, respectively) pGM-CSF treatment groups com-
ared with the rate for the control (7.8 � 0.7%, 41.3 � 2.4,

respectively) and for the Days 0 to 3 (8.7 � 1.5%, 42.5 �
2.0, respectively) pGM-CSF treatment group (Table 2). The
expanded blastocyst formation rate at Day 6 was
significantly higher in the Day 4 to 7 and 0 to 7
pGM-CSF treatment groups compared with the con-
trol and compared with the Day 0 to 3 pGM-CSF
treatment group (Fig. 4). Similarly, at Day 7, the
early blastocyst formation rate was significantly
higher in the Day 4 to 7 pGM-CSF treatment group

embryos during IVC on chemically defined media (PZM-4).

Embryos developed to Total cell numbers

wo cells (%) Blastocyst (%)†

(70.4 � 3.3) 13 (6.1 � 0.7)a 38.8 � 3.5a

(69.8 � 3.5) 22 (10.3 � 0.7)a,b 41.3 � 1.9a

(73.2 � 2.0) 29 (15.1 � 2.2)b 53.4 � 2.7b

(69.6 � 3.9) 19 (8.5 � 2.1)a,b 38.1 � 3.5a

erent (P � 0.05). The data are mean � SEM.
, porcine zygotic medium.
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compared with the control, and expanded blastocyst
formation was significantly higher in the Day 0 to 7
pGM-CSF treatment group than in the control and in
the Day 0 to 3 treatment group (Fig. 4).

3.3. Effect of pGM-CSF (10 ng/mL) on porcine IVF
embryos when supplemented to their culture medium
(PZM-3) in the presence of BSA

Supplementation of 10 ng/mL pGM-CSF in the
presence of BSA did not influence the cleavage rate
(Table 3). However, 6- to 8-cell embryos were signif-
icantly higher in the pGM-CSF treated group than con-
trol at Day 2 (data not shown). The blastocyst forma-
tion rate and total cell number was significantly higher
when embryos cultured with pGM-CSF and PZM-3
medium (20.3 � 2.0%, 59.8 � 3.5, respectively) than
ontrol (14.9 � 1.0%, 51.4 � 1.8, respectively).
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Table 2
The effects of pGM-CSF (10 ng/mL) on preimplantation porcine IV

Groups Number of embryos cultured (r)*

�

Control 220 (5)
Day 0 to 3 199 (5)
Day 4 to 7 211 (5)
Day 0 to 7 209 (6)

Values with different superscripts within same column are significan
pGM-CSF, porcine granulocyte-macrophage colony-stimulating fact
* Replication.

† Percentage of total cultured oocytes.
.4. Total cell number, cell number of ICM and TE,
nd ICM/TE ratio of blastocysts

Groups of blastocysts were stained differentially
or Oct4 (ICM) and Cdx2 (TE) to examine the effect
f pGM-CSF on cell number of ICM and TE. As
hown in Table 4, and Figure 5, blastocysts cultured
n PZM-4 with the presence of 10 ng/mL pGM-CSF
ad significantly increased total cell number, cell
umber of ICM, and ICM/TE ratio when compared
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0ng/mL pGM-CSF had a tendency to increase the
E cell number (P � 0.058) compared with control.
lastocysts cultured in PZM-3 with the supplemen-

ation of 10 ng/mL pGM-CSF had significantly in-
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nd TE compared with control, but did not influence
he ICM/TE ratio (Table 4).
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3.5. Sperm penetration and pronuclear formation
after IVF

In Table 5, it was shown that, the male pronuclear
formation (MPN) was 95.4 � 2.1% in oocytes that ma-
tured in the traditional porcine IVM medium. Among
them, monospermy and polyspermy was 37.2 � 4.3% and
57.6 � 4.5%, respectively. The mean number of sperma-

Fig. 3. Embryos cleavage pattern when porcine granulocyte-macrop
zygotic medium (PZM)-4 according to different time points. Within
ifferent for pGM-CSF treatment according to the day.
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tozoa penetrated per oocyte was 2.4 � 0.3. The overall
normal fertilization was 34.3 � 3.9%.

4. Discussion

The high incidence of polyspermic penetration is
still a major difficulty to successful production of a

olony-stimulating factor (pGM-CSF) was supplemented in porcine
d point, bars with different letters (a–c) are significantly (P � 0.05)
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large number of porcine embryos in vitro. In our study,
we conducted IVF experiment using liquid semen by 20
min spermatozoa-oocyte coincubation time. It was con-
firmed that overall fertilization efficiency was 34.3 �
3.9%. There are some reports related to short coincu-
bation period [31,34,35] on IVF and it was reviewed by

il et al. [36] that fertilization parameters obtained
nder various short coincubation periods, type of sper-
atozoa, and spermatozoa:oocyte ratio on IVF exper-

ments. In this review report, compared with our result
Table 5), the penetration rate of 20 min coincubation
ime is higher than 10 min coincubation time using
rozen-thawed sperm but the efficiency of fertilization
as almost same. Result of polyspermy rate was sim-

lar to a previous study [34] and even lower than a
revious one [35]. The reasons for this discrepancy
ight be due to the different IVF medium (Funahashi

nd Romar [35] used m-M199) or the different semen
ource (boar effect) [37].

In this study, we cultured porcine IVF zygotes in
oth chemically defined porcine zygote medium

Table 3
Effect of pGM-CSF on porcine IVF embryos cultured on PZM-3 (B

Groups Number of embryos cultured (r)*

Control 379 (5)
10 ng/mL pGM-CSF 350 (5)

Values with different superscripts within same column are significan
pGM-CSF, porcine granulocyte-macrophage colony-stimulating fact
* Replication.
† Percentage of total cultured oocytes.

Table 4
Effects of pGM-CSF on total cell number, cell number of ICM and
TE, and its ratio when cultured in PZM-3 and PZM-4.

Control pGM-CSF

ultured in PZM-4 (number of BL)
Total cells (25) 45.9 � 2.7 55.0 � 2.9*
ICM cells 6.8 � 0.5 9.4 � 0.5*
TE cells 39.2 � 2.3 45.8 � 2.4†
ICM to TE ratio 0.17 � 0.01 0.21 � 0.01*

ultured in PZM-3 (number of BL)
Total cells (25) 51.3 � 2.3 59.7 � 3.2*
ICM cells 8.2 � 0.4 10.3 � 0.8*
TE cells 42.8 � 1.8 49.3 � 2.6*
ICM to TE ratio 0.19 � 0.01 0.21 � 0.01

umber of BL means the number of evaluated blastocyst for cell
ounting. Values are least squares means � SEM. Replicates � 3.
CM, inner cell mass; pGM-CSF, porcine granulocyte-macrophage
olony-stimulating factor; PZM, porcine zygotic medium; TE, tro-
hectoderm.
* P � 0.05.
o† P � 0.058.
PZM-4, PVA based) and BSA-based porcine zygote
edium (PZM-3). Many unidentified factors are pres-

nt in serum (FBS and BSA) that may interact with
ther components to mask or interfere with their effects
n the medium. The addition of biological products
e.g., FBS, BSA) to in vitro culture medium used for
ssisted reproduction is associated with serious risk of
ontamination. Biological products may also induce
ellular and molecular variations in embryos produced
n vitro [38,39]. Use of a chemically defined medium is,
herefore, an ideal method for evaluating components
hat may affect embryo development. Our experiments
howed that pGM-CSF influences the in vitro develop-

mental potential of porcine preimplantation embryos
whether in the presence or absence of BSA. Blastocyst
development rates were increased when pGM-CSF and
BSA were used in the culture medium, possibly due to
synergistic effects. However, another study demon-
strated that mouse GM-CSF does not affect the devel-
opment of porcine parthenotes in the presence of BSA
or the total cell number of blastocysts [21]. These
differences in results may reflect differences in exper-
imental designs and materials (porcine GM-CSF vs.
mouse GM-CSF), although in both cases, GM-CSF
increased the blastocyst formation rate in chemically
defined medium.

Our present study identified 10 ng/mL pGM-CSF as
the optimal concentration for porcine IVF embryo de-
velopment, in agreement with previous reports for por-
cine parthenotes [21] and cattle [20]. The present study,
imilar to previous experiments [18–21], showed that
GM-CSF did not affect the total cleavage rate. Inter-
stingly, however, 10 ng/mL pGM-CSF-treated em-
ryos cultured in both PZM-4 and PZM-3 were signif-
cantly more cleaved to six- to eight-cells than the
ontrol at Day 2. This demonstrates that pGM-CSF
ncreases the percentage of embryos that develop to the
lastocyst stage in vitro and influences the total cell
umber, especially in ICM. This result extends previ-

ed medium).

Embryos developed to Total cell numbers

Two cells (%) Blastocyst (%)†

9 (73.9 � 2.3) 58 (14.9 � 1.0)a 51.4 � 1.8a

2 (74.7 � 2.0) 66 (20.3 � 2.0)b 59.8 � 3.5b

erent (P �0.05). The data represent means � SEM.
, porcine zygotic medium.
SA add

�

27
26

tly diff
or; PZM
us findings in cattle, mice, humans, and pigs [18–21].
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In the pig, variable and longer cleavage times could
represent both a physiological response and an artifact
due to embryo sensitivity to environmental stress (i.e.,
culture medium, temperature, light exposure). Cleavage
rates of porcine embryos cultured in vitro indicated that
cleavage and development were delayed compared with
those in in vivo-derived embryos [40]. Cleavage rates
of mouse embryos cultured in vitro also seemed to be
lower than those observed in vivo [41], possibly due to
xposure to lower temperatures, light, or unfavorable

Fig. 5. Differential staining of blastocyst cultured in porcine zygotic
granulocyte-macrophage colony-stimulating factor (pGM-CSF) treat
projection images are for Cdx-2 (green; B and F), Oct-4 (red; C and G
f the three projection images. Oct-4 is expressed predominantly in i

as trophectoderm (TE) cells. (D and H) Pinkish purple and greenish

able 5
ormal fertilization parameter of porcine in vitro matured oocytes
ith two-step (20 min/6 h) spermatozoa-oocyte coincubation using

iquid boar semen.

Parameter Result

Number of oocytes examined 77
Penetrated (%)* 92.3 � 2.4
MPN formed (%)† 95.4 � 2.1
Monospermy (%)† 37.2 � 4.3
Polyspermy (%)† 57.6 � 4.5
Sperm/penetrated egg 2.4 � 0.3
Efficiency of fertilization‡ 34.3 � 3.9

Data are given as mean � SEM. The experiment was repeated five
imes.

PN, male pronucleus.
* Percentage of the number of oocytes examined.
† Percentage of the number of oocytes penetrated.
‡ Efficiency of fertilization was the percentage of monospermic
oocytes from total examined.
culture environments. Early preimplantation embryo
development relies on messages stored within the
oocyte during oogenesis and thus is controlled by the
maternal genome, independent of the embryonic ge-
nome [42]. Several events or changes are characteristic
of the transition from maternal to embryonic control of
development; these include the longest preimplantation
embryo stage, “in vitro culture block” stage, initiation
of embryonic RNA synthesis, and major changes in
qualitative patterns of protein synthesis. Many crucial
molecular changes take place at the four-cell stage in
porcine embryos. The four-cell stage appears to be one
of the longest cell stages of the preimplantation porcine
embryo and is the developmental stage in which the in
vitro culture block occurs [43]. Our findings suggest
that supplementation with 10 ng/mL pGM-CSF in cul-
ture medium might play a physiological role, as it does
in vivo, by preventing the four-cell block and influenc-
ing embryonic genome activation, which could lead to
increased embryo cleavage and development to the
morula stage.

This study newly demonstrates that treatment with
pGM-CSF increased the proportion of embryos becom-
ing blastocysts, regardless of whether the pGM-CSF
was added immediately after fertilization or at Day 4
(when embryos were at the morula stage of develop-
ment). Similar results were found in previous experi-

(PZM)-4. Control group (A, B, C, and D) versus 10 ng/mL porcine
p (E, F, G, and H). These are examples of blastocysts at Day 7 and
chst-33342 staining (blue; A and E), and a merged image (D and H)
ll mass (ICM) cells (red), whereas Cdx-2 cells (green) are classified
lors indicate ICM and TE cell, respectively. Bar, 50 �m.
medium
ed grou

), Hoe
nner ce
ments with bovine embryo [20,44]. But, the six- to



t
I
c
C

[

[

[

[

1195S.S. Kwak et al. / Theriogenology 77 (2012) 1186–1197
eight-cell stage embryos were higher when pGM-CSF
was added from 0 to 3 days of culture period. Interest-
ingly, the blastocyst number was not increased in this
group. Supplementation with 10 ng/mL pGM-CSF at
early stage may act as antiapoptotic function [44,45],
but withdrawn of this supplementation could not pre-
vent apoptosis at this stage of embryos, because porcine
embryos were more susceptible to apoptosis at eight-
cell stage. Thus, the action of pGM-CSF to increase
embryo ability to develop to the blastocyst stage in-
volves acting on the embryo during the transition from
the morula to blastocyst stage. Perhaps pGM-CSF is
mitogenic and increases the number of embryos having
cell numbers sufficient for blastocoele formation.

Among blastocysts formed at Days 6 and 7, ex-
panded blastocyst formation was significantly higher in
the pGM-CSF treatment group than in the control. In
addition, pGM-CSF treatment led to significantly in-
creased TE cell numbers. These results indicate that
pGM-CSF could enhance the implantation process dur-
ing early embryogenesis. Indeed, previous research
found that the implantation rate increased when ex-
panded or hatching blastocysts were transferred com-
pared with small blastocysts [33].

In our experiment, pGM-CSF treatment increased
he total cell number and, particularly, the number of
CM cells. The finding of proportionally more ICM
ells relative to TE cells indicates the capacity of pGM-
SF to affect blastocyst differentiation. In humans [22]

and mice [45], GM-CSF treatment in culture resulted in
more cells in the ICM of blastocysts. These data sug-
gested that pGM-CSF promotes blastomere survival
and/or proliferation and that the effect is preferentially
exerted in the ICM. One possibility is that pGM-CSF
increases cell number by exerting an anti-apoptotic
effect [46]. Culture of human embryos with GM-CSF
decreased the number of apoptotic blastomeres by 50%
[22]. The apoptotic inhibitor Bcl-2 protein in embryos
was also reduced by GM-CSF [47]. The ability of
pGM-CSF to increase the number of ICM cells is im-
portant as the ICM forms the germ layer, and the
number of ICM cells during implantation has been
linked to implantation success and pregnancy outcome
[48,49]. Previous studies have also found that the ad-
dition of GM-CSF to embryos before transfer improved
the embryo implantation rate, corrected deficiencies in
placental structure and fetal growth trajectory, and
partly alleviated the long-term adverse effects of em-
bryo culture on postnatal growth [9,50,51].

In conclusion, the above data indicate that pGM-

CSF may have a physiological role in improving the
quality and developmental ability of porcine IVF em-
bryos in terms of the blastocyst rate and the total cell
number, especially the number of ICM cells. We sug-
gest that addition of pGM-CSF in IVC medium at Days
4 to 7 or Days 0 to 7 improves the developmental
potential of porcine IVF embryos.
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