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GENERAL ABSTRACT

Using in vitro matured oocytes to produce embryos is a common practice which
is essential for applications in assisted reproductive technology and animal production.
However, only cumulus-oocyte complexes (COCs) derived from middle follicles (MF;
with 3-6 mm) or larger ones have been used for in vitro maturation (IVM) and fertilization
(IVF), oocytes derived from small follicles (SF; with less than 3 mm in diameter), which
are a majority in ovaries, have been found to have a much lower competence to mature
to the metaphase II, due to a lack of factors that regulate meiotic and cytoplasmic
maturation. In the last few decades, vascular endothelial growth factor (VEGF) has been
considered as a valuable biochemical marker of oocytes maturation. The addition of
VEGF to IVM medium has beneficial effects on the quality of mature MF-derived porcine
oocytes and the blastocyst formation. In this thesis, the experiments were carried out to
investigate if the supplementation of VEGF during the first 20-hours of IVM would
enhance the meiotic and developmental competences of SF-derived oocytes.
The first experiment showed that the amount of VEGF were significantly higher
in the IVM medium cultured COCs from MF than SF. When COCs from SF were exposed
to 200 ng/mL VEGF during the first 20-hours period of IVM, the maturation rate was
significantly improved and was similar with that of oocytes derived from MF.
Fertilizability of the oocytes was also significantly higher than that of controls. Following
parthenogenetical activation, blastocyst formation rate was significantly improved when
the COCs were supplemented with 200 ng/mL VEGF, and the rate was similar to that of
oocytes from MF. These results indicate that VEGF drastically improves the meiotic and
developmental competences of oocyte derived from SF, especially at 200 ng/mL during
the first 20-hours period of IVM.
V

In the second experiment, transcript levels of VEGF, VEGF receptor (VEGFR)
and some genes that reflected the oocyte quality in MF- or SF-derived cumulus cells 20
h after the start of IVM with or without 200 ng/mL VEGF by reverse transcription PCR.
The expression level of VEGF was significantly higher in MF-derived than SF-derived
cumulus cells, whereas VEGFR level was not significant. Moreover, transcript levels of
prostaglandin synthase-2 (PTGS-2) and hyaluronan synthase 2 (HAS-2) genes were
significantly higher in cumulus cells of SF-derived COCs cultured with 200 ng/mL VEGF
than that of VEGF-free controls, whereas tumor necrosis factor-induced protein 6
TNFAIP-6 level was not significant. These results demonstrated that supplementation of
IVM medium with VEGF increased at least transcript levels of PTGS-2 and HAS-2 and
might influence the quality of the oocytes.
In the third experiment, it was examined the effect of an inhibitor of VEGF
receptor, axitinib, on the meiotic competence of SF- and MF-derived porcine oocytes.
Cumulus-oocyte complexes from SF and MF were cultured in the absence or presence of
axitinib for IVM. As compared with controls, the ratio of dead cells in COCs from both
SF and MF significantly increased in the presence of 1.25 nM axitinib 20-hours after the
onset of IVM. At that time, although a majority of control oocytes from MF and SF were
at the germinal vesicle (GV) stage, the percentage significantly reduced in the presence
of axitinib, and the oocytes proceeded around the metaphase-I stage. After IVM culture,
the percentage of mature oocytes was lower in the presence of axitinib than controls.
These results showed that VEGF played an important role to maintain the viability of
surrounding cumulus cells, and the inadequate signal transduction of VEGF in the
presence of axitinib during IVM somehow disturbed the arrest of oocytes at the GV stage
and reduced the meiotic competence of the metaphase II stage.

VI

In conclusion, the supplementation of VEGF, especially at 200 ng/mL during the
first 20-hours of IVM, has a promoting effect on the meiotic and developmental
competences of SF-derived oocytes by maintaining healthy transcripts in the surrounding
cumulus cells. Controlling this signal transduction will improve the efficiency in in-vitro
embryo production from not only MF-derived but also SF-derived oocytes in the fields
of animal production and human assisted reproductive medicine.

VII

Declaration

This dissertation contains no materials which have been accepted for the award of any
other degree or diploma in any other tertiary institution and to the best of my knowledge
and belief, contains no materials previously published or written by another person,
except for the references that have been included in this text.

Signature.

Date.

VIII

ACKNOWLEGMENTS

First and foremost, I would like to express my deepest and sincerest gratitude to
Professor Hiroaki Funahashi for his responsible, patient and invaluable supervision and
support throughout my study. He has been giving me great motivation so that I can
complete the research with highest enthusiasm and precision.
I am very grateful to Mr. Takayama Osamu, Dr. Motohashi Hideyuki, Dr. Takuya
Wakai for their unceasing support and encouragement.
I would like to thank the local slaughterhouse, Okayama Prefectural Meat for
donating the porcine ovaries and all their staff members. Without them my research could
never come to light.
Special thanks are sent to Mr.Yuichi Okuadara, Miss. Pilar Ferré Pujol, Mrs.
Rukmali Athurupana for their kindest help and support, and sharing with me the
knowledge in the field to do my research and study in the laboratory.
I wish to send my deepest thank to Asako Karata, Nguyen Xuân Khánh, Trần
Minh Tùng, Nguyễn Thị Hồng Dung – who have been with me and supported me both
scientifically and mentally so that the research could be finished on time.
Sincere thanks are given to all of my friends at Okayama University, especially
Vietnamese friends and staffs at my Laboratory who shared with me the very moments
in Japan, for their kind help and warm friendship that gave me strength at a place faraway from home.
Finally, this work is dedicated to my family because no words can express my
love and gratitude to them. Thank you Father and Mother, who have raised me up and
supported me under no circumstances. I also want to thank my little Sister who has been
IX

supporting me despite many difficulties. Thank you dear Husband and my little 5-yearold Son for always giving me all the strength and courage, shared with me all the ups and
downs, and loved me unconditionally.

X

PUBLICATIONS ARISING FROM THIS THESIS

1. Bui, T.M.T., Nguyen, K.X., Karata, A., Ferre, P., Tran, M.T., Wakai, T., and
Funahashi, H. Presence of vascular endothelial growth factor during the first half of
IVM improves the meiotic and developmental competence of porcine oocytes from
small

follicle.

Reproduction,

Fertility

press) http://dx.doi.org/10.1071/RD16321

XI

and

Development.

(In

CONFERENCES PROCEEDINGS

1. Bui T. T. M., A. Karata, P. Ferré, M. T. Tran, T. Wakai & H. Funahashi.
Supplementation of vascular endothelial growth factor (VEGF) increases the
maturation of porcine COCs derived from small follicles. Poster was presented at the
5th International Conference on Sustainable Animal Agricultural for Developing
Countries (SAADC 2015). October 27 – 30, Pattaya, Thailand
2. Bui T. T. M, Ferré P. P, Tran M. T, Wakai T., Funahashi H. Inadequacy of vacular
endothelial growth factor in culture medium reduces the viability of cumulus cells
and prevents in vitro maturation of porcine oocytes. Poster was presented at the 42nd
Annual Conference of the International Embryo Transfer Society (IETS). January 23–26,
2016, Galt House Hotel Louisville, Kentucky, USA

XII

LIST OF FIGURES

Figure 1.1 Diagram of a mammalian ovary (Senger, 1997). ......................................... 21
Figure 1.2 Schematic representation of an antral follicle (Hennet & Combelles 2012) 25
Figure 1.3 Angiogenic growth factors act in different stages of follicular development
........................................................................................................................................ 40
Figure 1. 4 Ribbon representation of the receptor-binding domain of VEGF showing a
monomer in a and a dimer in b. ...................................................................................... 44
Figure 1.5 Gene structure of VEGF-A, VEGF-B, VEGF-C, and VEGF-D. VEGF-A . 45
Figure 1.6 The endothelial cell surface receptor for members of VEGF family and their
biological activities. (Robinson & Stringer 2001) .......................................................... 51
Figure 3. 1 Effect of VEGF supplementation during the first 20-h period on meiotic
competence of oocytes derived from SF ........................................................................ 67
Figure 4. 1 Cumulus cell VEGF expression associated with MF and SF (n=4)............ 82
Figure 4. 2 Cumulus cell VEGFR (Flt-1) expression associated with MF and SF (n=4)
........................................................................................................................................ 83
Figure 4. 3 Cumulus cell TNFAIP-6 expression associated with MF, SF and SF200
(n=4) ............................................................................................................................... 84
Figure 4. 4 Cumulus cell PTGS2 expression associated with MF, SF and SF200 (n=5)
........................................................................................................................................ 85
Figure 4. 5 Cumulus cell HAS-2 expression associated with MF, SF and SF200 (n=5)
........................................................................................................................................ 86
Figure 5. 1 Pattern of live/dead cumulus cells/COC after 20 h incubating with VEGF
inhibitor. ....................................................................................................................... 100

XIII

LIST OF TABLES

Table 1.1 Summary of effect of follicle size on maturation, fertilization and blastocyst
development on porcine cumulus oocyte complexes ..................................................... 29
Table 3. 1 Meiotic progression of oocytes derived from MF and SF 44 h after the start of
IVM ................................................................................................................................ 68
Table 3. 2 Concentration of VEGF secreted from COCs from MF and SF into IVM media
20 and 44h after the start of IVM ................................................................................... 69
Table 3. 3 Effect of supplemented VEGF during IVM on sperm penetration and oocyte
activation after IVF......................................................................................................... 70
Table 3. 4 Effects of vascular endothelial growth factor (VEGF) supplementation during
the first 20 h of IVM on the developmental competence of oocytes from small follicles
(SF; 0.5–3 mm diameter) ................................................................................................ 71
Table 4. 1 Summary of selected genes evaluating cumulus cell markers of oocyte and
embryo quality ................................................................................................................ 81
Table 5. 1 Effect of axitinib on the live/dead status of cumulus cells 20 h after the start
of IVM ............................................................................................................................ 96
Table 5. 2 Effect of the presence of VEGF on cumulus cell expansion during the first 20h after the start of IVM ................................................................................................... 97
Table 5. 3 Effect of axitinib on the meiotic progression of oocytes derived from MF and
SF 20 h after the start of IVM......................................................................................... 98
Table 5. 4 Effect of the presence of axitinib during the first 20-h after the start of IVM
on the meiotic competence of oocytes derived from MF and SF ................................... 99

XIV

ABBREVIATION
%

Percentage

°C

degree(s) Celsius

µg

microgram(s)

µl

microliter(s)

µm

micrometer(s)

µM

micromole(s)

µsec

microsecond(s)

aFGF

acidic fibroblast growth factor

AI

anaphase I

ANG II

tumor necrosis factor – α, angiogensin

ANPT

angiopoietin

bFGF

basic fibroblast growth factors

BSA

bovine serum albumin

cAMP

cyclic adenosine monophosphate

CCs

cumulus cells

COCs

cumulus-oocyte complexes

Da

Dalton

DAPI

4’,6-Diamidino-2-phenylindole

dbcAMP

dibutyryl cyclic adenosine monophosphate

DMSO

dimethyl sulfoxide

DO

denuded oocyte

XV

Ecg

equine chorionic gonadotropin

EDTA

ethylenediaminetetraacetic acid

EGF

epidermal growth factor

EMC

extracellular matrix components

ET-1

endothelin-1

FF

follicular fluid

Flk-

Fetal Liver Kinase 1 /Kinase insert domain receptor

1/KDR
G

gram(s)

GDF9

growth differentiation factor-9

GSH

Glutathion

GV

germinal vesicle

GVBD

germinal vesicle breakdown

HAS-2

hyaluronan synthase 2

Hcg

human chorionic gonadotropin

HEPES

2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid

HGF

hepatocyte growth factor

IGFs

insulin – like growth factors

IL– 8

interleukin – 8

ITI

inter-α trypsin inhibitor

IVC

in vitro culture

IVF

in vitro fertilization

IVM

in vitro maturation

XVI

LF

large follicle

M

Molar

MF

medium follicle

Mg

milligram(s)

MI

metaphase I

MII

metaphase II

Mm

Milimolar

mM199

modified medium 199

MPN

male pronucleus

mPOM

modified porcine oocyte medium

Ng

nanogram(s)

nM

Nanomolar

NP-1

neuropilin-1

NP-2

neuropilin-2

PI

propidium iodide

PlGF

placenta growth factor

PMI

prometaphase I

PTGS-2

Prostaglandin synthase 2

PVA

polyvinyl alcohol

SF

small follicle

TI

telophase I

TGF

transforming growth factor

XVII

TL-

HEPES buffered Tyrode Lactate solution

HEPES
TNFAIP-6 Tumor necrosis factor-induced protein 6
VEGF

vascular endothelial growth factor

VEGFR-1
(Flt-1)

vascular endothelial growth factor receptor 1

VEGFR-2

vascular endothelial growth factor receptor 2

ZP

zona pellucida

XVIII

CHAPTER 1: GENERAL INTRODUCTION

1.1 Preface
Pigs are important to biomedical research, because they are physiologically more similar
to humans than the mouse (Lunney 2007). The timing of oocyte maturation is also similar between
pig and human, making pig in vitro maturation (IVM) an ideal platform for development of human
IVM technology. The maturational and developmental ability of the oocytes is closely correlated
with oocyte size and follicle diameter in a number of species. Thus, a better understanding of
porcine oocyte competence could improve in vitro oocyte maturation not only in pigs but also in
other mammalian species, including humans, resulting in better quality oocytes and a significant
positive effect on human medicine, agricultural animal production and biomedical applications.
Additionally, many researchers attemp to make a cultured condition similar to microenviroment
of mammalian reproductive system not only to enhance oocyte development but also to increase
the maturation rate. In this chapter, we review literature in the area of in vitro maturation and then
the growth factor that might influence the oocyte competence.
1.2 The ovary follicle
1.2.1 The ovary
In mammals, the ovary is the female gonad responsible for the differentiation and release
of a mature oocyte for fertilization and successful propagation of the species (Figure 1.1). Equally
important, the ovary is an endocrine organ that produces steroids to allow the development of
female secondary sexual characteristics and support pregnancy. In female pigs, the reproductive
system is located dorsal to the intestines in the pelvic cavity. Ovaries are the site of oocyte
production and maturation. In pigs, each ovary is attached to a highly coiled uterine horn (similar
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to a human’s fallopian tubes). Unlike human fetuses which develop in uterus, pigs fetuses develop
in the uterine horns.
The ovary of the pig is primarily important because it is the source for both reproductive
hormones and eggs. The ovary is particularly responsive to important hormones that are released
from other organs, especially those of the pituitary. The pituitary is located near the base of the
brain and is the source of Follicle Stimulating Hormone (FSH) and Luteinizing Hormone (LH). It
is these two hormones which are responsible for initiating and stimulating the ovary to become
active in order to begin reproduction. The porcine ovary has an ovoid shape and an approximate
size of 16mm (width) x 24 mm (length) in pre-puberty and 22 mm (width) x 33 mm (length) in
puberty (Bagg et al. 2004). The outermost layer covering the ovary consists of germinal epithelium
(Figure 1.1). Directly underneath the germinal epithelium there is a layer of dense connective tissue
known as the tunica albuginea. The ovarian follicles, in conjunction with surrounding fibroblasts,
collagen and elastic fibers, form the ovarian cortex located under the tunica albuginea. The ovarian
medulla contains the blood vessels, lymphatic vessels and the nervus terminals. The formation of
a functional ovary depends on three major events taking place during early stages of gonadogenesis:
the initiation of meiosis, the formation of follicles and the differentiation of steroid producing cells.
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Figure 1.1 Diagram of a mammalian ovary (Senger, 1997).
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1.2.2 Physiological mechanisms of ovarian follicular growth in pig
1.2.2.1 Follicle growth and development in the pig
Follicle phase is the phase of the estrous cycle during which follicles in the ovary mature.
It ends with ovulation. During the follicular phase, small antral follicles develop into large, preovulatory follicles that enter the menstrual cycle. This progression include primordial phase,
primary phase, secondary phase, antrum formation, early tertiary, late tertiary and preovulatory
phase. In the pig, several studies show that approximately 500,000 primordial follicles are present
at birth and this number decreases slightly to about 400,000 around puberty (Black & Erickson
1968) Cardenas and Pope, 2001). Within the ovary, there are about 74% primordial follicles, 3%
primary and 22% secondary follicle. And there also have a very small percentage of tertiary follicle
present in ovary (Oxender et al. 1979). During folliculogenesis, the initiation of primordial follicle
need approximately 84 days to growth to the pre-ovulatory stage. Primordial follicles were first
observed in ovaries 68 days postcoitum, primary follicles about 75 days postcoitum and secondary
follicles near the time of birth. The primordial follicles contain immature oocytes surrounded by
flat granulosa cells and basement membrane and its appearance and size change little with
advancing age. The primordial follicles represent the pool from which all developing follicles
emerge. When the form of granulosa cells changes to cuboidal structure, this marks the beginning
of the primary follicles (reviewed by Picton 2001). When the cell layer around the ova multiplies,
the follicle is classified as a secondary follicle. Within this stage, an intricate network of capillary
vessels is formed and begun to circulate blood to and from the follicle. In the antral (tertiary)
follicle, the granulosa cell layers separate with the formation of a fluid filled antrum (reviewed by
(Zamboni 1974, Wassarman 1988). The first antral follicle has been observed at 70 days after birth
in the pig with development from the primodial to antral follicle stage taking around 84 days and
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follicle size increasing from 0.8 to 1.6 mm (Motlik et al. 1984, Morbeck et al. 1992a). The oocytes
grow from at less than 30 µm and reach to an average of 120 µm and 160 µm (zona free and zonaintact respectively)(Morbeck et al. 1992a, Bagg et al. 2004). The antral follicle continues to grow
due to increasing somatic cell proliferation and antrum size ( Clark et al., 1975, Grant et al., 1989,
Cardenas and Pope, 2001). The pig oocyte attains meiotic competence 14 days post antrum
formation in follicle >3 mm and with continued growth the follicle becomes pre-ovulatory (10 mm)
in a further 19 days (Motlik & Fulka 1976, Morbeck et al. 1992a). Once antral follicles
mature >1mm, they become visible on the surface of the ovary (Knox 2005) and 95 % of them are
healthy (non-atretic) and steroidogenically active (Dufour et al. 1988, Guthrie et al. 1995, Garrett
& Guthrie 1997). However, at any subsequent time, these follicles may either continue to developt
or undergo atretic. Atresia mostly occurs before the follicles reach to 6 mm in diameter in sows .
By the day 15 of the oestrous cycle, the number of atresia follicles rise up to 73 % and
steroidogenesis and granulosa cell proliferation activity were declining (Knox 2005, Schwarz et
al. 2008). Most antral follicles die, but once during each estrus cycles, a small portion of the
population is selected for ovulation. The population of small (1 to 2 mm) and medium (3 to 5 mm)
follicles essentially disappear during the follicular phase of the cycle as the ovulatory follicles
mature (Foxcroft & Hunter 1985, Guthrie et al. 1995). Hirshfield (1991) suggested that as growth
continues, the follicle wall reaches a certain thickness, which becomes limiting of the oxygen
diffusion gradient and nutrientional supports exchange in the membrane granulosa. At this point,
cell proliferation slow and cells begin to die make follicle are not able to pass the selection process
sucessfully and to reach maturity.
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1.2.2.2 Antral follicle component
Mammalian reproduction hinges upon the timely ovulation of a fully differentiated oocyte.
This event is the culmination of a complex and dynamic developmental relationship between the
oocyte and the antral follicle housing it; the antral follicle constitutes a specialized
microenvironment or niche, uniquely suited to the needs of the oocyte as it approaches ovulation.
During this time, the oocyte must complete its final growth, capacitation, and nuclear and
cytoplasmic maturation. Its microenvironment—the antral follicle—is in turn responsible for the
integrity of these processes and the production of a high quality oocyte. As figure 1.2 depicts, the
components of the antral follicle, containing somatic cell types, the basal lamina, and follicular
fluid, each have active and regulatory roles in oocyte differentiation (Hennet & Combelles 2012).
The somatic cell have two distinct types; the mural granulosa cells that form the inner lining of the
follicle; and the cumulus cells surrounding the oocyte that form a cumulus-oocyte complex (COC)
(Wassarman 1988). Since the cumulus cells are in closest contact with the oocyte, the oocyte is
most sensitive to change in the cumulus cell (Buccione et al. 1990). Somatic follicle cells have
been shown to have positive effect on oocyte maturation, fertilisation and/or embryo development
in a wide range of species (Armstrong 2001). The composition of follicular fluid contains
metabolites that will accumulate within the oocyte and provide the necessary intra-cellular
materials for oocyte differentiation. These metabolites include amino acids, lipids, nucleotides,
and other small molecules, and are derived both from serum and from the metabolic activity of
somatic follicular cells. In the bovine, metabolite levels in follicular fluid fluctuate with follicle
dominance (Orsi et al. 2005), suggesting that subordinate follicles undergo different metabolic
processes from dominant follicles containing pre-ovulatory oocytes.
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Figure 1.2 Schematic representation of an antral follicle (Hennet & Combelles 2012)
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1.2.3 In vitro oocyte maturation
In vitro maturation (IVM) oocytes have been used in most laboratories because their use
makes it feasible to obtain a large number of oocytes from slaughtered ovaries at relatively low
cost. Since Pincus and Enzmann (Pincus & Enzmann 1935a) described in IVM in rabbit oocytes
in 1935, it has been the primary method for producing offspring in agriculturally valuable species
through in vitro fertilization (IVF). IVF of oocytes matured in vitro was first achieved on pig in
1974 (Motli & Fulka 1974). It was not untill 1985 that the live pig offspring was successfully
resulted in vitro matured oocytes (Mattioli et al. 1989). However, despite these advantages, the
developmental ability, fertilisation outcomes and embryo quality derived from IVM oocytes are
significantly lower than those of oocytes matured in vivo. To date, many researches have resulted
to successful attainment of metaphase II (MII) (>90%) in porcine systems (Moor et al. 1990, Niwa
1993, Somfai et al. 2005, Yuan & Krisher 2010). Despite the progress, low blastocyst formation
rate remains a problem for in vitro-matured oocytes (Yoshida et al. 1990, Agung et al. 2013).
Many evidences were showed that the low developmental competence of IVM-IVF oocytes
caused by high incidence of polyspermy and low rate of male pronuclear (Motli & Fulka 1974,
Mattioli et al. 1989, Niwa 1993, Abeydeera et al. 1998, Funahashi et al. 2000). Extensive research
into this field over two decades has led to vastly improved fertilisation rate in pig (Mattioli et al.
1989, Funahashi et al. 1994b, Funahashi et al. 2000, Suzuki et al. 2000, Gil et al. 2003). These
findings suggest that IVM system are deficient. Oocyte maturation includes nuclear as well as
cytoplasmic maturation. Both are essential for the formation of an egg having the capacity for
fertilization and development to live offspring. According to Schoevers et al. (2005) these two
processes must be considered interdependent. However, although nuclear maturation seems to be
completely established during IVM, the maturation of the cytoplasm is still inappropriate. This is
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responsible, at least in part, for the frequent occurrence of polyspermy and the low developmental
rates after IVF of IVM oocytes. The IVM conditions could cause incomplete movement of
mitochondria to the inner cytoplasm of the oocytes and thus affect cytoplasmic maturation (Sun et
al. 2001b). Therefore, IVM protocols and culture technology need to develop to support the
growth and development of oocytes which are potential source for in vitro production embryos.
That could be use for further research in future.
1.2.3.1 Nuclear maturation
Nuclear maturation encompasses the processes reversing meiotic arrest at prophase I ) and
driving the progression of meiosis to metaphase II (MII). Nuclear maturation involves germinal
vesicle breakdown (GVBD), condensation of chromosomes, metaphase I (MI) spindle formation,
separation of the homologous chromosomes with extrusion of the first polar body and arrest at MII
(Kubelka et al. 2000). Meiotic ability in all species studied, including the pig, increase with the
size of follicle and oocyte. The oocytes which smaller than 100 µm and the follicles which smaller
than 3 mm in diameter are considered to be meiotically incompetent in the pig (Marchal et al. 2002,
Lucas et al. 2003). A period between 36 and 48h is necessary for a porcine oocyte to complete
nuclear maturation. Gonadotropin stimulation and the presence of the cumulus layer for the first
20 hours of IVM was shown to achieve a high incidence of MII at the end of IVM (Funahashi &
Day 1993b). High rate of nuclear maturation (>90 %), similar to attain in vivo, are now achieve
by the end of IVM in many cultural systems and medium condition ((Moor et al. 1990, Niwa 1993,
Somfai et al. 2005, Yuan & Krisher 2010). However, high nuclear maturation does not guarantee
the oocyte in good quality and often only a small percentage (25 – 30 % in the pig) of the oocyte
develop to the blastocyst stage.
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The ability of the oocyte to complete meiosis is known as meiotic competence. Meiotic
competence is acquired gradually during follicular growth. Oocytes first acquire the capacity to
undergo GVBD and chromosome condensation, then further follicular development is required to
acquire the ability to progress to the metaphase I (Tsafriri & Channing 1975) and finally they
acquire the ability to reach metaphase II (Sorensen & Wassarman 1976). The ability to complete
the MI to MII transition coincides with the achievement of full size and with the process of
nucleolar compaction (Motlik et al. 1984). Meiotic competence is closely related to increasing
oocyte size, which in turn is correlated with follicle size (Yoon et al. 2000, Armstrong 2001, Luca
et al. 2002, Marchal et al. 2002, Lucas et al. 2003). The size of the antral follicle at which the
oocyte acquires meiotic competence is species-specific (Wickramasinghe & Albertini 1993). Pig
oocytes derived from middle and large follicles (MF: >3 mm; LF: 5-8 mm in diameter) have
incidence of MII, cleave and form blastocyst embryos significantly higher than those derived from
small follicles (SF: <3mm in diameter) (Motlik et al. 1984, Yoon et al. 2000, Sun et al. 2001a, Liu
et al. 2002, Luca et al. 2002, Marchal et al. 2002, Lucas et al. 2003, Bagg et al. 2007, Topfer et
al. 2016). Table 1.1 illustrates the studies that have examed oocyte meiotic or developmental
competence in pig oocytes from different follicle size. These findings suggest that as the follicle
increases in size, important change occur in cumulus cell and oocyte derived factors required to
support oocyte maturation.
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Table 1.1 Summary of effect of follicle size on maturation, fertilization and blastocyst
development on porcine cumulus oocyte complexes
% oocytes
References

Follicle size (mm)
Metaphase II Fertilization Blastocyst

Topfer D et al. (2016)

Bagg et al. (2007)

2.5-4.0

77.0b

4.5-6.0

96.1a

3.0

89.0

17.0a

4.0

96.0

37.0b

5.0-8.0

96.0

55.0c

0.4 – 0.99

50.0a

1.0 – 2.19

70.0a

2.2 – 2.79

84.0b

2.8 – 6.5

86.0b

Lucas et al. (2003)

Liu et al. (2002)

Marchal et al. (2002)

1.0 – 2.0

50.0a

3.0 – 6.0

75.0b

7.0 – 8.0

82.0b

< 3.0

44.0a

53.0a

3.0a

3.0 – 5.0

77.0b

73.0b

14.0b

> 5.0

86.0b

77.0b

23.0b

0.5 - 2

35.0a

56.0a

5.0a

3.0 – 6.0

64.0b

97.0a

23.0b

<3.1

58.0a

81.0

2.0a

3.1-8.0

91.0b

90.0

10.0b

0.8-1.6

17.3c

1.8-2.2

50.0b

3.0-5.0

76.0a

Sun et al. (2001a)

Yoon et al. (2000)

Motlik et al. (1984)
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1.2.3.2 Cytoplasmic maturation
Cytoplasmic maturation is considered to require a strictly regulated sequence of
hormonal changes during maturation (Osborn & Moor 1983). Cytoplasmic maturation describes
both the ultrastructural changes that take place in the oocyte from the GV to the MII stage and the
acquisition of developmental competence of the oocyte (Ducibella et al. 1994, Calarco 1995,
Duranthon & Renard 2001). Cytoplasmic maturation is indirectly and retroactively assessed as the
ability of the mature oocyte to undergo normal fertilization, cleavage and blastocyst development
(Eppig 1996) . Other indirect morphological parameters taken into account to evaluate cytoplasmic
maturation include cumulus cell expansion, expulsion of the polar body and an increased
perivitelline space.
The cumulus cells play an important role in cytoplasmic maturation (Moor et al. 1990)
with increased numbers of cumulus cell layers and COC compactness pre-IVM correlated with
improved developmental outcome in the pig (review by Abeydeera 2002). The presence of the
cumulus cells during IVM significantly improved the cytoplasmic maturation and oolemma
properties on human (Hassan 2001). In the pig, the presence of cumulus cells also effected the
meiotic maturation, intracellular glutathion (GSH) concentration, sperm penetration and
pronuclear formation (Yamauchi & Nagai 1999). The simultaneous expansion of compact layers
of CCs surrounding the oocyte and the deposition of mucoelastic material in the extracellular
matrix is implicated in supporting both nuclear maturation and cytoplasmic maturation (Gilchrist
& Thompson 2007, Ambruosi et al. 2009, Cui et al. 2009). Cumulus cells also appear to assist the
oocyte via glucose uptake and conversion to forms such as pyruvate or crebs cycle intermediates
that can enter and be used by the oocyte (Eppig 1996). The cumulus cell may also exert a positive
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influence on oocyte maturation by lowering the oxygen tension in the immediate vicinity of the
oocyte (Tanghe et al. 2002).
Optimal supplementation of IVM media is also important for complete cytoplasmic
maturation of the oocytes. The supplementation of fetal calf serum and newborn piglet serum
significantly increase the cytoplasmic maturation of pig oocytes (Funahashi & Day 1993a). The
addition of lycopene in cultured medium induced a prolonged sustainment of gap junctional
communication between an oocyte and the cumulus cells, which was an effective cytoplasmic
maturation of porcine IVM oocyte (Watanabe et al. 2010). The number of studies indicated that
the addition of VEGF during IVM may enhance the developmental potential of in vitro embryos
through increase of the intracellular GSH level, higher male pronucleus (MPN) formation and
increased fertilization rate as a consequence of an improved cytoplasmic maturation (Biswas et al.
2011, Anchordoquy et al. 2015)
Therefore, three possibilities might underlie the limited success of IVM systems: culture
conditions, to date, are not supportive of expression of intrinsic developmental competency of
oocytes; current IVM systems induce an asynchrony in the progression of nuclear and cytoplasmic
maturation; or the oocytes utilized lack one or more of the components necessary for nuclear and
cytoplasmic maturation and later embryonic development.
1.2.4 Cumulus cells: Function and gene expression related to the maturation and
competence of oocyte.
1.2.4.1 Morphological and Functional Characterization of Cumulus-Oocyte Complex
The mammalian oocyte and its surrounding somatic cells are interdependent throughout
the growth and development of the oocyte and ovarian follicle. Oocytes from primordial follicles
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fail to grow in vitro in the absence of granulosa cells (Eppig 1979a). Growing oocytes derive most
substrates for energy metabolism and biosynthesis from granulosa cells (Heller & Schultz 1980,
Brower & Schultz 1982). Cumulus cells are a subgroup of granulosa cells that surround the oocyte
in an antral follicle and, because of their close proximity to the oocyte, play an important role in
regulating oocyte maturation (Dekel & Beers 1980, Larsen et al. 1986). Intercellular
communication between the oocyte and surrounding follicle cells is of vital importance, first to
keep the oocyte arrested at prophase I of meiosis and later to urge the oocyte to resume meiosis at
the time of ovulation. Cumulus cells communicate with each other and with the oocyte by means
of gap junctions between the cumulus cells and between the oocyte and cumulus cells (Eppig 1982).
More specifically, gap junctions are found at the end of cellular projections from the corona radiata
which communicate with the oocyte by transvering the zona pellucida and terminating upon the
oocyte oolemma (Hyttel 1987).
Removal of the cumulus oophorus before IVM is detrimental for oocyte maturation in cattle (Fukui
& Sakuma 1980, Chian & Sirard 1995). Therefore, cumulus cells are considered to play an
important role during oocyte maturation:
- By keeping the oocyte under meiotic arrest
- By participating in the induction of meiotic resumption
- By supporting cytoplasmic maturation
These key functions of the cumulus oophorus during oocyte maturation are attributable to their
elaborate gap junctional network and to their specific metabolizing capacities.
The cumulus-oocyte complex (COC) composed of the female gamete and the surrounding
cumulus cells (CCs) is a complete functional and dynamic unit playing a pivotal role in oocyte
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metabolism during maturation. The bidirectional exchange of nutrients and regulatory molecules
between the oocyte and the contiguous CCs are crucial for oocyte competence acquisition, CC
expansion, and early embryonic development (Sutton et al. 2003, Gilchrist & Thompson 2007,
Ouandaogo et al. 2011). In addition, the presence of CC during IVM was found to be effective in
regulating the synthesis and concentration of important cytoplasmic factors such as glutathione
(GSH) and Ca2+ (Hao et al. 2009). Denuded mature oocytes unquestionably present differences in
Ca2+ homeostasis. In fact, the duration of Ca2+ rise was reported to be higher but with lower
amplitude in denuded mature pig oocytes compared with those matured in the presence of CC:
COC or denuded oocytes cultured with CC added to culture medium (Cui et al. 2009). Also, the
activation of denuded mature oocytes mediated through Ca2+ peaks seems to be hampered,
interfering with cytoskeleton and organelles migration, namely cortical granules, with
repercussions in membrane block to polyspermy.
1.2.4.2 The role of cumulus cells related to oocyte growth and fertilization
Oocytes have low glycolytic activity, the energy resources, such as piruvate or amino acid,
are transferred from cumulus cells to oocyte via gap junctional communications, which are
required for oocyte growth. During the growth and the accomplishment of oocyte meiotic
competence of oocytes (before initiation of meiosis), cumulus cells are responsible for
maintenance of nuclear arrest at the germinal vesicle (GV) stage by elevating intercellular cAMP
level in the oocytes by transferring an inhibitor signal through gap junctions (Downs 2001, Tanghe
et al. 2002). Initiation of meiosis is also related to cumulus function because there are evidences
that cumulus cells secrete a meiosis-inducing factor (Xia et al. 2000, Downs 2001). It is generally
accepted that the relationship between cumulus cells and oocytes is important not only in the
process of oocyte maturation to the metaphase II stage (MII), but also in the cytoplasmic
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maturation, needed for oocyte development after fertilization (Moor et al. 1990, Wongsrikeao et
al. 2005). The effect of cumulus cells may be due to the local production of glyosaminoglycans,
steroid hormones and other factors that support cytoplasmic maturation; which are responsible for
male pronucleus formation, monospermic fertilization and embryonic development (Yamauchi &
Nagai 1999, Dode & Graves 2002). Moreover, cumulus cells stabilize the disruption of cortical
granules (Albertini et al. 2001). Physical contact between the oocyte and the cumulus cells has
been considered necessary for the transfer of nutrients and essential factors for oocyte development
(Albertini et al. 2001, Wongsrikeao et al. 2005). It has been shown that cumulus denuded oocytes
can complete meiotic maturation in rats. In porcine, bovine, rabbit and human significantly more
cumulus-enclosed oocytes fertilized with spermatozoa developed to the blastocyst stage in vitro
when compared with denuded oocytes (Tao et al. 2008).
The presence of cumulus cells promotes normal fertilization with proper pronuclear
formation. Then cumulus cells then not only control the rate of nuclear maturation and help to
maintain oocyte penetrability of the oocytes, but their presence also seems necessary to promote
normal cytoplasmic maturation. These facts were indicated by the reduced frequency of abnormal
fertilization of oocytes matured in the presence of cumulus cells. With culumus cells, oocytes had
a significantly higher maturation, fertilization, cleavage and blastocyst rate than oocytes without
them. Warriach and Chohan (2004) reported that the maturation rate was higher in buffalo COCs
than in denuded oocytes (DOs). In addition, the layer number of cumulus cells in the COCs related
to percentage of MII when culturing .Gil et al. (2004) reported that the efficiency of fertilization
and embryonic development was lower in oocytes with cumulus cells than in oocytes without
cumulus cells. It has been suggested that the attachment of cumulus cells to oocytes during IVF
enhances oocyte penetrability by secreting substances that promote penetration (Saeki et al. 1994,
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Wongsrikeao et al. 2005) and acrosome reaction of sperm by favoring sperm capacitation
(Sullivan et al. 1990).
1.2.4.3 Gene expression in cumulus cells in term of ovarian stimulation protocol and oocyte
maturity
It is well-known that the cumulus cells (CCs) nurture the oocyte through the final phases
of its development. Oocyte quality is a key limiting factor in female fertility (Gilchrist &
Thompson 2007). During in vitro culture of COCs, CCs underwent a molecular maturation
process concomitantly with oocyte nuclear maturation. Additionally, oocytes actively regulate
fundamental aspects of CC function via oocyte-secreted factors, controlling the COC
microenvironment. In turn, the CC gene expression profile varies according to the stages of oocyte
maturation (Gilchrist & Thompson 2007, Ouandaogo et al. 2011). Ouandaogo et al. (2011) used
microarrays to identify a specific signature of 25 genes expression in CC issued from metaphase
II (MII) oocytes compared with germinal vesicle (GV) and metaphase I (MI). This CC expression
profile can be useful as a predictor of oocyte quality (Gilchrist & Thompson 2007, Ouandaogo et
al. 2011). Furthermore, the simultaneous expansion of compact layers of CCs surrounding the
oocyte and the deposition of mucoelastic material in the extracellular matrix is implicated in
supporting both nuclear maturation and cytoplasmic maturation (Gilchrist & Thompson 2007,
Ambruosi et al. 2009, Cui et al. 2009). Therefore the beneficial effect of CCs during oocyte growth
to stimulate competence acquisition to further support embryonic development is unequivocal.
In vitro fertilization (IVF) has become one of the most common treatments for infertility.
Despite great improvements in assisted reproductive technologies the success of IVF still remains
relatively low. Most of the oocytes retrieved after ovarian stimulation are capable of fertilization;
however, only half of them develop into embryos and only a few can implant. Therefore, more
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than one embryo is usually transferred to increase the pregnancy rate, which leads to multiple
pregnancies, and increased fetal and maternal morbidity and mortality (Keith & Breborowicz
2002). For the development of high quality embryos, the maturity and quality of oocytes is
fundamental. At present, oocyte competence is estimated only on the basis of morphological
evaluation of the polar body, meiotic spindle, zona pellucida and cytoplasm. There is increasing
evidence that morphological evaluation is not a reliable predictor of oocyte competence and
embryo implantation potential. The development of functional genomic technologies has made
more objective measures available such as gene expression in CC as a non-invasive pronostic
indicator of oocyte fertilization competence (Li et al. 2008, Assou et al. 2010). Cumulus cells are
essential for oocyte development. During folliculogenesis, an intense bidirectional communication
exists between oocytes and the surrounding CCs (Matzuk et al. 2002), which is crucial for the
development of mature and competent oocytes. Consequently, CCs may reflect oocyte quality and
they could be used for oocyte selection. The oocyte itself also plays an active role by secreting
paracrine factors that maintain the appropriate microenvironment for the acquisition of its
developmental competence (Matzuk & Lamb 2002, Regassa et al. 2011). The paracrine factors
secreted by the oocyte influence gene expression and protein synthesis in granulosa cells (GC) and
CC that in turn, regulate oocyte developmental competence. Consequently, GC and CC can serve
as indirect markers of oocyte quality. In IVF procedures, GC and CC are separated from oocytes
and discarded, which is why they are easily accessible and also suitable for gene expression
analysis of oocyte maturity (Matzuk & Lamb 2002).
The analyses of gene expression in CC for each stage of oocyte maturity have shown that
the most significant change at the transcriptional level occurs during oocyte transition from the MI
to the MII stage. This is in accordance with previous studies (Assou et al. 2006)(44, 45) which
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reported massive transcriptional changes in CCs accompanied by a substantial transcript
degradation in oocytes during the process of maturation (Assou et al. 2006). It was found that the
genes involved in the pathways of cell division, multicellular organismal development, signal
transduction and cell adhesion play a significant role in the process of meiosis.
Vascular endothelial growth factor (VEGF) is an angiogenic substance synthesized in theca
cells and GC (Agrawal et al. 2002). Structurally related to VEGF are the VEGFB and VEGFC
molecules (Ferrara & Davis-Smyth 1997) and they are all expressed in human GC (Laitinen et al.
1997). It is known that follicular VEGF concentrations are higher in preovulatory follicles
compared to early antral follicles and that oocyte quality is related to the intrafollicular influence
of VEGF (Einspanier et al. 1999). VEGF concentrations in follicular aspirates containing MII
oocytes that have fertilized are higher than of those containing MII oocytes that are not fertilized
(Bokal et al. 2005)(64). Finally, the expression level of VEGFC has been observed to differ
between MI CCs and MII CCs level, where the latter group has a significantly higher expression.
In addition, cumulus PTGS2, HAS2 and GREM1 expression was higher in oocytes that
developed into higher quality embryos compared with the ones that developed into lower quality
embryos (McKenzie et al. 2004). Mice lacking functional PTGS2 have defects in ovulation,
fertilization, decidualization and implantation (Lim et al. 1997).
The expression of some candidate genes in cumulus cells can be correlated to
morphological and physiological characteristics and may provide a novel approach to predict
mammal oocyte quality and embryo development. Ultimately, with better predictors of follicular
and embryonic health, we could be able to better select the embryos for transfer and reduce higher
order pregnancy rates.
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1.3 Vascular endothelial growth factor and its receptors: structure, function and mechanism
1.3.1 Angiogenesis mechanism
1.3.1.1 Angiogenesis
Angiogenesis is subject to a complex control system with pro-angiogenic and antiangiogenic factors. In adults, angiogenesis is tightly controlled by this “angiogenic balance”i.e., a
physiological balance between the stimulatory and inhibitory signals for blood vessel growth. The
existence of angiogenic factors was initially postulated on the basis of the strong neovascular
response induced by transplanted tumors. Subsequently, it was shown that normal tissues are also
a source of angiogenic activity. Many molecules have been implicated as positive regulators of
angiogenesis, including acidic fibroblast growth factor (aFGF or FGF – 1), basic fibroblast growth
factors ( bFGF or FGF – 2), transforming growth factor (TGF) – α, TGF – β, hepatocyte growth
factor (HGF, or scatter factor), tumor necrosis factor – α, angiogensin (ANG II), interleukin – 8
(IL– 8), endothelin-1 (ET-1), insulin – like growth factors (IGFs), epidermal growth factor (EGF)
and the angiopoietin (ANPT) (Folkman & Shing 1992, Ferrara 2000, Yancopoulos et al. 2000). In
the ovary, these factors promote vascular permeability, supporting antrum formation and the
events that induce follicular rupture (Tamanini & De Ambrogi 2004). However, those that seem
to be most important in angiogenesis are FGF-2, VEGF and ANG II (Redmer et al. 2001). For
over a decade, the pivotal role of VEGF has elucidated in the regulation of normal or abnormal
angiogenesis (Ferrara et al. 2003). Figure 1 summarize the effects of pro-angiogenic factors on
ovarian follicular development.
The female reproductive system is an interesting model for the study of the angiogenesis
in adults because it undergoes a number of programmed angiogenic processes coupled with cyclic
evolution and decline of ovarian, endometrial, and placental structures (Irusta et al. 2010). Ovarian
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folliculogenesis in mammals is a complex process that is comprised of interactions between several
autocrine, paracrine and endocrine factors. With respect to paracrine factors, the role of vascular
endothelial growth factor (VEGF) is noteworthy. VEGF was initially identified and named
vascular permeability factor (VPF). Subsequently, its angiogenic activity was described, and the
renamed VEGF is now considered possibly the most potent angiogenic agent ever described.
VEGF also stimulates the survival of endothelial cells in vessels through the inhibition of apoptosis,
as well as promoting their proliferation, migration and differentiation, and causing changes in gene
expression patterns and inhibition of senescence (Dvorak 2000). In this review, I want to
summarize the unique role of VEGF family (VEGF and its receptors) in the process of
angiogenesis of ovarian folliculogenesis in mammals.
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Figure 1.3 Angiogenic growth factors act in different stages of follicular development
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1.3.1.2 Features of the ovarian vascular system and follicular angiogenesis
The ovary in mammalian species is comprised of two distinct portions: (a) the cortex,
which is the outermost part with a stroma of conjunctive tissue, and follicles and corpora lutea at
several developmental stages; and (b) the medulla, the inner region, which contains loose
conjunctive tissue highly vascularized and originating from ovarian arteries. Histologically, the
limits between these two regions are not well defined. The folliculogenesis process takes place
within the cortex, from the formation of the primordial follicle to the development to the
preovulatory stage, which comprises the preantral (primordial, primary and secondary follicles)
and antral (tertiary and preovulatory follicles) phases. Despite the fact that preantral follicles do
not possess their own vascular supply, the formation of the capillary network that surrounds the
follicle is critical for growth beyond this phase. Angiogenesis begins within the stroma during
early follicular development (Suzuki et al. 1998). Up to this point, nutrition and oxygenation of
primordial and primary follicles rely on passive diffusion from stromal blood vessels, which are
thin and single layered at this time. At the secondary stage or later, stromal cells that surround the
follicles become organized in thecal layers, in which the innermost part (theca internal) contains
many blood vessels, whilst the outer layer (theca external) is composed mainly of fibrous
conjunctive tissue. Thereafter, during the appearance of the antral cavity full of follicular fluid,
follicles become surrounded by a capillary network, which promotes the nutrition of both these
cells and granulosa cells. This vascular system is divided into two distinct parts that enters either
the external and internal thecal cells layers (Stouffer et al. 2001), and both contribute to the
production of follicular fluid (van den Hurk & Zhao 2005), which is rich in VEGF (Ferrari et al.
2006). The number and diameter of blood vessels increase as the follicle develops, but these never
penetrate the basement membrane that separates theca interna and granulosa cells layers. Thus,
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there are evidences that theca cells angiogenesis have a primary role in follicular development
(Tamanini & De Ambrogi 2004). The development and growth of the theca vascular network are
probably controlled by paracrine and angiogenic factors produced by granulosa cells. In addition
to those factors, vascular endothelial growth factor (VEGF), whose levels increase according to
follicular growth, can induce the formation of a primitive capillary network during the early phases
of antral follicle development. Moreover, the regulation of angiogenesis seems to be dependent on
the interaction other growth factors that can act in different moments, some of them stimulating
growth, while others, mediating endothelial cell reorganization in more complexes vascular
structures (Grasselli et al. 2003).
1.3.2 Vascular endothelial growth factor and its isoforms
1.3.2.1 Vascular endothelial growth factor and its isoforms
The vascular endothelial growth factor (VEGF) family constitutes the most important
signaling pathway in angiogenesis and have been well characterized by research over the last two
decades (Irusta et al. 2010). Seven family members have been identified, VEGF-A, VEGF-B,
VEGF-C, VEGF-D, VEGF-E, VEGF-F, and placental growth factor (PIGF)-1 and -2. In particular,
VEGF-A (referred to also as VEGF) is the principal player in angiogenesis. All members have a
common VEGF homology domain. This core region is composed of a cystine knot motif, with
eight invariant cysteine residues involved in inter- and intra-molecular disulfide bonds at one end
of a conserved central four-stranded -sheet within each monomer, which dimerize in an antiparallel,
side-by-side orientation (Neufeld et al. 1999, Ortega et al. 1999). Figure 1.4 represents the
threedimensional structure of VEGF. VEGF-A is a 34- to 42-kDa, dimeric, disulfide-bound
glycoprotein. In normal tissues, the highest levels of VEGF-A mRNA are found in adult lung,
kidney, heart, and adrenal gland. Lower, but still readily detectable, quantities of VEGF-A
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transcript levels occur in liver, spleen, and gastric mucosa. In addition, VEGF-A exists in at least
eight homodimeric isoforms. The monomers consist of 110, 121, 145, 148, 165, 183, 189, or 206
amino acids (Figure 1.5). The VEGF isoforms are encoded by the same gene, through alternative
splicing of mRNA. The resulting four polypeptides have strikingly different secretion patterns,
which suggests multiple physiological roles for VEGF isoforms. The smaller members of this
family (110 -165) are secreted by cells and may act as paracrine, whereas the large ones are mostly
cell associated and may act as autocrine, despite all members having an identical signal sequence
(Ferrara et al. 1992).
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Figure 1. 4 Ribbon representation of the receptor-binding domain of VEGF showing a monomer
in a and a dimer in b.
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Figure 1.5 Gene structure of VEGF-A, VEGF-B, VEGF-C, and VEGF-D. VEGF-A
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1.3.2.2 VEGF and its expression in folliculogenesis
Vascular endothelial growth factor (VEGF) is a secreted mitogen highly specific for
cultured endothelial cells. In vivo VEGF induces microvascular permeability and plays a central
role in both angiogenesis and vasculogenesis. VEGF is a promising target for therapeutic
intervention in certain pathological conditions that are angiogenesis dependent, most notably the
neovascularisation of growing tumours. Through alternative mRNA splicing, a single gene gives
rise to several distinct isoforms of VEGF, which differ in their expression patterns as well as their
biochemical and biological properties. In human, VEGF gene produces five isoforms of proteins,
respectively with 121, 145, 165, 189, and 206 amino acid by alternative splicing of the VEGF
mRNA. Porcine VEGF is shorter by one amino acid compared to human VEGF, and it has a
potential glycosylation site at Asn-74 (Sharma et al. 1995). VEGF121 and VEGF165 are usually
the predominant molecular species produced by a variety of normal and transformed cells. Both
of them are diffusible, but VEGF165 secreted protein can be bound to the cell surface and
extracellular matrix. VEGF189 is detected in the majority of cells and tissues expressing the VEGF
gene. In contrast, VEGF206 is a very rare form, almost completely sequestered in the extracellular
matrix (Ferrara & Davis-Smyth 1997). VEGF145 is another secreted isoform binding to the
endothelial cells and its expression seems to be more restricted compared with other VEGF forms
(Poltorak et al. 1997). VEGF145 expression was thought to be limited to reproductive tissues
where the expression level was relatively low with comparison to VEGF121 and VEGF165
(Charnock-Jones et al. 1993, Cheung et al. 1995, Krussel et al. 2001). Further experiments
demonstrated that VEGF145 expression is not restricted to reproductive tissue, since its level is
detectable in human hair follicular cells (Kozlowska et al. 1998) and several breast cancer
specimens (Stimpfl et al. 2002).
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Expression of VEGF in ovarian follicles depends on follicular size. VEGF improves
follicular ultrastructural integrity and promotes follicular growth in the goat ovary (Bruno et al.
2009a). These results suggest that VEGF interacts with its receptor present in granulosa and/or
theca cells and acts as a mitogenic factor in an autocrine or paracrine way in the developing follicle.
Inhibition of VEGF expression results in decreased follicle angiogenesis and the lack of the
development of mature antral follicles. The permeabilizing activity of VEGF is thought to be
involved in follicle antrum formation and in the ovulatory process (Kaczmarek et al. 2005). VEGF
A expression was demonstrated in preantral follicles and has also been identified in human
primordial follicles (Harata et al. 2006) rat primary follicles (Celik-Ozenci et al. 2003). In swine
and bovine follicles, VEGF A is weakly expressed during early development and this expression
becomes higher in granulosa cells (GC) and theca interna cells (TI) of dominant follicles. GC and
TI express predominantly the smallest isoforms (VEGF 120/121 and VEGF 164/165). Expression
of mRNA for VEGF in both tissues (TI and GC), as well as the protein for VEGF in total follicle
tissue increased significantly (and correlated) with developmental stages of follicle growth
(Berisha et al. 2000, Shimizu et al. 2003). The relative amount of VEGF 120, 164, 188 in buffalo
follicle lysates, increased throughout follicular maturation to maximum amounts in pre-ovulatory
follicles (Babitha et al. 2013).
Recently, VEGF A expression in rats was occasionally observed in early preantral follicles
and was always detected in preantral follicles during the late stages of development (Abramovich
et al. 2009). High VEGF concentrations cause a destabilization of the blood vessels, resulting in a
new vascular network development, while VEGF deficiency results in blood vessel regression
(Hanahan 1997). Furthermore, Hazzard et al. (1999) demonstrated that gonadotropins stimulated
VEGF secretion in primate preovulatory follicles and can act as regulatory factors of VEGF
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production. In this way, modulation of the hormones that influence VEGF expression, such as
human (hCG) and equine (eCG) chorionic gonadotrophin, luteinizing hormone (LH) and follicle
stimulating hormone (FSH), as well as their levels in the follicle, are possibly one of the keys to
control ovarian follicular angiogenesis. There are also in vitro (Pepper et al. 1992) and in vivo
(Asahara et al. 1995) indications of synergistic effects between angiogenic growth factors. In
bovine, association between VEGF and FGF-2 induced an in vitro angiogenic response, which was
stronger and faster than the effect produced by these two factors individually. An in vitro studies
suggested that VEGF has a mitogenic effect in granulosa cells and can stimulate follicular growth
in rats (Otani et al. 1999). In this species, Kezele et al. (2005) identified that the gene encoding for
VEGF-A is an important regulator of primordial follicle development. A study of Yang and
Fortune (2007) verified that VEGF promoted the transition from primary to secondary follicles in
bovine. In addition, culture frozen-thawed canine ovarian follicles treated with VEGF was found
to promote the activation of primordial follicle development that could provide an alternative
approach to stimulate early follicle development in dogs (Abdel-Ghani et al. 2014).
Furthermore, a study associated VEGF production and the increase of blood vessel content
to follicular activation, i.e., the transition from the primordial to primary follicle stage (Mattioli et
al. 2001). The inhibition of VEGF activity produced an increase in ovarian apoptosis through an
unbalance in the pro and antiapoptotic protein rate, leading to a great number of atretic follicles
(Abramovich et al. 2006). The other study has shown that VEGF directly stimulates follicular cell
proliferation and it also decreases apoptosis by inhibiting caspase 3 activation. VEGF increases
the proliferation and inhibits the apoptosis of isolated granulosa cells in culture (Irusta et al. 2010).
Shimizu (2006) observed that the direct injection of VEGF into the ovary increases vasculature,
the number of antral follicles and inhibits apoptosis.
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1.3.2.3 VEGF receptors and its expression in folliculogenesis
Vascular endothelial growth factor (VEGF) ligands mediate their angiogenic effects by
binding to specific VEGF receptors, leading to receptor dimerization and subsequent signal
transduction. VEGF ligands bind to 3 primary receptors and 2 co-receptors. Of the primary
receptors, VEGFR-1 (Flt-1) and VEGFR-2 (KDR/Flk-1) are mainly associated with angiogenesis.
The discovery of placenta growth factor (PlGF) was followed by the recent discovery of three
additional growth factors belonging to the VEGF family (VEGF B-D) and by the discovery of an
additional receptor VEGFR-3 (Flt-4) belonging to the VEGF receptor family. Endothelial
expression of VEGF receptors varies among the 3 primary receptors: VEGFR-2 is expressed on
almost all endothelail cells, whereas VEGFR-1 and -3 are selectively expressed in distinct vascular
bed. The neuropilin-1 (NP-1 or NRP-1) and NP-2 (or NRP-2) receptors are thought to increase the
binding affinity of the various VEGF ligands to these primary receptors, although the specific roles
of NP-1 and NP-2 in angiogenesis are not known. A summary of the interactions of the VEGF
family growth factors with the various VEGF receptors is presented in Figure 1.6. As we know
VEGF receptors (VEGFR-1 and VEGFR-2) that bind to VEGF-A. VEGFR-1 is expressed in
quiescent and proliferative endothelial cells and induced the formation of vessels by VEGF
(Boonyaprakob et al. 2003). VEGFR-2 is expressed specially in angiogenic endothelial cells and
regulates the effects of VEGF on the proliferation and migration of these cells (Shimizu et al.
2007). It has been demonstrated that VEGF, acting through Flk-1/KDR is a crucial physiological
component in follicular growth, being necessary for the selection of recruited antral follicles. Not
only VEGF protein but also its receptor VEGFR-2 were expressed in granulosa and theca cells
of rat antral follicles (Abramovich et al. 2009). Administration of VEGF Trap, a soluble VEGF
receptor in the marmoset monkey, produces a decrease in follicular angiogenesis and development,
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as well as a decrease in Flt-1 and Flk-1 receptors (Wulff et al. 2002). Moreover, the administration
of an anti-VEGFR-2 antibody in the early follicular phase interferes with the normal development
of the cohort of recruited antral follicles (Zimmermann et al. 2002). Flk-1/KDR was more strongly
expressed in the ovaries treated with VEGF gene fragment injection compared with the control
groups suggest that Flk-1/KDR may be strongly associated with the observed vascular formation
around the antral follicles (Zimmermann et al. 2003).
Bruno et al. (2009a) demonstrated the expression of VEGFR-2 in oocytes and granulosa
cells of all follicular stages, except in granulosa cells from primordial follicles. In
addition,VEGFR-2 is expressed in oocytes of caprine ovarian follicles at all developmental stages
and in granulosa cells/ of developing follicles. The intraovarian VEGF/VEGFR-2 pathway seems
to be critical for follicular development because blockade of VEGFR-2 function alters the secretion
of follicular hormones, indicating that the intraovarian effects of VEGF are mediated by this
receptor (Zimmermann et al. 2002). Zimmermann et al. (2003) verified that in hypophysectomised
primates VEGFR-2 activity is necessary to increase the gonadotropin-dependent proliferation of
granulosa cells.
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Figure 1.6 The endothelial cell surface receptor for members of VEGF family and their biological
activities. (Robinson & Stringer 2001)
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1.3.3 Effect of VEGF in in vitro maturation
Sucessful early folliculogenesis is crucial for female reproduction function. It requires
appropriate gene specific expression of the different types of ovarian cells at different
developmental stage. IVM has particular significance, being the platform technology for the
abundant supply of mature, good quality oocytes for applications such as reducing the generation
interval in importance species, research to improve in vitro human reproduction of transgenic
animal for cell therapies, protein production and for medical application. Experimently, IVM can
be used as a tool to elucidate the requirements for optimal oocyte maturation.
As described, VEGF play an important role in the process of thecal angiogenesis during
follicular development. When assessing the effect of VEGF supplemented in the media on procine
oocyte maturation, Kere et al. (2014b) found that VEGF concentration derived from medium and
large follicles were higher than small one. And the treatment with 5ng/ml of VEGF significantly
improved the maturation rate of denuded oocytes. Medium with or without different concentration
of VEGF showed the effect on E2 and P4 production by cultured porcine granulosa cells resulted
to be dependent on follicle size (Kere et al. 2014b). VEGF exerted an inhibitory effect on the
proliferation in the small follicle group and a stimulatory one in the medium and large follicle
groups. The VEGF appeared to be ineffective in modifying NO production in the small follicle
group, while it was stimulatory in the medium follicle group and inhibitory in the large follicle
group. Basal VEGF production was higher in cells from the large follicle as compared with the
small and medium follicle groups (Grasselli et al. 2002).
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CHAPTER 2: GENERAL MATERIALS AND METHODS

2.1 Chemicals and culture media
Sodium chloride, KCl, HCl, NaOH, MgCl2・6H2O, KH2PO4, gentamicin-sulfate, phenol
red and paraffin liquid were obtained from Nacalai Tesque Inc. (Kyoto, Japan). NaH 2 PO 4 ・2H 2 O
and CaCl 2 ・2H 2 O were purchased from Ishizu Pharmaceutical Co., Ltd. (Osaka, Japan). Equine
chorionic gonadotrophin (eCG: Serotropin) and human chorionic gonadotrophin (hCG;
Gonadotropin) were purchased from ASKA Pharmaceutical Co., Ltd. (Tokyo, Japan). Unless
specified otherwise, all other chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA).
The medium used for collecting and washing COCs was modified Hepes-buffered
Tyrode’s lactate with polyvinyl alcohol (TL-HEPES-PVA), which contained 114 mM NaCl, 3.2
mM KCl, 2 mM NaHCO3, 0.34 mM KH2PO4, 10 mM Na-lactate, 0.5 mM MgCl26H2O, 2 mM
CaCl22H2O, 10 mM HEPES, 0.2 mM Na-pyruvate, 12 mM sorbitol, 0.1% (w/v) polyvinyl alcohol,
25 µg mL-1 gentamicin, and 65 µg mL-1 potassium penicillin G. The basic IVM medium used was
a BSA-free chemically defined medium (Porcine Oocyte Medium (POM), Research Institute for
the Functional Peptides, Yamagata, Japan) supplemented with 50 µM beta-mercaptoethanol
(mPOM) (Akaki et al. 2009).
2.2 Preparation and IVM of COCs
Ovaries without any evidence of corpora lutea were collected from commercial gilts at a
local public abattoir and transported within 1 h to the laboratory at 32~35 oC in 0.9% (w/v) NaCl
solution containing 75 μg mL-1 potassium penicillin G and 50 μg mL-1 streptomycin sulphate. After
washing three times with NaCl solution at room temperature, COCs were aspirated from MF (3-6
mm in diameter) and SF (0.5-3 mm in diameter) on the surface of ovaries by using a 10-ml
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disposable syringe and 18-gauge needle, placed into a 50-mL centrifuge tubes (SF and MF
separately) and washed three times with TL-HEPES-PVA. Only COCs with at least three layers
of unexpanded cumulus cells were washed three times with mPOM. Thirty five COCs each from
MF and SF were cultured separately in 500 μL of mPOM supplemented with gonadotropins (10
IU mL-1 eCG and 10 IU mL-1 hCG) and 1mM dibutyryl cAMP (db-cAMP) in a four-well culture
plate (Thermo Fisher Scientific, Inc., Roskilde, Denmark) for 20 h under an atmosphere of 5 %
CO 2 in air at 39 oC (Funahashi et al. 1997, Akaki et al. 2009). The COCs were then washed three
times with fresh IVM medium without gonadotropins and dbcAMP and cultured continuously in
the medium for an additional 24-h period.
2.3 Evaluation of meiotic stage
After IVM, cumulus cells surrounding the oocytes were removed by pipetting in a modified
TL-HEPES-PVA medium containing 0.1% (w/v) hyaluronidase (H3506; Sigma). Some of the
denuded oocytes were used for IVF and parthenogenetic activation, whereas others were mounted
on glass slides and fixed in acetic alcohol (25% (v/v) acetic acid in ethanol) for 2–3 days. The
oocytes on glass slides were then stained with 1% (w/v) orcein in 45% (v/v) acetic acid for 5 min
and meiotic progression evaluated under a phase contrast microscope at magnifications of ×200
and ×400
2.4 Preparation of fresh boar spermatozoa and IVF
Semen-rich fractions (40–50 mL) collected from a Berkshire boar by the gloved-hand
method were donated from a local AI center and processed as reported previously (Funahashi
2005). Briefly, spermatozoa were resuspended (to 1 × 108 cells mL–1) in fresh modified Modena
solution containing 5 mM cysteine and 20% (v/v) boar seminal plasma and kept at 15°C until used
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in IVF (within 2 days of collection). Stored spermatozoa were kept at room temperature for 15–20
min before use, washed three times with Modena solution and then resuspended (to 1 × 108 cells
mL–1) in fertilisation medium.
After dilution of the sperm suspension to 1 × 106 cells mL–1 with caffeine-free mM199, 50
μL diluted suspension was added to a 50-µL droplet of mM199 containing 10 mM sodium
benzoate caffeine and 30–40 denuded mature oocytes (Wang et al. 1991). The oocytes were
cocultured with spermatozoa in the 100-μL droplets under paraffin oil at 39°C and an atmosphere
of 5% CO 2 in air for 7 h. After washing three times with mM199 supplemented with 0.4% (w/v)
BSA, oocytes were cultured in a 50-µL droplet of the same medium under the same conditions for
a further 4 h.
2.5 Sperm penetration and pronuclear formation assessment
To assess sperm penetration and pronuclear formation, oocytes were washed with TLHEPES-PVA, mounted on glass slides, fixed in 25% (v/v) acetic acid–ethanol for 2–3 days, stained
with 1% (w/v) orcein in 45% (v/v) acetic acid for 5 min and then examined under a phase contrast
microscope at magnifications of ×200 and ×400. Oocytes were designated as ‘penetrated’ when
they had at least one sperm head or male pronucleus with corresponding sperm tail in their ooplasm.
Oocytes with more than one sperm nuclei or male pronuclei were considered polyspermic.
2.6 Parthenogenetic activation and in vitro culture of oocytes
Only mature oocytes with the first polar body in the perivitelline space were selected. These
oocytes were washed three times with a solution of 0.25 M mannitol containing 0.01% (w/v) PVA,
0.5 mM HEPES, 100 µM CaCl 2 ·H 2 O and 100 µM MgCl 2 ·6H 2 O, pH 7.2, then transferred to sit
between electrodes separated by a distance of 1 mm in an activation chamber and overlaid with
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the same solution. A single electrical pulse (direct current; 1.2 kV cm–1, 30 µs) was applied to
oocytes to activate them using a BTX Electro-Cell Manipulator 2001M. The activated oocytes
were washed three times with mM199 supplemented with 0.4% BSA and 5 µM cytochalasin B
and incubated in the same medium at 39°C under an atmosphere of 5% CO 2 in air for 4 h. The
oocytes were then washed three times with porcine zygote medium (PZM; (Yoshioka et al. 2008))
and cultured in 500 µL PZM under paraffin oil at 39°C and an atmosphere of 5% CO 2 in air for 5
days. To assess the developmental competence of oocytes derived from MF and SF, cleavage and
blastocyst formation rates were observed at 2 and 5 days after the start of culture respectively.
Blastocysts were fixed in 4% paraformaldehyde for 15 min at room temperature and then stained
with Hoechst 33342 (20 µg mL–1 in phosphate-buffered saline (PBS) containing 1% (v/v) Triton
X-100) for 30 min at room temperature. Samples were mounted on glass slides and the number of
cells per blastocyst counted under a fluorescence microscope (ECLIPSE 80i; Nikon).

CHAPTER 3.
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PRESENCE OF VASCULAR ENDOTHELIAL GROWTH FACTOR DURING THE
FIRST HALF OF IVM IMPROVE THE MEIOTIC AND DEVELOPMENTAL
COMPETENCE OF PORCINE OOCYTES FROM SMALL FOLLICLES

3.1 Introduction
Using IVM oocytes to produce embryos is a common practice that is essential for
applications such as increasing opportunities for the successful birth of babies in assisted
reproductive medicine, reducing the generation interval in important species and producing
transgenic animals for cell therapies, protein production or other medical applications (Galli et al.
2003, Cooper et al. 2013). However, only cumulus–oocyte complexes (COCs) derived from
medium-sized follicles (MF; 3–6mm diameter) or larger follicles have been used for IVM and IVF;
oocytes derived from small follicles (SF; ,3mm diameter), which account for most follicles in
ovaries, have been found to have much lower competence to mature to MII in vitro (Yoon et al.
2000, Romaguera et al. 2010a, Kohata et al. 2013) because of a lack of factors that regulate meiotic
and cytoplasmic maturation (Romaguera et al. 2010b). Therefore, if we can improve the meiotic
and developmental competence of oocytes derived from SF, we may be able to use more follicular
oocytes per ovary to produce embryos in vitro, consequently contributing to the development of
animal production and human assisted reproductive technologies (ARTs). Because porcine ovaries
contain a relatively larger number of follicular resources than other species, including humans
(Gosden and Telfer 1987), the pig is one of the suitable species in which the meiotic and
developmental competence of oocytes derived from SF can be studied. Angiogenesis plays an
important role in the mechanism of selection and development of ovarian follicles (Bruno et al.
2009a). In the ovary, vascular endothelial growth factor (VEGF) has been identified as promoting
(Leung et al. 1989) and being involved in the regulation of normal or abnormal angiogenesis
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(Ferrara et al. 2003). This protein was first identifiedas vascular permeability-inducing factor (VPF)
secreted by tumour cells (Senger et al. 1983). VEGF is a 34- to 42-kDa protein, and there are seven
members of theVEGF family. VEGF interacts with its receptors present in granulosa and theca
cells to act as a mitogenic factor in developing goat (Bruno et al. 2009a) and preantral human
follicles (Abir et al. 2010b). The expression and levels of VEGF and its receptors (VEGFR2) are
upregulated as the follicle develops (Greenaway et al. 2004). The presence of VEGF allows
development of the vascular network and induces cell proliferation, whereas a lack of VEGF
results in regression of vessels in non-productive ovarian follicles, likely atresia (Hanahan 1997).
Inactivation of the VEGF gene causes abnormal development of angiogenesis and reduces the
viability of murine embryos (Ferrara et al. 1996). In addition, blocking the Flk/KDR pathway
demonstrated that VEGF was involved in the delay of folliculogenesis in rhesus monkey
(Zimmermann et al. 2002). In addition, concentrations of VEGF in bovine follicular fluid have
been found to be fivefold higher in dominant follicles just before ovulation compared with early
antral follicles (Einspanier et al. 2002). Together, these findings suggest that VEGF is involved in
the acquisition of meiotic and developmental competence by oocytes. It has been reported that
supplementing the culture medium with VEGF has stimulatory effects on the quality of mature
porcine oocytes derived from MF and their developmental competence following parthenogenetic
activation (Kere et al. 2014b). In the bovine, exposure of COCs derived from MF to 5 ng mL -1
VEGF during the first 20h of IVM resulted in a higher percentage of matured oocytes, normal
fertilisation and increased blastocyst yield, suggesting that VEGF may induce not only nuclear
maturation, but also cytoplasmic maturation (Luo et al. 2002). Similar results were reported
recently with concentrations of 300–500 ng mL

-1

VEGF (Anchordoquy et al. 2015). Positive

effects of VEGF have also been shown to promote the transition from primary to secondary
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follicles in the bovine (Yang & Fortune 2007) and to induce follicular growth and increase oocyte
diameter in the goat (Bruno et al. 2009a). In pigs, the presence of 5 ng mL -1 VEGF during the
IVM of COCs derived from MF significantly increased the blastocyst formation rate and the total
number of cells per blastocyst, and reduced the number of apoptotic embryos following
parthenogenetic activation (Biswas et al. 2011, Kere et al. 2014b);

however,

a higher

concentration (500 ng mL -1) of VEGF did not have these positive effects. Furthermore, similar
effects were observed even if VEGF was only supplemented during the first 20h of IVM (Kere et
al. 2014). However, it is not clear whether the presence of VEGF during IVM, especially the first
half , is effective in improving the meiotic and developmental competence of oocytes derived from
SF. Therefore, in the present study we compared VEGF content of porcine COCs from MF and
SF, as well as that secreted during 40 IVM. In addition, we evaluated the effects of VEGF
supplementation during the first 20h of IVM on improvements in the meiotic and developmental
competence of oocytes derived from SF.
3.2 Materials and methods
3.2.1 VEGF secretion from COCs during IVM
At 20 and 44 h after the start of IVM, the media from 40 COCs in culture were collected
into microtubes and stored at –80°C until analysis. The amount of VEGF secreted from COCs into
the culture medium was measured using a Quantikine ELISA Human VEGF immunoassay kit
(SVE00; R&D Systems) and a microplate reader (Bio-Rad), as described previously by (Barboni
et al. (2000)), who demonstrated that there was no difference between the ability of this system to
detect human and pig VEGF.
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3.2.2 Experimental design
3.2.2.1 Experiment 1: VEGF secretion by MF- or SF-derived COCs during IVM and oocyte
meiotic competence
Forty COCs derived from MF and SF were cultured according to a standard IVM protocol
(as described above) for a total of 44 h. After culture, the meiotic progression of the oocytes was
assessed as described above. Furthermore, ELISA was used to determine the amount of VEGF
secreted into the IVM media collected 20 and 44 h after the start of IVM. This experiment was
replicated six times.
3.2.2.2 Experiment 2: effects of VEGF supplementation during the first 20 h of IVM on the
meiotic competence of SF-derived oocytes
COCs derived from SF were exposed to different concentrations of VEGF (V4512; SigmaAldrich; 0, 20, 50, 100 and 200 ng mL–1) for the first 20 h of IVM. After IVM, the meiotic stage
of oocytes was evaluated, as described above. This experiment was replicated five times.
3.2.2.3 Experiment 3: effects of VEGF supplementation during the first 20 h of IVM on the
fertilisability of SF-derived oocytes
COCs derived from SF were exposed to 0, 100 and 200 ng mL–1 VEGF for the first 20 h
of IVM. After IVM culture for a total of 44 h, oocytes were inseminated and cocultured with
spermatozoa for 7 h. At 11 h after insemination, oocytes were mounted, fixed and stained with 1%
(w/v) orcein in 45% (v/v) acetic acid. The meiotic stage of these oocytes was compared with that
of oocytes derived from MF and cultured in the absence of VEGF. This experiment was replicated
five times.
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3.2.2.4 Experiment 4: effects of VEGF supplementation during the first 20 h of IVM on the
developmental competence of SF-derived oocytes
To determine the developmental competence of oocytes exposed to different
concentrations of VEGF (0, 100 and 200 ng mL–1) during the first 20 h of IVM, after a total of 44
h in culture only oocytes with the first polar body were parthenogenetically activated by an
electrical pulse and cultured as described above. Cleavage and blastocyst formation rates at 2 and
5 days after the start of culture respectively were compared with those of oocytes derived from
MF (positive control); in addition, cell numbers in blastocysts were compared. This experiment
was replicated five times.
3.2.3 Statistical analysis
Data from five or six replicated trials were evaluated using one- or two-way analysis of
variance (ANOVA) in StatView (Abacus Concepts). To fit a normal distribution, percentage data
were arc-sine transformed before analysis if the data contained percentages >90% or <10%. The
variables examined in Experiment 1 were the meiotic stage of oocytes and the amount of VEGF
(two-way ANOVA; COCs origin × time interaction when VEGF concentration was measured). In
Experiment 2, the meiotic stage of oocytes was evaluated; in Experiment 3, the rate of penetration,
monospermy, the formation of male and female pronuclei and the number of spermatozoa per
penetrated oocyte were evaluated; finally, in Experiment 4, cleavage rate, blastocyst formation
rate and the number of cells in a blastocyst were evaluated. All data are expressed as the mean ±
s.e.m. Findings were considered significantly different at P < 0.05 and, when there was a
significant effect, values were compared with a Dunn–Bonferroni post hoc test.
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3.3 Results
3.3.1 Experiment 1: VEGF secreted by MF- or SF-derived COCs and meiotic competence of
oocytes
The effect of the origin of COCs (MF vs SF) on the resumption of meiosis was examined
in 468 oocytes (n=6 for each group). As indicated in Table 3.1, there were significant differences
in the percentage of oocytes at MI and MII between the two groups (P < 0.01). The percentage of
mature oocytes was significantly higher when COCs were collected from MF than SF.
Conditioned media were collected at 20 and 44 h after the onset of IVM of COCs derived
from MF or SF and the amount of VEGF secreted into the media was determined (n = 6 replicates).
VEGF concentrations secreted into the medium after 20 and 44 h IVM was significantly (P <
0.001) greater for COCs derived from MF (115.1 ± 21.2 and 376.9 ± 78.9 pg mL–1 respectively)
than for those derived from SF (35.6 ± 4.0 and 67.8 ± 16.1 pg mL–1 respectively; Table 3.2). The
amount of VEGF collected at the end of the second half of IVM (over a 24- period) was also
significantly higher (P < 0.007) than that collected at the end of the first half of IVM (20 h), and
was nearly doubled.
3.3.2 Experiment 2: effects of VEGF supplementation during the first 20 h of IVM on the
meiotic competence of SF-derived oocytes
As shown in Figure 3.1, when COCs were exposed to 100 and 200 ng mL–1 VEGF during
the first 20 h of IVM, the percentages of mature oocytes was significantly higher than in the control
group, cultured without VEGF (P < 0.01). The higher percentage of mature oocytes was similar to
that seen for oocytes from MF-derived COCs cultured in the absence of VEGF supplementation.
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There were no significant differences in the percentage of mature oocytes when COCs were
exposed to 0, 20 or 50 ng mL–1 VEGF.
3.3.3 Experiment 3: effects of VEGF supplement during the first 20 h of IVM on the
fertilisability of SF-derived oocytes
The percentage of oocytes penetrated and those that formed male and female pronuclei was
significantly higher (P < 0.05) following exposure of SF-derived COCs to 200 compared with 0
ng mL–1 VEGF during the first 20 h of IVM (n = 5 replicates; Table 3.3). There were no significant
differences among experimental groups in either the incidence of monospermic penetration, which
ranged between 24.5% and 41.5%, and the number of spermatozoa in penetrated oocyte, which
ranged between 2.0 and 2.8 (Table 3.3).
3.3.4 Experiment 4: effects of VEGF supplementation during the first 20 h of IVM on the
developmental competence of SF-derived oocytes
The developmental competence of SF-derived oocytes cultured in the presence of 0, 100
or 200 ng mL–1 VEGF during the first 20 h of IVM was examined following electrical activation.
As indicated in Table 3.4, data from six replicates demonstrated that supplementation of the IVM
medium with 200 ng mL–1 VEGF during the first 20 h of IVM significantly improved the rate of
blastocyst formation for mature SF-derived oocytes following parthenogenetic activation
compared with control. The blastocyst formation rate did not differ significantly different from
that of MF-derived oocytes (Table 3.4).
3.4 Discussion
The focus of the present study was on the effects of VEGF on the meiotic ability to reach
to the MII stage, fertilisability and developmental competence of oocytes derived from SF. In
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experiment 1, comparing the meiotic competence of oocytes derived from MF and SF, the number
of oocytes maturing to MII was significantly lower in the SF than MF group. With regard to
follicular size, many studies in humans (Wittmaack et al. 1994), porcine (Marchal et al. 2002),
bovine (Lonergan et al. 1994), goat (Crozet et al. 1995), sheep (Cognie et al. 1998), dromedary
(Khatir et al. 2007), buffalo (Raghu et al. 2002) and canine (Otoi et al. 2000) have demonstrated
a clear relationship between follicle size and IVM and fertilisation rates. In the present study, we
observed that only half the SF-derived oocytes were fully competent to mature to the MII stage.
The expression of VEGF mRNA in granulosa and theca cells is known to increase
significantly and is correlated with follicular growth (Berisha et al. 2000; Shimizu et al. 2003).
Intrafollicular concentrations of VEGF have also been demonstrated to be lowest in follicle fluid
aspirated from SF and to increase gradually with increases in follicular diameter (Mattioli et al.
2001; Kere et al. 2014). In the present study, we hypothesised that the lower meiotic competence
of oocytes from SF may be affected by the lower concentration of VEGF secreted from COCs into
the IVM medium. In Experiment 2, we found that the concentrations of VEGF secreted into the
medium at both 20 and 44 h after the start of IVM were significantly higher when COCs were
collected from MF rather than SF. These results are consistent with previous observations in which
VEGF content in the follicular fluid was compared among follicles of different sizes (Mattioli et
al. 2001; Kere et al. 2014).
A study with porcine COCs derived from MF has demonstrated that maturation,
fertilisation and even blastocyst formation are significantly improved when VEGF was added to
the medium during the first 20 h of IVM (Kere et al. 2014). However, a high concentration of
VEGF (500 ng mL–1) did not affect oocyte competence (Einspanier et al. 2002; Biswas et al.
2011; Kere et al. 2014). In the present study, when SF-derived COCs were exposed to different
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concentrations of VEGF during the first 20 h of IVM, supplementation with 100 and 200 ng mL–
1

VEGF significantly improved the number of oocytes at MII to levels similar to those seen for

oocytes from MF. These results suggest that the acquisition of meiotic competence by oocytes is
achieved in the presence of VEGF at appropriate concentrations during the first 20 h of IVM, even
when the COCs are obtained from SF. The effective concentrations of VEGF appear to be 100 and
200 ng mL–1 for COCs derived from SF, but may be different for those COCs from MF. Previous
studies have indicated that VEGF can protect bovine granulosa cells from apoptotic cell death and
follicle atresia (Greenaway et al. 2004; Kosaka et al. 2007). It is well known that VEGF induces
activation of the mitogen-activated protein kinase kinase/extracellular signal-regulated kinase
pathway via VEGF receptor 2 (VEGF-R2), preventing cells from undergoing atresia (Wang et al.
2009). Considerable evidence indicates that VEGF suppresses damage to cumulus cells (Shin et
al. 2006)) and enhances cumulus cell expansion in vitro (Biswas et al. 2011). Therefore, VEGF
may play a key role preventing the apoptosis of cumulus cells, indirectly participating in
maintaining the meiotic competence of oocytes. So it is possible that a decrease in the amount of
VEGF secreted by COCs may be one causes for the decreased competence of SF-derived oocytes.
Furthermore, when matured oocytes were subjected to IVF, the percentage of oocytes
penetrated and those forming a male pronucleus was significantly higher for SF-derived COCs
exposed to 200 ng mL–1 VEGF during the first 20 h of IVM, with values similar to those fro MFderived oocytes. The fertilisability of oocytes, including the competence to form male and female
pronuclei after sperm penetration, is considered one of the indicators of oocyte cytoplasmic
maturation (Watson 2007). In the present study, in Experiment 5, we examined developmental
competence following parthenogenetic activation because a high incidence of polyspermic
penetration following IVF of IVM porcine oocytes has frequently been reported (Funahashi 2003,
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Romar et al. 2016). Herein we demonstrated that the developmental competence of SF-derived
oocytes was significantly improved when the COCs were supplemented with 200 ng mL–1 VEGF
during the first 20 h of IVM. Recently, it was reported that the addition of 5 ng mL–1 VEGF to the
IVM medium improved the quality of mature porcine oocytes derived from MF, as well as
developmental competence following parthenogenetic activation (Kere et al. 2014). The results of
the present study indicate that VEGF is effective in improving both the quality and developmental
competence of oocytes, even when derived from SF, although the appropriate concentration
appears to differ between COCs derived from MF and SF. Therefore, the presence of 200 ng mL–
1

VEGF during the first 20 h period of IVM appears to improve the abilities of SF-derived oocytes

to develop to the MII and blastocyst stages following IVM and IVC, respectively. Supplementation
of the IVM medium with VEGF will make it possible to use COCs not only from MF, but also
from SF for the in vitro production of porcine embryos.
In conclusion, COCs derived from SF secrete lower concentrations of VEGF than those
from MF. Supplementation of the IVM medium with 200 ng mL–1 VEGF during the first 20 h of
IVM improved the meiotic ability to the MII stage, fertilisability and developmental competence
of SF-derived oocytes. Therefore, we recommend the addition of 200 ng mL–1 VEGF during the
first 20 h of IVM to optimise results of in vitro embryo production from COCs derived from SF.
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Figure 3. 1 Effect of VEGF supplementation during the first 20-h period on meiotic competence
of oocytes derived from SF
a,b

P<0.05, data from 6 replicated trials.
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Table 3. 1 Meiotic progression of oocytes derived from MF and SF 44 h after the start of IVM

Origin of

No. of oocytes

COCs

examined

MF
SF

a,b

No. (% ± SEM) of oocytes at the stage of

Deg

GV

MI

AI/TI

MII

230

2.3 ± 1.0

2.5 ± 1.6

16.3 ± 1.9 a

0.5 ± 0.5

78.4 ± 0.7 a

238

8.1 ± 2.8

3.8 ± 2.4

36.7 ± 7.3 b

0.8 ± 0.8

50.6 ± 1.5 b

Mean do not share a letter within column are significantly different (p<0.05, n=6).

Deg: degenerated; GV: germinal vesicle; MI: metaphase-I; AI/TI: anaphase-I/telophase-I; MII:
metaphase-II.
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Table 3. 2 Concentration of VEGF secreted from COCs from MF and SF into IVM media 20
and 44h after the start of IVM
Origin

of

Conc. (pg/mL) of VEGF

COCs

(mean + SEM) during IVM
20 h

44 h

MF

115.1 ± 21.2a

376.9 ± 78.9 a

SF

35.6 ± 4.0 b

67.8 ± 16.1 b

Data with different superscript shows a significant difference within column (a,bp<0.05, n=6);
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Table 3. 3 Effect of supplemented VEGF during IVM on sperm penetration and oocyte activation after IVF
Treatment

No. (% ± SEM) of oocytes

No. of

Type of

VEGF

oocytes

COCs

(ng/mL)

examined

Penetrated

MF

0

198

SF

0

SF
SF

Sperm/

Formed male &

penetrated

Monospermy

female pronuclei

oocytes

157 (79.3a ± 4.1)

36 (24.5 ± 3.3)

150 (75.7a ± 3.3)

2.8 ± 0.3

195

117 (60.0b ± 5.6)

38 (41.5 ± 9.9)

97 (49.7b ± 3.5)

2.0 ± 0.2

100

197

134 (68.0ab ± 5.9)

33 (29.0 ± 1.5)

114 (57.9.0b ± 2.9)

2.8 ± 0.4

200

194

153 (78.9a ± 2.0)

38 (27.9 ± 6.1)

137 (70.6a ± 1.5)

2.8 ± 0.4

a,b

p<0.05, Data were from 5 replicated trials.
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Table 3. 4 Effects of vascular endothelial growth factor (VEGF) supplementation during the first
20 h of IVM on the developmental competence of oocytes from small follicles (SF; 0.5–3 mm
diameter)
Origin of
oocytes
MF
SF
SF
SF

VEGF (ng
mL–1)
0
0
100
200

No. mature
oocytes
examined
184
132
164
166

Cleaved
N

%

171
115
142
150

93.0 ± 2.0
87.0 ± 1.0
86.2 ± 2.3
90.3 ± 1.3

Blastocysts formed
n
%
52
18
35
41

28.2 ± 1.4a
13.6 ± 2.8b
21.3 ± 2.9ab
24.6 ± 2.4a

No. cells per
blastocyst
31.7 ± 1.3
29.2 ± 1.0
29.1 ± 1.4
33.8 ± 3.0

Unless indicated otherwise, data show the mean ± s.e.m. (n = 6). Within columns, values with different superscript
letters differ significantly (P < 0.05). MF, medium-sized follicles (3–6 mm diameter)
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CHAPTER 4.
EFFECT OF VEGF ON EXPRESSION OF PTGS-2, TNFAIP-6, HAS-2 GENES IN
CUMULUS CELLS DERIVED FROM SMALL FOLLICLES

4.1 Introduction
Although assisted reproduction technology (ART) are not as widely utilized in swine as in
other large domestic animal species, scientists have long used pigs as the most likely potential
source for a large number of studies on human diseases because of physiological similarities
(Ibrahim et al. 2006, Lunney 2007, Meurens et al. 2012). In addition, the porcine biomedical model
has provided a fundamental research platform for developing human reproductive techniques and
for studying reproductive disease. Therefore, the selection of matured oocytes and embryos with
higher developmental potential has been one of the major challenge. To growing and have ability
that can follow fertilization and embryo development, oocyte need to have enough substrates for
energy metabolism and biosynthesis (Brower & Schultz 1982). It is well-known that oocytes have
low glycolytic activity, the energy resources, such as piruvate or amino acid. The growing oocyte
derives most of its substrates transferred from cumulus cells to oocyte via gap junctional
communications, stressing the importance of the intercommunicationare between these cells
(Heller & Schultz 1980, Brower & Schultz 1982, Kidder & Mhawi 2002). Numerous studies have
been demonstrated that the bidirectional intercellular between the oocytes and their surrounding
cumulus cells is essential for oocyte competent to undergo fertilization and embryo development
(Eppig 2001, Matzuk et al. 2002, McKenzie et al. 2004, Cillo et al. 2007, Assou et al. 2008b, Li
et al. 2016). Therefore, cumulus cells gene expression can be used as a gene markers that reflect
oocyte maturation (Blaha et al. 2015) and predict oocyte embryo competence (McKenzie et al.
2004, Feuerstein et al. 2007, Uyar et al. 2013).
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In most mammals, before ovulation, cumulus cells synthesize a large amount of the
polysaccharide hyaluronan (HA) enriched extracellular matrix that is deposited into the
extracellular spaces and causes the process of expansion (Eppig 1979b, Russell & Salustri 2006).
The production of HA is controlled by hyaluronan synthase 2 (HAS-2), which is highly expressed
in cumulus cells shortly after the preovulatory surge of LH (Fulop et al. 1997). In bovine and
porcine COCs, HAS-2 is necessary for cumulus expansion and its expression is regulated by
gonadotropins (Kimura et al. 2002, Schoenfelder & Einspanier 2003, Nagyova 2012). Since HAS2 mRNA expression in cumulus cells is well correlated with the cumulus expansion process (Fulop
et al. 1997), it is generally accepted that HAS- 2 is one of the key enzymes required for this process
(Richards 2005). Relative mRNA expression of HAS- 2 in cumulus cells increase significantly
after maturation (Anderson et al. 2009, Bhardwaj et al. 2016). Other key cumulus genes include
tumor necrosis factor alpha-induced protein (TNFAIP-6) and prostaglandin synthase-2 (PTGS-2),
which are involved in stabilisation of the cumulus complex during fertilisation and oviductal
transport (Varani et al. 2002, Fulop et al. 2003). PTGS-2, also known as COX-2, cyclooxygenase
2), the product of cumulus cells and granulosa cells, is required for maximum cumulus expansion
and ovulation (Lim et al., 1997). Tumor necrosis factor-induced protein 6 (TNFAIP-6, also known
as TSG-6), is a secreted protein that binds hyaluronic acid and inter-α trypsin inhibitor (ITI), which
is a serum-derived protein important for matrix formation. TSG-6 binding cross-links ITI heavy
chains to hyaluronic acid (Fulop et al., 2003; Mukhopadhyay et al., 2004) Expression of some of
these genes in cumulus has been associated with the development of higher quality embryos
(McKenzie et al. 2004, Cillo et al. 2007) . McKenzie et al. (2004) indicated that the expression
levels of Has 2, PTGS- 2 have a correlation with oocyte maturity, fertilization and embryo quality.
One example is the demonstration that PTGS-2 increased with the oocyte maturation and embryo

73

formation (Anderson et al. 2009). . Expression of the mentioned HAS-2 and TNFAIP-6 in cumulus
cells is linked with improved embryonic development through adequate cumulus expansion (Elvin
et al. 1999, Elvin et al. 2000, Pangas et al. 2002). The biochemical assessment of cumulus cell
may generate additional information necessary for an understanding of successful and
unsuccessful fertilization, both in vivo and in vitro. The expression of genes (e.g. HAS-2, PTGS2 and TNFAIP-6) expressed in the cumulus during expansion, and discarded at the time of IVF,
may give a direct assessment of the fertility potential of an individual oocyte without
compromising the oocyte integrity.
Our recent works provided evidences that VEGF markedly improves the meiotic and
developmental competence of oocytes derived from small follicle, especially at a concentration of
200 ng mL–1 during the first 20 h of in vitro maturation. Additionally, VEGF played an important
role to maintain the viability of surrounding cumulus cells. The present of VEGF significantly
increase the cumulus cell expansion and the inadequate signal transduction of VEGF in the
presence of axitinib during IVM somehow disturbed the arrest of oocytes at the GV stage and
reduced the meiotic competence of the metaphase II stage. Therefore, in this study, we correlated
cumulus granulosa cell gene expression of HAS-2, PTGS-2 and TNFAIP-6 with the effect of
200ng/mL VEGF in search of a parameter for oocyte quality and embryo selection .
4.2 Material and methods
4.2.1 Isolation of total RNA and reverse-transcription
After removal from oocytes, cumulus cells were transferred to a 1.5 ml tube and centrifuged
for 5 min at 800 × g. The supernatant was removed and the cumulus cells were frozen at −80°C
for Reverse transcription PCR (RT-PCR) analysis. Total RNA was extracted from pooled samples
of cumulus cells using the PicoPure RNA Isolation Kit (Arcturus Bioscience, Mountain View, CA,
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USA) as recommended by the manufacturer, followed by DNase treatment and eluted in 16 µl
water. After extraction, the total RNA concentration of cumulus cell samples was determined by
using the Dnase treatment (Qiagen). Since the number of cumulus cells varied between pooled
samples, the lowest RNA concentration in all samples was used as the standard for normalization
and an equal amount of RNA was used for all reverse transcription reactions. Reverse transcription
was performed using a oligo (dT) 12–18 primer with SuperScript III First-Strand Synthesis
System for RT-PCR (Invitrogen). Reactions were performed at 65°C for 5 min, 50°C for 50 min
and at 85°C for 5 min for enzyme inactivation. The products were diluted four times and were
stored at −20 C until real-time PCR amplification.
4.2.2 Reverse transcription PCR
The primers used for the RT-PCR are listed in Table 4.1. The control gene was receptor like
protein 19 (RLP19). All genes were run on the Lightcycler® 96 in 20µl reactions of Power SYBR
Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) with 2µl cDNA and 0.6 mM
primer concentration for the genes of interest and 10μl SYBR Green PCR master mix. Activation
was done at 95 oC for 3 min. Amplification conditions were: 45 cycles of 20s at 95 oC, 30s at 58
o

C and 20s at 72 oC. Annealing was done with 1 cycle of 95 oC for 5s, 65oC for 1 min and 97oC

for 1 min. And finally, the products were cooling down at 37 oC.
4.2.3 Statistical analysis
For cumulus cell RT-PCR results, the mRNA abundance of target genes was normalized to
an internal control, RLP19 for sample to sample comparisons. The expression level of the target
gene at 0 hpm was set at 1, and data from other time points were calculated accordingly. Relative
expression ratios were obtained by the comparative threshold cycle method (Livak and Schmittgen
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2001). Data from four or five replicated trials were evaluated using one way analysis of variance
(ANOVA) in StatView (Abacus Concepts). Findings were considered significantly different at P
< 0.05 and, when there was a significant effect, values were compared with a Dunn–Bonferroni
post hoc test.
4.2.4 Experiment design
The objective of this experiment was to validate the functional relationship of 200 ng mL1

VEGF (V4512; Sigma-Aldrich) to oocyte competence in SF oocytes, suggested by our gene

expression analysis results. Three separate pools of cumulus cells from 40 COCs were
independently sampled from treatment and controls to analyze VEGF, VEGFR (Flt-1), TNFAIP6, PTGS-2 and HAS-2 expression. This experiment was replicated 4-5 times.
4.3 Results
4.3.1. Effect of follicle sizes on the expression of VEGF and VEGFR (Flt-1) genes in
cumulus cells
Effect of follicle size on VEGF mRNA levels in cumulus cell were determined. As shown
in Figure 3.1, after 20 hours culturing with gonadotropins, cumulus cells (CCs) derived from MF
containing expression sequence of VEGF mRNA levels significantly higher than those derived
from SF, whereas the expression levels of VEGFR (Flt-1) transcripts were not significantly
different between MF and SF (Figure 4.2).
4.3.2. Effect of VEGF on the expression of PTGS-2, TNFAIP-6, HAS-2 genes in cumulus
cells derived from small follicles
The effect of 200 ng/mL VEGF on gene expression was examined in cumulus cells
separated from 160- 200 COCs after 20h culture (four or five replicates in total). As indicated in
Figure 4.4 & 4.5 , there were significant differences in mRNA levels in CCs of SF-derived COCs
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cultured with 200 ng/mL VEGF than that of VEGF-free controls (P<0.05), whereas TNFAIP-6
level was not significant (Figure 4.3)
4.4 Discussion
In this study, without supplementation of VEGF in culture medium, we test the presence
of VEGF and VEGFR mRNA levels. We identify that except VEGFR, VEGF has differently
expressed in cumulus cells derived from MF more than SF. We prevously examined the meiotic
competence of oocyte from both MF and SF. The number of oocyte maturing to MII was
significantly lower in SF than MF group. Not only on pig, the other species have demonstrated a
clear relationship between follicle size and IVM and fertilisation rates (Lonergan et al. 1994,
Wittmaack et al. 1994, Crozet et al. 1995, Cognie et al. 1998, Otoi et al. 2000, Marchal et al. 2002,
Raghu et al. 2002, Khatir et al. 2007). Many studies indicate that co-culture with cumulus cells
significantly increase maturation rate and blastocyst formation of denuded oocytes during IVM in
sheep (Kyasari et al. 2012), mouse (Jiao et al. 2013), porcine (Yoon et al. 2015), goat (Wang et
al. 2011), human (Combelles et al. 2005), and rat (Jiao et al. 2016). Interestingly, our data
(previous study) was show that the atretic of cumulus cells occur during IVM cause vastly decrease
of mature oocyte rate. It is well known that cumulus cells communicate with each other and with
the oocyte through gap junction (Eppig et al. 2002). The presence of cumulus cells promotes
normal fertilization with proper pronuclear formation. Then cumulus cells then not only control
the rate of nuclear maturation and help to maintain oocyte penetrability of the oocytes, but their
presence also seems necessary to promote normal cytoplasmic maturation. These facts were
indicated by the reduced frequency of abnormal fertilization of oocytes matured in the presence of
cumulus cells. With culumus cells, oocytes had a significantly higher maturation, fertilization,
cleavage and blastocyst rate than oocytes without them (Nikseresht et al. 2015). In order words,
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maintaining the viability of cumulus cells, and consequently enhance cumulus expansion to arrow
the acquisition of meiotic and developmental competence of oocytes. Our result was identify that
the presence of VEGF significantly prevent the atretic of cumulus cell. Base on the result of present
study, VEGF may or may not associated with cumulus cells proliferation, thus promoting the
oocyte maturation and developmetal competence (Zimmermann et al. 2003).
Oocyte competence is a key factor limiting female fertility, yet the understanding
molecular mechanisms that contribute to oocyte competence will provide noninvasive means to
assess oocyte quality (Ouandaogo et al. 2011). Cumulus cells gene expression may reflect the
oocyte's degree of maturation. Numerous studies have been conducted to profile cumulus gene
expression, identify gene markers, and predict oocyte or embryo competence (McKenzie et al.
2004, Cillo et al. 2007, Assou et al. 2008a, Ouandaogo et al. 2011). The present study has also
provided new information on the gene expression levels of key factors involved in somatic cell
maturation. The expression levels of PTGS-2 and HAS-2 showed significantly difference in
cumulus cells derived from SF during the IVM procedure with the supplementation of 200 ng/mL
VEGF whereas the unclear different expression was detect on TNFAIP-6. The resumption of
meiosis and developmental competence acquisition during oocyte growth and maturation is
accompanied by an expansion of cumulus cells (Eppig 1979b, Chesnel et al. 1994, Qian et al. 2003,
Han et al. 2006, Auclair et al. 2013). Cumulus expansion intensity are decisive in the success of
oocyte maturation in vitro and required for viability of matured and fertilized oocytes (Prochazka
et al. 2000, Qian et al. 2003, Ju & Rui 2012). When COCs were cultured invitro, the oocytes secret
one or more factors that promote cumulus cell proliferation and modulate extracellular matrix
components (EMC) (Vanderhyden et al. 1992). Activation of several key ECM genes in cumulus
cells plays crucial roles regulating gonadotropin-dependent cumulus expansion including HAS-2,
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PTGS-2 and TNFAIP-6 (Lim et al. 1997, Fulop et al. 2003, Su et al. 2003). We determined the
expression levels of the EMC genes after VEGF treatment and found that VEGF significantly
increase the HAS-2 and PTGS-2 mRNA levels of the cumulus expansion related genes, except
TNFAIP-6. This phenomenon may result from the VEGF induce the activation of ERK1/2.
Because the ERK1/2 activity in cumulus cells is essential for gonadotropin-induced cumulus
expansion in the mouse (Su et al. 2002). Cumulus expansion of the cumulus-oocyte complex is
necessary for meiotic maturation and acquiring developmental competence. During meiotic
maturation of the oocyte, cumulus cells change their morphology and metabolic activity. Thus,
cumulus cells significantly influence oocyte maturation and developmental competence
acquisition (Prochazka et al. 2000, Qian et al. 2003, Ju & Rui 2012, Auclair et al. 2013).
Accordingly, the quality of cumuli and cumulus expansion are important markers of the COCs’
quality necessary for reproductive biotechnologies (Han et al. 2006). A study on cumulus cells,
the increase in PTGS-2 expression in competent COCs was reported, hence its proposed role as a
marker of oocyte competence (McKenzie et al. 2004, Assidi et al. 2008). In addition, the
expression of PTGS-2 and HAS-2 in CCs was higher in oocytes that developed into higher quality
embryos compared with the ones that developed into lower quality embryos (McKenzie et al.
2004). Mice lacking functional PTGS-2 have defects in ovulation, fertilization, decidualization
and implantation (Lim et al. 1997). The data described in previous studies reveal that
supplemetaion of VEGF in culture medium in first 20 h of IVM enhance the cumulus expansion
and increase the developmental competence of oocyte derived from small follicle which was
known to have much lower competence to mature to MII in vitro (Yoon et al. 2000, Romaguera
et al. 2010b, Kohata et al. 2013) because of a lack of factors that regulate meiotic and cytoplasmic
maturation (Romaguera et al. 2010b).
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In conclusion, we demonstrate that VEGF may play an important role on oocyte
development and the supplementation of IVM medium with VEGF increased at least expression
of PTGS-2 and HAS-2 transcripts and may influence the quality of the oocytes.
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Table 4. 1 Summary of selected genes evaluating cumulus cell markers of oocyte and embryo
quality

Gene
studies

Primer

References

VEGF

5′-GCTTGGAGTGTGTGCCCA-3′
3′-GTGCTGTAGGAAGCTCATC-5′

VEGFR
(Flt-1)

5′-CAAACCACACCGGCTTCTA-3′
3′-GGATCTCGCTGTGCATCTC-5′

5′-GGC TGC GGG AAC ATA ATA GA-3′
3′-GCA GCT CTG GGT CAA ACT TC-5′
5′-ATC ATC CAA AGC CTG TTT GC -3
HAS2
3′-GGA CCC TTT TCG TGG AAG TT -5′
5′-TCA TAA CTC CAT ATG GCT TGA AC-3′
TNFAIP6
3′-ACC ATA GAG CGC TTC TAA CTC TGC -5′
5′-TGC TCG AAT GCC TGA GAA G-3′
PRL19
3′-GGT ACA GAC TGT GAT ACA TG-5′
PTGS2
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Yamashita et al. (2007)
(Cillo et al. 2007, Brevini
et al. (2014))
(Yuan et al. (2011),
Brevini et al. 2014)

3.5

VEGF relative expression

a

P <0.05

3

b
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SF

Figure 4. 1 Cumulus cell VEGF expression associated with MF and SF (n=4)
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Figure 4. 2 Cumulus cell VEGFR (Flt-1) expression associated with MF and SF (n=4)
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Figure 4. 3 Cumulus cell TNFAIP-6 expression associated with MF, SF and SF200 (n=4)
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Figure 4. 4 Cumulus cell PTGS2 expression associated with MF, SF and SF200 (n=5)
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Figure 4. 5 Cumulus cell HAS-2 expression associated with MF, SF and SF200 (n=5)
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CHAPTER 5.
INADEQUATE SIGNAL TRANSDUCTION OF VASCULAR ENDOTHELIAL GROWTH
FACTOR IN PORCINE CUMULUS-OOCYTE COMPLEXES REDUCES THE
VIABILITY OF CUMULUS CELLS AND MEIOTIC COMPETENCE OF OOCYTES

5.1 Introduction
Since the first successful report of in-vitro maturation (IVM) in rabbit (Pincus & Enzmann
1935b), the technique has made possible to use un-ovulated oocyte resources for embryo
production in vitro and has frequently been updated to improve the meiotic and developmental
competences over many decades, even in the pigs (Funahashi 1998, Day 2000, Kikuchi & Kikuchi
2004, Romar et al. 2016). However, only cumulus-oocyte complexes (COCs) derived from
middle-sized follicles (MF; 3-6 mm diameter) or larger ones have been used IVM and in-vitro
fertilization (IVF); oocytes from the small follicles (SF; <3mm diameter), which account for most
follicles in ovaries (Morbeck et al. 1992b), have much lower competence to mature to the MII
stage (Marchal et al. 2001, Romaguera et al. 2011, Kohata et al. 2013). If a suitable IVM system
for COCs derived from SF can be developed, we may be able to use more follicular oocytes per
ovary to produce embryos in vitro, consequently contributing the development of animal
production and human assisted reproductive technologies (ARTs). Because porcine ovaries
contain a relatively larger number of follicular resources than other species, including human
(Gosden & Telfer 1987), the pig is one of the suitable species in which the meiotic and
developmental competences of oocytes derived from SF can be studied.
Recently, we have demonstrated that the quantity of VEGF secreted from COCs was
associated with the developmental competence of porcine oocyte derived from follicles in different
diameters (Bui et al. 2016). Supplementation with VEGF during the first 20-h period of IVM also
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improved drastically the meiotic and developmental competences of porcine oocyte derived from
SF (Bui et al. 2016). Recently, it has been known that the addition of VEGF to IVM medium have
beneficial effects on the quality of mature porcine oocyte derived from MF and the blastocyst
formation (Kere et al. 2014a), suggesting that VEGF could be considered as a valuable
biochemical markers of oocytes maturation (Kawano et al. 2003). In fact, VEGF has been known
to interact with its receptor present in granulosa and/or theca cells and acts as a mitogenic factor
in the developing goat (Bruno et al. 2009b) and preantral human follicles (Abir et al. 2010a).
Therefore, these evidences also suggest that the enough contents of VEGF secreted by COCs from
MF, and even SF, should be associated with maintaining the quality and competent of the oocytes.
Vascular endothelial growth factor (VEGF) was firstly found as vascular permeabilityinducing factor secreted by tumor cell (Senger et al. 1983), characterized as a homodimer
composed of two subunits with a molecular mass of 23 kDa (Gospodarowicz et al. 1989). VEGF
acts via three main subtypes of VEGF receptors, named VEGFR-1 (Flt-1), VEGFR-2 (Flk-1/KDR)
and VEGFR-3 (Flt-4) (Ferrara et al. 2003, Shibuya 2011). It has been known that the expression
and amount of VEGF and its receptors (VEGFR-2) are upregulated as the follicle develops
(Greenaway et al. 2004). It has also been demonstrated for VEGF to stimulate the survival of
endothelial cells in vessels through the inhibition of apoptosis (Macchiarelli et al. 1993), as well
as promote cells’ proliferation, migration and differentiation, and cause changes in gene expression
patterns and inhibition of senescence (Dvorak 2000). The presence of VEGF allows the
development of vascular network and induces cell proliferation while the lack of this factor causes
the regression of vessels in nonproductive ovarian follicles, likely atresia (Hanahan 1997). The
absence of VEGFA activity increases the ovary apoptosis in prepubertal rats (Abramovich et al.
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2006). Inactivation of VEGF gene causes the angiogenesis to develop abnormally and reduces the
viability of murine embryos (Ferrara et al. 1996).
Although VEGF has some initial beneficial effects during meiotic and embryo
development, the detail mechanism of how VEGF works is poorly understood. Therefore, the aim
of the present study was to compare the viability and meiotic ability of porcine oocytes from
different sizes in case of absence or presence of axitinib, a potent and selective second-generation
inhibitor of VEGFR-1, VEGFR-2, and VEGFR-3.
5.2 Material and methods
5.2.1 Experiment designs
5.2.1.1 Effect of VEGF receptor inhibitor (axitinib) on the viability of cumulus cells the first
20-h after the start of IVM
Cumulus-oocyte complexes derived from MF and SF were cultured in the absence or
presence of 1.25 nM axitinib (Tocris Bioscience, R&D Systems, USA) during the first 20-h after
the start of IVM. To assess the viability of cumulus cell mass, the COCs were staied with SYBR
green I/ propidium iodide (1 µg mL-1) in PBS for 15 min. Then, the COCs were mounted on glass
slide with Vectashield™ mounting medium with 4’, 6-Diamidino-2-phenylindole (DAPI; Vector
Laboratories Inc., Burlingame, CA, USA). The slide was immediately observed under a
fluorescence microscope with excitation (450-490 nm) and emission (520 nm) filters (Nikon
eclipse 80i, Tokyo, Japan). Live or viable cells with intact membrane were stained green by SYBR
Green I, whereas damaged or dead cells with a compromised membrane were stained orange-red
by PI. Basing on the fluorescent signal, the COCs were separated into four criteria: criterion A,
less than 25% of cumulus cell were dead; criterion B, twenty-five to 50 % of cumulus cells were
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dead; criterion C, fifty to 75% of cumulus cells were dead; and criterion D, more than 75 % of
cumulus cells were dead.
5.2.1.2 Effect of VEGF on cumulus expansion during the first 20-h after the start of IVM
Forty COCs derived from SF were exposed to 0 and 200 ng mL-1 VEGF during the first
20-h after the start of IVM. A group of forty COCs derived from MF also prepared IVM in the
absence of VEGF, as positive controls. For cumulus cell expansion assessment, all of COCs were
taken images at x100 magnification before or after culture. The perimeters of COCs were measured
by ImageJ software (https://imagej.nih.gov/ij/). Experimental data were obtained from trials
replicated 5 times.
5.2.1.3 Effect of VEGF receptor inhibitor, axitinib, on the meiotic progression of oocytes
derived from SF and MF
Cumulus-oocyte complexes derived from MF and SF were exposed to 0 or 1.25 nM axitinib
during the first 20-h after the start of IVM. To access the meiotic progression of oocytes, some of
the COCS were continued culture for another 24 h period to complete IVM. At totally 20 or 44 h
of IVM, the oocytes were denuded by pipetting in a modified TL-HEPES-PVA medium containing
0.1% (w/v) hyaluronidase, and were mounted on a glass slide and fixed in acetic alcohol (25%
(v/v) acetic acid in ethanol) for 2-3 days. The nuclear stage of the oocytes was evaluated under a
phase contrast microscope at magnifications x200 and x400 following 5 minutes staining with 1%
(w/v) orcein in 45% (v/v) acetic acid.
5.2.2 Statistical analysis
Data from five replicated trials were evaluated to examine the variables (the percentage of
COCs in each criterion of the live/dead status in Experiment 1, the increasing rate of perimeter of
COCs in Experiment 2 and the meiotic stage of oocytes in Experiment 3) using one-way analysis
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of variance (ANOVA) in StatView (Abacus Concepts, Inc., Berkeley, CA). To fit a normal
distribution, percentage data were arc-sine transformed before analysis if the data contained
percentages >90% or <10%. All data are expressed as the mean ± SEM. Findings were considered
to be significantly different at P<0.05, and when there was a significant effect, values were
compared with a Tukey’s multiple comparisons test.
5.3 Results
5.3.1 Effect of VEGF receptor inhibitor, axitinib, on the viability of cumulus cells the first
20-h after the start of IVM
In this experiment, totally 338 and 341 COCs were used from MF and SF, respectively. To
examine the effect of axitinib on the viability of cumulus complexes, the live/dead status of COCs
was accessed into four criteria (survival rate of cumulus cells in criterion A, 75-100%; B, 50-75%;
C, 25-50%; and D, 0-25%) (Figure 5.1) 20 h after the start of IVM. In comparison with axitinibfree controls, the percentage of COCs in the criterion A decreased significantly when those were
culture in the presence of 1.25 nM axitinib, regardless of the COCs from SF or MF (49.1% vs.
17.9% in MF and 28.2% vs. 11.3% in SF, P<0.05, respectively). The percentage of COCs in the
criterion D increased significantly if axitinib presents in the IVM medium (17.1% vs. 43.1% in
MF and 28.8% vs 57.7% in SF, P < 0.01, respectively), whereas there were no significant
differences in the percentages in criteria B and C (Table 5.1).
5.3.2 Effect of VEGF on cumulus expansion during the first 20-h after the start of IVM
In this experiment, totally 588 COCs containing 192 SF COCs cultured with 200 ng mL-1
VEGF were used to assess the degree of cumulus cell expansion. As shown in Table 5.2, the
average perimeter of SF COCs cultured with 200 ng mL-1 VEGF increased 141.4%, which was
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significantly higher than SF control (125.7%, P< 0.05) and similar with MF (149.2%), at 20 h
after the start of IVM.
5.3.3 Effect of VEGF receptor inhibitor, axitinib, on the meiotic progression of oocytes
derived from SF and MF
As shown in Table 5.3, there was not a significant difference in the percentage of oocytes
at the germinal vesicle (GV) stage between both control groups in which the COCs were derived
from MF (89.8%) and SF (84.6%). However, the presence of 1.25 nM axitinib for the first 20-h
period of IVM drastically decreased the percentage, and permitted the spontaneous meiotic
resumption to the metaphase I stage in regardless of the origin of oocytes (57.9% and 37.5% in
MF oocytes; 48.9% and 44.8% in SF ones, respectively).
To determine the meiotic competence of oocytes to the metaphase II stage in the absence
and presence of axitinib, totally 792 COCs from MF and SF were used. As shown in Table 5.4,
the presence of 1.25 nM axitinib for the first 20-h period of IVM significantly increased (P<0.05)
the percentage of oocytes arresting at the metaphase I stage (from 14.1% to 40% in MF and 31.6%
to 52.7% in SF) and consequently decreased (P<0.05) the percentage of oocytes at the metaphase
II (from 81.2% to 35% in MF oocytes and from 49% to 20.1% in SF) after the end of culture for
IVM, in regardless of the origin of the COCs. In the presence of axitinib, the incidence of
degenerated oocytes increased significantly (18.0% vs. 0.5%, P<0.05), only when the COCs were
obtained from MF.
5.4 Discussion
Axitinib (C 12 H 18 N 14 OS), a potent and selective inhibitor of VEGF receptor-1, -2 and -3)
(Kelly & Rixe 2009), has been shown to inhibit the signal transduction of VEGF by binding to the
tyrosine kinase domain of VEGF receptors and stabilizing an inactive conformation of the kinase.
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According to a report by Hu-Lowe et al. (2008), axitinib can also block the VEGF-mediated
endothelial cell adhesion and migration on extracellular matrix protein. This induces early
endothelial apoptosis, which is a coordinated and often energy-dependent process involving the
activation of a group of cysteine called “caspases” and a complex cascade of events that link the
initiating stimuli to the final demise of the cell. In the current study, we demonstrated that the
presence of axitinib during the first 20-h period of IVM significantly reduced the viability of
cumulus complexes. In our current knowledge, this study is the first report to demonstrate the
reaction of cumulus cells against an inhibitor of VEGF receptors, axitinib. Blocking VEGF or
VEGFR-2 reduces cAMP response element-binding protein (Lee et al. 2009). The protein is
phosphorylated by Akt at Ser133, which stimulates the recruitment of CREB-binding protein (CBP)
to the promoter of target genes, such as Bcl-2. This process should be avoided for cell survival
(Du & Montminy 1998). It has been known that supplementation of culture medium with VEGF
significantly decreased the level of caspase-3 in porcine oocytes (Kere et al. 2014b). VEGF and
its receptors appear to act as a protector to rescue granulosa cells from undergoing apoptosis
(Greenaway et al. 2004, Kosaka et al. 2007). Furthermore, it has been demonstrated that the quality
embryos produced in vitro is negatively correlated with the rate of apoptosis in cumulus cells of
the COCs (Host et al. 2000, Lee et al. 2001). Combining with our data, therefore, we indicate here
that VEGF is an essential factor to maintain the viability of cumulus cells during IVM.
It is well known that healthy granulosa and cumulus cells nurture the oocytes through the
final phases of the follicular development (Sugiura et al. 2005, Gilchrist et al. 2008). There are
some evidences that the absence of cumulus cells before the start of IVM reduces the incidence of
oocytes matured and/or fertilized in vitro (Zhang et al. 1995, Goud et al. 1998) whereas removing
cumulus cells from the COCs 20 h after the start of IVM enhanced the incidence of mature oocytes
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(Ferré et al. 2016). In the current study, we showed that supplementation with 200 ng/ml VEGF
during the first 20-h period after the start of IVM significantly increased the cumulus expansion
of SF-derived COCs to the similar level with MF-derived ones. Cumulus cell expansion has been
known to be necessary for acquiring meiotic and developmental competences (Elvin et al. 1999,
Vanderhyden et al. 2003). Recently, we also showed that supplementation with VEGF under the
same conditions with the current study significantly increased both meiotic (to the metaphase II
stage) and developmental competences (to the blastocyst stage) of oocytes derived from SF (Bui
et al. 2016). Therefore, we suggest here that VEGF plays an important role in maintaining the
viability of cumulus cells, and consequently enhance cumulus expansion to arrow the acquisition
of meiotic and developmental competences of SF-derived oocytes, to the similar level of MFderived ones.
In general, gonadotropin and/or growth factors have been supplemented to the IVM
medium to induce the meiotic resumption of porcine oocytes (Funahashi et al. 1994a, Funahashi
et al. 1997, Akaki et al. 2009) by production of positive stimulatory factors, in cumulus cells
(Downs et al. 1988). In our IVM protocol, we have added 1mM db-cAMP for the first 20-h period
of IVM to maintain the oocytes at the GV stage during that time (Funahashi et al. 1997). In the
current experiments, we also observed a high percentage of oocytes arrested at the GV stage in the
absence of axitinib 20 h after the start of IVM. Surprisingly in the presence of 1.25nM axitinib,
however, the percentage significantly decreased, even in the presence of db-cAMP. Consequently,
the incidence of oocytes matured to the metaphase II stage drastically decreased at the end of IVM
culture; the majority of oocytes arrested at the metaphase-I stage. It is well known that cumulus
cells communicate with each other and with the oocyte through gap junction (Eppig et al. 2002).
It has been believed that cAMP generated in cumulus cells is transferred to the oocyte via the gap
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junction to maintain meiotic arrest at the GV stage. Therefore, results in the present study
demonstrated that inhibition of the VEGF pathway by axitinib also affected the communication
between cumulus cells and the oocytes through the gap junction.
In conclusion, vascular endothelial growth factor plays important roles to maintain the
viability of cumulus cells and to enhance the cumulus expansion. Interruption of VEGF pathway
by using a VEGF receptor inhibitor, axitinib permits spontaneous meiotic resumption, even in the
presence of dbcAMP and consequently reduces the meiotic competence of oocytes to the
metaphase II stage.
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Table 5. 1 Effect of axitinib on the live/dead status of cumulus cells 20 h after the start of IVM
Origin

Conc.

No. of

of

axitinib

COCs

COCs

(nM)

examined

A

B

C

D

MF

0

174

49.1 ± 3.7a

22.6 ± 3.1

11.4 ± 2.1

17.1 ± 2.8 c

1.25

164

17.9 ± 2.8b

23.4 ± 4.5

15.6 ± 1.4 43.1 ± 5.3ab

0

173

28.2 ± 3.0b

23.9 ± 2.3

19.1 ± 3.9 28.8 ± 1.1bc

1.25

168

11.3 ± 1.9c

11.8 ± 1.5

19.2 ± 2.3

SF

% (mean + SEM) of COCs in the live score of:

57.7 ± 1.1a

a,b,c

Different superscript letters indicate significant differences between values in the same column

(P < 0.05). Data were obtained from trials replicated 5 times.
Live scores show the percentage of live cumulus cells in a COC: A, 75-100%; B, 50-75%; C, 2550%; D, 0-25%.
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Table 5. 2 Effect of the presence of VEGF on cumulus cell expansion during the first 20-h after
the start of IVM

a,b,c

Origin

Conc. of

No. of

Perimeter (µm) of COC at:

% of

of

VEGF

COCs

COCs

(ng/mL)

examined

0h

20 h

for 20 h

MF

0

197

1194.4 + 23.7a

1786.0 + 72.9a

149.2 + 3.1a

SF

0

193

934.3 + 17.3b

1175.0 + 37.7b

125.7 + 2.1b

SF

200

195

1026.0 + 19.4b

1452.9 + 44.9c

141.4 + 1.8a

increase

Different superscript letters indicate significant differences between the values in the same

column (p < 0.05). All data are shown as mean + SEM. Data were obtained from trials replicated
5 times
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Table 5. 3 Effect of axitinib on the meiotic progression of oocytes derived from MF and SF 20 h
after the start of IVM
Origin

Conc.

No. of

of

axitinib

COCs

COCs

(nM)

examined

GV

Met-I

Met-II

Deg.

MF

0

167

89.8 ± 1.0a

6.6 ± 0.9b

3.6 ± 0.4a

0

1.25

171

57.9 ± 1.6b 37.5 ± 2.1a

1.2 ± 0.8ab

3.5 ± 1.4

0

168

84.6 ± 1.9a

7.7 ± 2.0b

0b

7.7 ± 1.7

1.25

174

48.9 ± 3.9b 44.8 ± 3.6b

0b

6.4 ± 1.8

SF

a, b

% (mean + SEM) of oocytes at the stage of:

Different superscript letters indicate significant differences between the values in the same
column (p < 0.05). Data were obtained from trials replicated 5 times. GV, germinal vesicle;
Met-I, metaphase-I; Met-II, metaphase-II; Deg., degenerated.
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Table 5. 4 Effect of the presence of axitinib during the first 20-h after the start of IVM on the
meiotic competence of oocytes derived from MF and SF
Origin

Conc.

No. of

of

axitinib

COCs

COCs

(nM)

examined

GV

MF

0

193

4.2 ± 1.1b

1.25

200

7.0 ± 2.6ab 40.0 ± 3.7ab 35.0 ± 2.5c 18.0 ± 7.0 a

0

200

10.0 ± 3.8ab 31.6 ± 4.2b 49.0 ± 3.4b 9.5 ± 3.3 ab

1.25

199

16.1 ± 2.6a 52.7 ± 3.2a 20.1 ± 2.2d 11.1 ± 2.7 ab

SF

a, b

% (mean + SEM) of oocytes at the stage of:

Met-I

Met-II

14.1 ± 1.9c 81.2 ± 2.2a

Deg.

0.5 ± 0.5 b

Different superscript letters indicate significant differences between the values in the same
column (p < 0.05). Data were obtained from trials replicated 5 times. GV, germinal vesicle;
Met-I, metaphase-I; Met-II, metaphase-II; Deg., degenerated.
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A

C

B

D

Figure 5. 1 Pattern of live/dead cumulus cells/COC after 20 h incubating with VEGF inhibitor.
Pattern A, B, C or D is respectively characterized by less than 25%, 25 – 50%, 50 – 75% or
more than 75 % of cumulus cells present in red signal of propidium iodide
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CHAPTER 6. GENERAL DISCUSSION

The focus of the present study was on the effects of VEGF on the meiotic ability to reach
to the MII stage, fertilisability and developmental competence of oocytes derived from SF. With
regard to follicular size, many studies have demonstrated a clear relationship between follicle size
and IVM and fertilisation rates. In the present study, we observed that only half the SF-derived
oocytes were fully competent to mature to the MII stage. The concentrations of VEGF secreted
into the medium at both 20 and 44 h after the start of IVM were significantly higher when COCs
were collected from MF rather than SF. So it is possible that a decrease in the amount of VEGF
secreted by COCs may be one causes for the decreased competence of SF-derived oocytes. When
the supplementation with 100 and 200 ng mL–1 VEGF were exposed to media during the first 20
h of IVM, SF-derived COCs significantly improved the number of oocytes at MII to levels similar
to those seen for oocytes from MF. This suggest that the acquisition of meiotic competence by
oocytes is achieved in the presence of VEGF at appropriate concentrations, even when the COCs
are obtained from SF. Furthermore, the percentage of oocytes penetrated, male pronucleus
formation following IVF and the developmental competence following parthenogenetic were
significantly higher for SF-derived COCs exposed to 200 ng mL–1 VEGF, with values similar to
those for MF-derived oocytes. The results of the present study indicate that VEGF is effective in
improving both the quality and developmental competence of oocytes, even when derived from
SF. Therefore, the presence of 200 ng mL–1 VEGF during the first 20 h period of IVM appears to
improve the abilities of SF-derived oocytes to develop to the MII and blastocyst stages following
IVM and IVC, respectively.
In this second study, without supplementation of VEGF in culture medium, we test the
presence of VEGF and VEGFR mRNA levels. We identify that except VEGFR, VEGF has
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differently expressed in cumulus cells derived from MF more than SF. The number of oocyte
maturing to MII was significantly lower in SF than MF group. Not only on pig, the other species
have demonstrated a clear relationship between follicle size and IVM and fertilisation rates. Many
studies indicate that co-culture with cumulus cells significantly increase maturation rate and
blastocyst formation of denuded oocytes during IVM. The presence of cumulus cells promotes not
only control the rate of nuclear maturation and help to maintain oocyte penetrability of the oocytes,
but their presence also seems necessary to promote normal cytoplasmic maturation. In addition,
our result was identify that the presence of VEGF significantly prevent the atretic of cumulus cell
These facts were support for that VEGF expressed in CCs and the oocyte competence have the
correlation with follicle size and cumulus cells proliferation.
The supplementation of 200 ng/mL VEGF in culture medium significantly increase the
HAS-2 and PTGS-2 mRNA levels in cumulus cells separated from SF. The CCs gene expression
were known to be used as a marker that could predict oocyte or embryo competence. The
resumption of meiosis and developmental competence acquisition during oocyte growth and
maturation is accompanied by an expansion of cumulus cells. Activation of several key ECM genes
in cumulus cells plays crucial roles regulating gonadotropin-dependent cumulus expansion
including HAS-2, PTGS-2 and TNFAIP-6. This phenomenon may result from the VEGF induce
the activation of ERK1/2. In addition, the expression of PTGS-2 and HAS-2 in CCs was higher
in oocytes that developed into higher quality embryos compared with the ones that developed into
lower quality embryos. These data described that supplemetaion of VEGF in culture medium in
first 20 h of IVM enhance the cumulus expansion and increase the developmental competence of
oocyte derived from small follicle which was known to have much lower competence to mature to
MII in vitro.
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In the final part, we tested whether the absence of VEGF in in vitro culture may effect to
the oocyte maturation. The result was demonstrated that the presence of VEGF inhibitor, axitinib,
during the first 20-h period of IVM significantly reduced the viability of cumulus complexes, and
hence reduces the incidence of oocytes matured in vitro. Blocking VEGF or VEGFR-2 reduces
cAMP response element-binding protein. And the prevent of VEGF-mediated endothelial cell
adhesion and migration on extracellular matrix protein induces early endothelial apoptosis. VEGF
and its receptors appear to act as a protector to rescue granulosa cells from undergoing apoptosis
by decrease decreased the level of caspase-3 in porcine oocytes. Therefore, we suggest here that
VEGF plays an important role in maintaining the viability of cumulus cells, and consequently
enhance cumulus expansion to arrow the acquisition of meiotic and developmental competences
of SF-derived oocytes, to the similar level of MF-derived ones.
Interestingly, to our knowlegde, gonadotropin and/or growth factors have been
supplemented to the IVM medium to induce the meiotic resumption of porcine by production of
positive stimulatory factors, in cumulus cells. In our IVM protocol, we have added 1mM db-cAMP
for the first 20-h period of IVM to maintain the oocytes at the GV stage during that time.
Surprisingly in the presence of 1.25nM axitinib, however, the percentage significantly decreased,
even in the presence of db-cAMP. Consequently, the incidence of oocytes matured to the
metaphase II stage drastically decreased at the end of IVM culture; the majority of oocytes arrested
at the metaphase-I stage. It has been believed that cAMP generated in cumulus cells is transferred
to the oocyte via the gap junction to maintain meiotic arrest at the GV stage. Therefore, results in
the present study demonstrated that inhibition of the VEGF pathway by axitinib also affected the
communication between cumulus cells and the oocytes through the gap junction.
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In conclusion, the supplementation of the IVM medium with 200 ng mL–1 VEGF during
the first 20 h of IVM improved the meiotic ability to the MII stage, fertilisability, developmental
competence and expression of PTGS-2 and HAS-2 transcripts of SF-derived oocytes. This also
plays important roles to maintain the viability of cumulus cells and to enhance the cumulus
expansion. Therefore, we recommend the addition of 200 ng mL–1 VEGF during the first 20 h of
IVM to optimise results of in vitro embryo production from COCs derived from SF.
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CHAPTER 7. SUMMARY

In vitro maturation (IVM) oocytes is essential for applications such as increasing
opportunities for the successful birth of babies in assisted reproductive medicine, reducing the
generation interval in important species and producing transgenic animals for cell therapies,
protein production or other medical applications. The number of studies demonstrate that the high
rate of oocyte maturation, similar to attain in vivo, are now achieve by the end of IVM in many
cultural systems and medium condition by using COCs derived from middle follicle (MF: >3 mm
diameter). However, oocytes derived from small follicles (SF; ,3mm diameter), which account for
most follicles in ovaries, have been found to have much lower competence to mature to MII. Our
results identify that the supplementation of 200 ng mL–1 VEGF during the first 20 h of IVM
improved the maturation, fertilisability and blastocyst formation rate of oocyte derived from SF
and was similar to that of oocytes derived from MF. These indicate that VEGF markedly improves
the meiotic and developmental competence of oocytes derived from SF, especially at a
concentration of 200 ng mL–1 during the first 20 h of IVM.
Additionally, the expression level of VEGF was significantly higher in MF-derived than
SF-derived cumulus cells, whereas Flt-1 level was not significant. Moreover, transcript levels of
PTGS-2 and HAS-2 genes were significantly higher in cumulus cells of SF-derived COCs cultured
with 200 ng/mL VEGF than that of VEGF-free controls, whereas TNFAIP-6 level was not
significant. These results demonstrated that supplementation of IVM medium with VEGF
increased at least transcript levels of PTGS-2 and HAS-2 and might influence the quality of the
oocytes.
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With the aim to investigate the effect of an inhibitor of vascular endothelial growth factor
(VEGF) receptor on the meiotic competence of porcine oocytes, cumulus-oocyte complexes
(COCs) from SF and MF were cultured in the absence or presence of axitinib for IVM. As
compared with controls, the ratio of dead cells in COCs from both SF and MF significantly
increased in the presence of 1.25 nM axitinib 20 h after the onset of IVM. At that time, although a
majority of control oocytes from MF and SF were at the germinal vesicle (GV) stage, the
percentage significantly reduced in the presence of axitinib, and the oocytes proceeded around the
metaphase-I stage. After IVM culture, the percentage of mature oocytes was lower in the presence
of axitinib than controls.
In conclusion, we found that VEGF played an important role to maintain the viability of
surrounding cumulus cells and have the correlation with the meiotic and developmental
competence of oocytes. We recommend the supplementation of 200 ng mL–1 VEGF during the
first 20 h of IVM to optimise results of in vitro embryo production from COCs derived from SF.
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