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factor on porcine cumulus-oocyte complexmaturation in vitro
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ABSTRACT
Introduction: The in vitro maturation (IVM) of oocytes is an essential step in the in vitro embryo
production. This study aimed to improve the efficacy of IVM by supplementing with granulocyte-
macrophage colony stimulating factor (GM-CSF) in the culture medium. Methods: The combina-
torial effects of GM-CSF and porcine follicular fluid (pFF) were also investigated in porcine cumulus-
oocyte complex (COC) models. COCs were obtained by aspirating follicles with an 18 G needles.
Small and medium follicles were used in this study. COCs from two kinds of follicles were divided
into 13 groups to investigate thematuration of COCs at different concentrations of pFF (0, 10%) and
GM-CSF (0, 2, 10, 20 ng/mL). Thematuration of COCs was evaluated by different variables including
cumulus expansion, the appearance of the first polar body, lipid droplet localization, mitochondrial
distribution, and cortical granule distribution. Results: The results showed that GM-CSF improves
the cumulus expansion, and stimulate the mitochondrial and cortical granule movement. How-
ever, GM-CSF did not increase nuclear maturation or lipid droplet localization rates in the porcine
oocyte. Conclusion: In conclusion, porcine GM-CSF had some positive effects on the porcine
oocyte maturation.
Key words: Cortical granule distribution, Cumulus expansion, Lipid droplet localization, Mito-
chondrial distribution

INTRODUCTION
In vitromaturation (IVM) is an assisted reproductive
technology forwomen. It is usually indicated for cases
with problems in oocyte maturation such as Polycys-
tic Ovary Syndrome (PCOS). The advantages of IVM
include low cost, short time, and especially limiting
harmfulness to patients by using just small doses of
steroid hormones. Thus, IVM can be used as an al-
ternative for superovulation technique in the conven-
tional in vitro fertilization procedures. However, the
quality of oocytes after IVM is variable, leading to low
rates of embryonic development when compared to
that of oocytes matured in vivo 1.
Oocyte maturation is enhanced by the addition of
follicular fluid (FF) to media by increasing the rate
of successful maturation, monospermic fertilization,
and promotemale pronucleus formation 2. The effects
of FF can be further enhanced by the combination
of growth factors, amino acids, hormones, cytokines,
etc. 3–5. However, the composition of FF is complex,
and the roles and concentration of many substances
in FF are unknown. Although FF is commonly added
to porcine IVMmedium, its quality varies from ovary
to ovary and depends on the size of the follicles.
Granulocyte-macrophage colony-stimulating factor
(GM-CSF) is known as colony-stimulating factor

2 in the CSF family. When it was first discov-
ered in the 1960s, colony-stimulating factor (CSF)
was the general name for cytokines responsible for
promoting the proliferation of bone marrow cells
in culture. By the early 1970s, the scientists had
established that there were four CSFs: Granulo-
cyte colony-stimulating factor (G-CSF), Macrophage
colony-stimulating factor (M-CSF), Granulocyte-
macrophage colony-stimulating factor (GM-CSF),
and multi-CSF. GM-CSF was the first of the CSFs to
be described chemically.
GM-CSF is a glycoprotein with structure and molec-
ular weight different from species to species. In
myeloid cells, GM-CSF binds to a specific receptor on
the cell membrane with a high affinity. The receptor is
composed of two subunits, α and β: the α-subunit is
unique to GM-CSF but has low affinity; the β-subunit
is shared by the interleukin (IL)-5 and interleukin-
3 (IL-3) receptors 6. When combining into the re-
ceptor complex, they convert the low-affinity inter-
action to a high affinity interaction 7,8. By binding
to its receptor, GM-CSF induces changes in gene
expression through the Janus kinase/signal trans-
ducers and activators of transcription (JAK/STAT),
Ras/Raf/mitogen-activated protein kinase, mitogen-
activated protein kinase (MAPK), and phosphatidyli-
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nositol 3-kinase (PI3-K) pathways 6.
In 1977, GM-CSF was purified from mouse lung for
the first time 9. At first, GM-CSF was believed to
only stimulate the generation of both macrophage
and granulocyte colonies from hematopoietic precur-
sor cells 10. However, with new evidence, GM-CSF is
known to have effects on various cell types and organs
such as liver 11, kidney 12, brain 13etc. After almost
forty years, the biological aspect of GM-CSF has been
well-studied. GM-CSF can be produced by many
cell types such as activated T-cell, B-lymphocytes, en-
dothelial cells, keratinocytes, fibroblasts, and evenly
tumor cells 14,15. GM-CSF synthesis is regulated by a
variety of factors such as prostaglandin, toll-like re-
ceptor (TLR) agonists, TNF-α, interleukin-1, T-cell
receptor, and co-receptor stimulation 16–18. In addi-
tion to being found in hematopoietic cells, the GM-
CSF receptor is also present on the membrane of
microglia, endothelial cells, mesenchymal cells, and
tumor-derived cells 19. Studies have shown that the
regulatory functions of GM-CSF are important in
cell proliferation, cell differentiation, cell activation,
apoptosis inhibition 20, and maybe more.
While studying female gonad, GM-CSF and its recep-
tor were found in uterus, oviducts, ovaries, and folli-
cles 8. The presence of GM-CSF in these organs sug-
gested the importance of GM-CSF in the reproduc-
tion. In a study investigating the physiological role of
GM-CSF in ovaries, mice that lost the GM-CSF gene
had a longer estrous cycle by 1.5 days, a lower number
of cells in the ovaries, and a slow progesterone synthe-
sis during pregnancy 21. In addition, progesterone and
estrogen concentration control the GM-CSF synthe-
sis, which suggests that GM-CSF may have a regulat-
ing function during estrous cycles inmammals. Thus,
the expression of GM-CSF in the ovary and uterus,
coupled with its regulatory function as a steroid, fur-
ther indicates the functions of GM-CSF in the normal
physiology of the reproductive system.
In the follicles, the expression level of GM-CSF recep-
tor in theca, granulosa, and luteal cells coincides with
the stage of follicular development, ovulation, and
luteal phase formation. The murine cumulus-oocyte
complexes (COCs) express mRNA for the α-subunit
of the GM-CSF receptor, which facilitates the uptake
of glucose, and enhances the viability of oocytes 8,22.
GM-CSF receptor is also present on the membrane of
immature oocytes, fertilized oocytes, and embryo at
the blastocyst stage in both humans and mice 23. In
addition, the previous studies showed that GM-CSF
was found in the FF with a lower concentration than
in the serum 24,25. As such, GM-CSF may have im-
portant roles in the development and maturation of
oocytes.

In this study, we investigated the effects of GM-CSF
individually as well as combinedly with the porcine
follicular fluid (pFF) on the IVM of the cumulus-
oocyte complex.

METHODS

Porcine ovary collection

At local slaughterhouses, the porcine ovaries were
collected immediately when the female gonads were
exposed. Pink ovaries with even follicles contain-
ing clear fluid were chosen. Then, the ovaries were
washed with warm saline solution supplemented with
100 IU/mL penicillin and 0.1 mg/mL streptomycin
sulfate to remove blood and contaminants. The
ovaries were stored in the saline solution with antibi-
otic supplements at 32-38oC and transfer to the labo-
ratory within one hour.

Porcine follicular fluid preparation

The porcine follicular fluid (pFF) was prepared as the
published study 2. Briefly, pFF was extracted from 3
to 7 mm follicles of porcine ovaries. After centrifu-
gation for 30 min at 13,000 rpm at 4oC, the super-
natants were collected and filtered through 0.45 mm
filters (Gelman Sciences, Ann Arbor, MI). The pFF
was stored at -20◦C immediately until used 2.

Cumulus-oocyte complex (COCs) collection

COCs were collected by aspirating small follicles (SF)
(1-3 mm) and medium follicles (MF) (3-7 mm).
The COCs were aspirated using an 18-G needle at-
tached to a 10ml disposable syringe withmodifiedD-
PBS (Dulbecco’s PBS supplemented with 3.5% bovine
serum albumin, 1 g/L D-glucose and 36mg/L sodium
pyruvate, 100 IU/mL penicillin and 0.1 mg/mL strep-
tomycin sulfate).

In vitromaturation

Only compacted COCs with more than three uni-
form layers of cumulus cells and homogenous cy-
toplasm were rinsed twice with in vitro maturation
medium (IVMM) and incubated at 38.5 ◦C in a hu-
midified atmosphere of 5% CO2. The IVMM was
M199 (Gibco, Thermo Fisher Scientific, MA) supple-
mented with 0.1% polyvinyl alcohol (PVA), 0.57 mM
L-cysteine, 0.91 mM sodium pyruvate, 3.05 mM D-
glucose, 10 ng/mL epidermal growth factor (EGF), 10
IU/mL pregnant mare serum gonadotropin (PMSG),
10 IU/mL human chorionic gonadotropin (hCG), 50
IU/mL penicillin and 50 mg/mL streptomycin sul-
fate 26.
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To evaluate the pFF andGM-CSF effects on thematu-
ration of COCs, COCs were cultured in various con-
ditions that IVMM supplemented with or without
10% pFF in combination with different concentra-
tions of GM-CSF. COCs were divided into two groups
based on the diameter of follicles: small follicles and
medium follicles. These COCs were divided into the
following 13 groups with different culture medium
and diameter of follicles with at least 30 COCs per
sub-groups:
SF-G0: COCs from small follicles were cultured in
IVMM without pFF or GM-CSF supplement
SF-G2: COCs from small follicles were cultured in
IVMM with 2 ng/mL GM-CSF, without pFF
SF-G10: COCs from small follicles were cultured in
IVMM with 10 ng/mL GM-CSF, without pFF
SF-P0: COCs from small follicles were cultured in
IVMM with 10% pFF, without GM-CSF
SF-P2: COCs from small follicles were cultured in
IVMM with 10% pFF and 2 ng/mL GM-CSF
SF-P10: COCs from small follicles were cultured in
IVMM with 10% pFF and 10 ng/mL GM-CSF
MF-G0: COCs from medium follicles were cultured
in IVMM without pFF or GM-CSF supplement
MF-G2: COCs from medium follicles were cultured
in IVMM with 2 ng/mL GM-CSF, without pFF
MF-G10: COCs frommedium follicles were cultured
in IVMM with 10 ng/mL GM-CSF, without pFF
MF-P0: COCs from medium follicles respectively
were cultured in IVMM with 10% pFF, without GM-
CSF
MF-P2: COCs from medium follicles were cultured
in IVMM with 10% pFF and 2 ng/mL GM-CSF
MF-P10: COCs from medium follicles were cultured
in IVMM with 10% pFF and 10 ng/mL GM-CSF
MF-P20: COCs from medium follicles were cultured
in IVMM with 10% pFF and 20 ng/mL GM-CSF

Assessment of cumulus expansion
At 0 and 20th hour in IVM, COCs were micro-
photographed, and the diameter of each COC
was measured with AxioVision Microscope Software
(Carl Zeiss, Germany).

Assessment of the first polar body
After incubating for 40-44 hours, COC-culturing
medium was added with hyaluronidase enzyme till
achieving concentration at 80 IU/mL and aspirated
for 1-2 minutes or until the oocytes were denuded
almost completely. Then, the oocytes were quickly
rinsed in pre-warmed IVMM two times to remove
the enzyme. Finally, each group of 10-15 oocytes was

allocated into 50-mL drops of pre-warmed IVMM
overlaid with mineral oil. Each oocyte was rotated
with microinjection pipette using a micromanipula-
tion system (Eppendorf, Germany) to visualize the
first polar body 27.
To assess the agency of IVM, oocytes were classified
based on the first polar body morphology according
to the method of Lin T. et al. with some modifica-
tions 28. “Class A” oocytes were defined as round or
ovoid polar body with an intact membrane (smooth
surface or not). Otherwise, “Class B” oocytes were
defined with a broken or fragmented polar body, and
were considered as poor quality (Figure 1).

Assessment of lipid droplet localization
The oocytes were evaluated by the method of Hi-
raga K. et al. (2013) with some modifications 29.
Briefly, with the micromanipulation system, the de-
nuded oocytes were observed with an invertedmicro-
scope and classified into two groups according to the
localization patterns of lipid droplets. “Class I” group
included oocytes with the lipid droplets distributed
centrally and had a light ring between membrane and
lipid droplets. “Class II” group included oocytes with
the lipid droplets located uniformly throughout the
entire cytoplasm (Figure 2).

Assessment of mitochondrial distribution
After denuding, the oocytes were transferred into pre-
warmed IVMM supplemented with 0.5 mM Mito-
Tracker Red CMXRos (Invitrogen, USA) and incu-
bated for 30 minutes at 38.5◦C in 5% CO2. Then,
oocytes were rinsed twice in IVMM for 15 minutes
each and fixed in 4% paraformaldehyde in PBS for 30
min at 38.5◦C in 5% CO2. Finally, the oocytes were
mounted between a glass slide and a coverslip. Scans
and records were taken through the equatorial flat of
the oocyte using a confocal laser scanningmicroscopy
system (LSM 800, Carl Zeiss, Germany) with 39 µm
pinhole.
The mitochondrial distribution includes three pat-
terns 30:
- Type P: the peripheral pattern showedmitochondria
distributed in proximity to oolema
- Type S: the semiperipheral pattern showed mito-
chondria covering the outer part of the cytoplas-
mic volume heterogeneously or/and in proximity to
oolema
- Type M: the diffuse pattern showed mitochondria
distributed homogeneously throughout the ooplasm.
Oocytes with the diffuse patternwere classified asma-
ture and those with peripheral and semiperipheral
mitochondrial distributions were classified as imma-
ture (Figure 3).
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Figure 1: The porcine oocytes with first polar body after IVM. (Left) Class A oocyte with the round or ovoid
polar body. (Right) Class B oocyte with broken or fragmented polar body

Figure 2: The localization patterns of lipid droplets in porcine oocytes after IVM. (A) Class I oocyte with the
lipid droplets distributed centrally and a light ring outside. (B) Class II oocyte with the lipid droplets located uni-
formly throughout the entire cytoplasm.

Assessment of the cortical granuledistribu-
tion

The denuded oocytes were fixed with 4%
paraformaldehyde in PBS for 30 minutes at room
temperature. Then, oocytes were permeabilized
with 0.1% Triton X-100 in PBS for 10 minutes and
rinsed with blocking solution (PBS containing 0.3%
BSA and 100 mM glycine) for 10 minutes. Next,
the oocytes were stained with 10 mg/mL fluorescein
isothiocyanate-labeled peanut agglutinin in PBS for
30 minutes in the dark at room temperature. After

staining, the oocytes were rinsed twice in PBS for 10
minutes each. Finally, the oocytes were mounted on
a slide, and then scanned and recorded as described
previously 31.
The cortical granule distribution is divided into three
patterns:
Type W: fluorescent signals were distributed in the
whole oocyte cytoplasm
Type C: fluorescent signals covering the cortex and in
proximity to oolema
Type M: the CGs were closely located beneath the
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Figure 3: The mitochondrial distribution in porcine oocytes after IVM. (A) Type P oocyte with the peripheral
pattern: mitochondria distributed near oolema. (B) Type S oocyte with the semiperipheral pattern: mitochondria
distributed in the outer part of the cytoplasmic volumeheterogeneously and near oolema. (C) TypeMoocytewith
the diffuse pattern: mitochondria distributed homogeneously throughout the ooplasm.

membrane and formed a brilliant continuous ring
(Figure 4).
The oocytes with CG fluorescent signals beneath the
membrane were classified as mature and those with
the other types of cortical granule distribution as im-
mature.

Statistical analysis
At least 30 COCs in each group were analyzed.
The data was carried out using analysis of variance
(ANOVA) for cumulus expansion assessment and
Chi-square test for ratio comparisons. The P-value
was calculated by using GraphPad Prism 6.0 software.
Unless otherwise indicated, differences of P < 0.05
were considered significant.

RESULTS
GM-CSF stimulated the cumulus expansion
during IVM of COCs frommedium follicles
In this experiment, COCs frommedium follicles were
used to evaluate the effects of GM-CSF and pFF on
IVM. The results represented in the Figure 5 showed
that after 20 hours of culture in some different condi-
tions (MF-G0,MF-G2,MF-G10,MF-P0,MF-P2,MF-
P10, MF-P20), the cumulus expansion was different
between these groups.
Compared to before culturing, the COCs of MF-
G2, MF-G10, MF-P0, MF-P2, MF-P10 and MF-P20
significantly increased their cumulus layer (p<0.05).
However, this observation was not observed in MF-
G0 (without supplements of pFF or GM-CSF).
The results also showed that the cumulus expansion
of COCs in groups MF-G10 (only supplemented with
GM-CSF) and MF-P0 (only supplemented with pFF)
were similar (p>0.05), and significantly different from

the group MF-G0 (p<0.01) ( 238.7 ± 52.8, 243.7 ±
41.7 and 200.3 ± 34.0, respectively). While in the
groups MF-P2, MF-P10, and MF-P20 that supple-
mented both pFF and GM-CSF (304.8 ± 85.1, 301.6
± 89.6 and 307.2 ± 98.3, respectively), the cumulus
expansion was stronger than in MF-P0 that only sup-
plemented pFF (Figure 5).

GM-CSF did not improve the appearance
and morphology of the first polar body
of both oocytes from small follicles and
medium follicles
The supplement of pFF in IVMM of SF-P0 and MF-
P0 group slightly increased the percentage of matured
oocytes with the first polar body extrusion compared
to SF-G0 and MF-G0 group (without supplements of
pFF or GM-CSF), respectively, but this increase was
non-significant.
In the MFs, when assessing only GM-CSF supple-
mented groups, the polar body extrusion rate in MF-
G10 group (64.1%) was significantly lower (P <0.05)
than in MF-G0 group (75%). Similarly, the percent-
age of oocytes with the first polar body appeared in
the pFF and GM-CSF supplemented groups reduced
after cultured in IVMM.This rate inMF-P0 decreased
significantly from 84% to 72,5% in MF-P10 (P <0.05)
and 65,2% in MF-P20 group (P <0.001).
However, the effects of pFF and GM-CSF on the ap-
pearance of the first polar body in oocytes from SFs
were different to from MFs. The supplements of
GM-CSF at 2 ng/mL (group SF-P2) and 10 ng/mL
(group SF-P10) to pFF-supplemented IVMM slightly
increased the percentage of oocytes appearing the
first polar body. The oocytes’ polar body extrusion
in only GM-CSF-supplemented groups (SF-G2 and
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Figure 4: The cortical granule distribution in porcine oocytes after IVM. (A) TypeW oocyte: The cortical gran-
ules distributed in the whole oocyte cytoplasm. (B) Type C oocyte: The cortical granules covered the cortex and
in close to oolema; TypeM oocyte: The cortical granules were closely located beneath themembrane and formed
a brilliant continuous ring. Green: FITC- labeled peanut agglutinin. Blue: Hoechst 33342.

Figure 5: The diameters of COCs from medium follicles before and after 20 hours of IVM. Time 0 (before
culture) revealed the average diameter of COCs in all groups at the culture starting time. The graphdid not express
a significant difference between the average diameter of COCs of individual groups (except for no supplemented
GM-CSF group) and that at time 0 (P < 0.05). # significant difference with P < 0.05; ## and ** significant difference
with P < 0.01; *** significant difference with P < 0.0001
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SF-G10) also slightly increased compared to without
GM-CSF group (SF-G0). Although, these increases
were not strong enough to be significant (Figure 6).
Results of the first polar body morphological assess-
ment showed that non-significant difference was de-
tected in all groups of COCs from either MFs or SFs.

GM-CSF did not improve the lipid droplets
distribution of both oocytes from SFs and
MFs
The effects of pFF and GM-CSF on lipid droplet dis-
tribution of oocytes from small and medium folli-
cles were presented in Figure 7. For the MFs, re-
sults showed that pFF significantly increased the re-
arrangement and distribution of lipid droplets inside
the oocytes in MF-P0 compared to MF-G0 (p<0.05)
(60.6% and 35.3%, respectively). The supplement of
GM-CSF in MF-G2 (2ng/mL GM-CSF) and MF-G10
(10 ng/mL GM-CSF) gently increased the percent-
age of class I oocytes compared to MF-G0 without
pFF andGM-CSF, though these differences were non-
significant. However, in the presence of pFF (MF-
P2 and MF-P10), GM-CSF reversed effects of pFF to
lipid droplet distribution. Indeed, the percentage of
oocytes with good lipid droplet re-arrangement sig-
nificantly decreased (60.6% in MF-P0, 31.7% in MF-
P2 and 16.7% in MF-P10) (p<0.05) (Figure 7A).
For oocytes from SFs, the supplement of pFF in
the IVMM did not affect the lipid droplet re-
arrangement. The slight increase of class I oocytes
was recorded in SF-G2 compared to SF-G0, but it was
not significant. Similar to oocytes frommedium folli-
cles, in the presence of pFF, GM-CSF caused a strong
reduction of oocytes with good lipid droplet distri-
bution, especially at the high concentration of GM-
CSF (10 ng/mL). The percentage of class I oocytes
was 12.5% in MF-P10, which is significantly lower
than 33.33% inMF-P0 and 31.33% inMF-P2 (p<0.05)
(Figure 7B).

GM-CSF promoted the mitochondrial
movement in oocytes from SFs andMFs
The useful effects of pFF and GM-CSF on the mito-
chondrial distribution of oocytes from medium folli-
cles were demonstrated in Figure 8. The supplement
of GM-CSF significantly increased the percentage of
M-type oocytes from 22.85% in MF-G0 to 46.88% in
MF-G10 (p<0.05). The similar result was detected at
the comparison between MF-P0 and MF-G0 (48.5%
in MF-P0) (p<0.05). We also recorded that the per-
centage of M-type oocytes in MF-G10 was not differ-
ent to in MF-P0, which meant that pFF at 10% and

GM-CSF 10 ng/ml in standard IVMM would have
the same effects on the mitochondrial distribution in
medium follicles-derived oocytes.
In the presence of pFF, the percentage of S-type
oocytes strongly decreased from 42.42% in MF-P0 to
14.63% in MF-P2 (p<0.01); the percentage of M-type
oocytes increased from 48.5% in MF-P0 to 70.7% in
MF-P2, but this increase was not significant. Even
though, when comparing MF-P2 to MF-G0, the per-
centage of S-type oocytes was much lower and the
percentage ofM-type oocytes was significantly higher
(p<0.0001) (62.86% of S-type and 22.85% of M-type
in MF-G0). However, when the GM-CSF concentra-
tion was up to 10 ng/mL, the percentage of S- and M-
type oocytes in MF-P10 was similar to in MF-P0. In
addition, when comparing theMF-P10 toMF-P2, the
results showed a decrease (p <0.05) ofM-type oocytes
to 42.8% and an increase (p<0.05) of S-type oocytes
up to 37.1% in MF-P10.
For assessment of SFs, the GM-CSF supplement sig-
nificantly reduced the percentage of P-type oocytes
from 26.5% in SF-G0 to 8.6% in SF-G2 (p<0.05). Sim-
ilarly, this percentage in SF-P0 was 7.7%, significantly
lower than in SF-G0 (p<0.05) and there was no differ-
ence between SF-G2 and SF-P0. In the groups of pFF
and GM-CSF supplement, the only significant differ-
ence was the percentage of S-type oocytes decreased
from 56,4% in SF-P0 to 34,1% in SF-P10 (p<0.05)
(Figure 9).

GM-CSF showed positive effects on the cor-
tical granule distribution of oocytes from
SFs andMFs
In medium follicle-derived COCs, after cultured, the
percentage of three type oocytes were not significantly
different betweenMF-G0 (withoutGM-CSF and pFF)
vs. MF-P0 (only 10% pFF). This result suggested
that pFF at 10% of IVMM could not affect the CG
distribution. However, at the group of GM-CSF 2
ng/mL (MF-G2), the percentage of C-type oocytes
significantly reduced from 42.86% in MF-G0 to 20%
(p<0.05). In addition, the concentration of 2 ng/mL
GM-CSF (MF-G2) could enhance the percentage of
M-type oocytes up to 65%, significantly higher than
39.39% inMF-P0 (p<0.05). Moreover, whenGM-CSF
concentration increased to 10 ng/mL, the percentage
ofW-type oocytes inMF-G10was 3.13%, significantly
lower compared to 21.21% of MF-P0 (p<0.05). These
results showed that GM-CSF was better than pFF in
the CG distribution (Figure 10).
In the combination of GM-CSF and pFF, at low con-
centration of GM-CSF (2ng/mL) (group MF-P2), the
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Figure 6: Effects of pFF and GM-CSF on the appearance of the first polar body in oocytes collected from (A)
medium and (B) small follicles after IVM. */** significant difference with p<0.05 and p<0.001, respectively.

Figure 7: Effects of pFF and GM-CSF on the lipid droplet distribution in oocytes collected from (A) medium
and (B) small follicles after IVM. Bars with different letters are significantly different (p < 0.05).

percentage of W-type oocytes significantly decreased
compared to MF-P0 (without GM-CSF) (p<0.05)
(4.88% and 21.21%, respectively). Besides, at higher
concentration of GM-CSF (10 ng/mL), the percent-
age of C-type oocytes reduced in MF-P10 compared
to MF-P0 and MF-P2 (17.14% vs. 41.46% and
39.39% respectively for MF-P10, MF-P2, and MF-
P0) (p<0.05); and theM-type oocytes significantly in-
creased from 39.39% at MF-P0 to 65.71% at MF-P10
(p<0.05). Initially, in combination with pFF, GM-
CSF could stimulate the movement of cortical gran-
ules from the cytoplasm to oolema.
For the small follicle-derived COCs, the effects of
GM-CSF and pFF were similar in the CG contribu-

tion (p>0.05). Reversely, in combination with pFF,
GM-CSF at 2 ng/mL strongly decreased the percent-
age of W-type oocytes compared to the IVMM sup-
plemented with only GM-CSF or pFF (9.76%, 33.33%
and 29.41% for SF-P10, SF-P0, and SF-G0, respec-
tively)(p<0.05). In addition, the percentage of M-
type oocytes significantly increased to 65.85% at SF-
P2 while compared to 25.64% at SF-P0 and 29.41% at
SF-G0 (p<0.01). Thus, the GM-CSF and pFF combi-
nation stimulated the maturation of CGs (Figure 11).
When GM-CSF increased to 10 ng/mL (SF-P10),
the percentage of W-type oocytes reduced to 9.76%,
which is the same as SF-P2. However, the percentage
ofM-type oocytes significantly decreased to 36.59% at
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Figure 8: Effects of pFF and GM-CSF on the mitochondrial distribution in oocytes collected from medium
follicles after IVM. */**/*** significant difference with p<0.05, p<0.01 and p<0.0001, respectively.

Figure 9: Effects of pFF and GM-CSF on the mitochondrial distribution in oocytes collected from small fol-
licles after IVM. *significant difference with p<0.05

Figure 10: Effects of pFF and GM-CSF on the cortical granule distribution of in oocytes collected from
medium follicles after IVM. * significant difference with p<0.05.
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SF-P10 in comparison with 65.85% at SF-P2 (p<0.01);
and the percentage of C-type increased from 24.39%
at SF-P2 to 53.66% at SF-P10 (p<0.01). Both became
similar to which at SF-P0 and SF-G0. This observa-
tion suggested that the high concentration of GM-
CSF promoted the CG motility but inhibited the CG
arrangement beneath the oolema.

DISCUSSION
In this study, we evaluated the maturation of porcine
oocytes under GM-CSF treatment. In a few stud-
ies about the effects of GM-CSF on oocyte matura-
tion, our study was the first one to evaluate the ef-
fect of GM-CSF in combination with pFF. Previously,
the effect of GM-CSF was assessed only in a synthetic
medium by using 10% FBS in TCM 199 as the con-
trol 1.
In our experiment, GM-CSF has shown its effect on
cumulus expansion. When comparing the average
diameters of COCs at 20th hour in the only-GM-
CSF supplemented group, a significant difference be-
tween MF-G10 and MF-G0 demonstrates that GM-
CSF stimulates the expansion of cumulus cell layers,
which is consistent with the results in the previous
study 32. Additionally, the COC average diameter of
MF-G10 group was similar to MF-P0, and both were
significantly higher than MF-G0 revealing that GM-
CSF had the same stimulation as pFF on cumulus cell
dilatation. Moreover, the combination of pFF and
GM-CSF induced strong expansion of the cumulus
cells, and this effect was stronger than the addition of
either pFF or GM-CSF.
According to Nagyova’s study, cumulus expansion
and hyaluronic acid synthesis in pigs did not depend
on the secreted factor from oocytes 33, which sug-
gested that GM-CSF had a direct effect on cumulus
cells. In addition, Peralta’s research showed that GM-
CSF acted via the PI3K pathway 32, and previous stud-
ies also showed that EGF receptor-dependent cumu-
lus expansion mechanisms were via the PI3K, AKT,
and MAPK3/1 34,35. Thus, it is possible that the GM-
CSF receptor may have a role in the cumulus expan-
sion similar to the EGF receptor.
About the first polar body extrusion, our results
showed that GM-CSF was harmful to the polar body
extrusion rate in the group of oocytes from MFs and
had no effect on the group of oocytes from SFs. How-
ever, in a previous study, GM-CSF was demonstrated
not to affect the oocyte maturation rate when GM-
CSF levels were increased from 1 to 100 ng/mL 32.
These contradictory results may be due to Peralta
assessed the impact of human GM-CSF on bovine
oocytes, and our study evaluated the effect of porcine

GM-CSF on porcine oocyte. This explanation is sup-
ported by the fact that GM-CSF structure is species
specific 36. Genetic suitability may be the reason why
porcine GM-CSF has a strong impact on porcine
oocytes.
In the nuclear maturation research, EGF was found
that it functioned similarly to FSH activity under in
vitro conditions, which could completely replace nat-
ural FSH in stimulating the polar body formation 37.
In addition, EGF-like factors also were shown to have
similar effects, via the EGF receptor signaling path-
ways. However, FSH affected through a variety of sig-
naling pathways, not just the EGF receptor 38. Thus,
the nuclear maturation in oocytes was regulated by
multiple pathways, and the GM-CSF receptor might
be one of them.
With the results obtained, GM-CSF showed its detri-
mental effect on the polar body formation, even in the
presence of FSH, LH (in PMSG, hCG, pFF), and EGF.
However, the mechanism behind this process still re-
quires more research to clarify and identify the rele-
vant signaling pathways in oocytes.
At the 20 ng/mL concentration (MF-P20), GM-CSF
showed a strong decrease in the polar body extrusion
rate compared to groups of 2 ng/mL and no supple-
mentation. Therefore, we did not use the 20 ng/mL
GM-CSF supplemented IVMM in the next experi-
ments.
GM-CSF did not improve the lipid droplet distribu-
tion of oocytes. Additionally, GM-CSF reversed the
beneficial effects of pFF when combined in IVMM. In
the method article, Hiraga used a non-supplemented
TFFmedium, or TCMwith serum, similar to the only
pFF supplemented group in this study 29. From 2013,
there were no new studies have evaluated the distribu-
tion of lipid droplets after IVM.Therefore, the mech-
anism of lipid droplet migration has not been deter-
mined. It is hard to explain how pFF and GM-CSF af-
fected the lipid droplet distribution. Our experiment
was the first one to demonstrate the positive effects
of pFF on the distribution of lipid droplets in oocytes
after IVM.
In medium follicle-derived COCs, while single pFF
or GM-CSF supplement enhanced the distribution of
mitochondria throughout the ooplasm, the pFF and
GM-CSF combination promoted themigration ofmi-
tochondria from the outer part to the whole oocyte.
However, the high concentration of GM-CSF would
negate these positive effects. On the other hand, GM-
CSF did not affect COCs from SFs. The slight de-
creases in the percentage of P-type oocytes meant
GM-CSF might stimulate the re-arrangement of mi-
tochondria at the early stage. There was not enough
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Figure 11: Effects of pFF and GM-CSF on the cortical granule distribution in oocytes collected from small
follicles after IVM. */**/*** significant difference with p<0.05, p<0.01 and p<0.001, respectively.

proof for GM-CSF effects on the movements of mito-
chondria in the oocytes from SFs. In general, GM-
CSF had positive effects on the mitochondrial dis-
tribution of oocytes, which was stronger when com-
bined with pFF but the combined effect was inacti-
vated at high concentrations.
The mitochondrial distribution reflects the develop-
ment of oocytes and the post-fertilization of embryos.
Some studies showed the quality of oocytes and the
rate of embryo formation decreased with the addition
of harmful substances to the mitochondrial migra-
tion 39,40. However, the mechanisms and causes that
affect the mitochondrial distribution in oocytes have
not been fully investigated.
GM-CSF had a few beneficial effects on the CG distri-
bution of oocytes from either MFs or SFs. Neverthe-
less, the combination of pFF and GM-CSF revealed
these effects more clearly. When supplemented with
pFF in IVM medium, GM-CSF could stimulate the
movement of CGs from the cytoplasm to oolema and
support the arrangement beneath the oocyte mem-
brane.
Previous studies showed that the distribution of CGs
was related to PI3K signaling pathways 41. With the
stimulation of GM-CSF, multiple signaling pathways
were activated, including the PI3K pathway 6. This
may be the cause of the observed enhancement in CG
arrangement. However, there are more experiments
need to be done to find out the GM-CSF signaling
pathways involved in the CG distribution in oocytes.
According to a study by Revelli in 2009, there were
31 proteins found in pFF 42. In addition, many other
components have not been completely identified, and
their function in the maturation of porcine oocytes is
not fully understood. Therefore, the mechanism how
GM-CSF and pFF acting on oocyte maturation must

be identified before embryologists determine whether
using GM-CSF in IVM technique.

CONCLUSIONS
GM-CSF did not affect the nuclear maturation and
the lipid droplet localization. However, it improved
the cumulus expansion in the in vitro maturation
of porcine oocytes. Furthermore, it exhibited some
benefits in the mitochondrial and cortical granule
distribution, especially in combination with pFF in
oocytes collected from 3-7 mm follicles. In conclu-
sion, porcine GM-CSF had some positive effects on
the porcine oocyte maturation.

ABBREVIATIONS
BSA: bovine serum albumin
CG: cortical granule
COC: cumulus-oocyte complex
CSF: colony-stimulating factor
EGF: epidermal growth factor
FF: follicular fluid
FSH: Follicle stimulating hormone
G-CSF: Granulocyte-colony stimulating factor
GM-CSF: Granulocyte Macrophage-colony stimulat-
ing factorh
CG: human chorionic gonadotropin
IL: interleukin
IU: international unit
IVM: in vitromaturation
IVMM: in vitromaturation medium
LH: Luteinizing hormone
JAK/STAT: Janus kinase/signal transducers and acti-
vators of transcription
MAPK: mitogen-activated protein kinase
MF: medium follicle
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PBS: Phosphate-buffered saline
PI3-K: phosphatidylinositol 3-kinase
PMSG: pregnant mare serum gonadotropin
PVA: polyvinyl alcohol
M-CSF: Macrophage colony stimulating factor
PCOS: Polycystic Ovary Syndrome
pFF: porcine follicular fluid
SF: small follicle
TLR: toll-like receptor
TNF: tumor necrosis factor
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