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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. 



VI 
 

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. 
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 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. 
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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 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3158269/#R29
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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, pre-

ovulatory 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 



23 
 

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 zona-

intact 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 

References Follicle size (mm) 
% oocytes 

Metaphase II Fertilization Blastocyst 

 

Topfer D et al. (2016) 

2.5-4.0 77.0b   

4.5-6.0 96.1a   

Bagg et al. (2007) 

3.0 89.0  17.0a 

4.0 96.0  37.0b 

5.0-8.0 96.0  55.0c 

Lucas et al. (2003) 

0.4 – 0.99  50.0a  

1.0 – 2.19  70.0a  

2.2 – 2.79  84.0b  

2.8 – 6.5  86.0b  

Liu et al. (2002) 

1.0 – 2.0 50.0a   

3.0 – 6.0 75.0b   

7.0 – 8.0 82.0b   

Marchal et al. (2002) 

< 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 

Sun et al. (2001a) 
0.5 - 2 35.0a 56.0a 5.0a 

3.0 – 6.0 64.0b 97.0a 23.0b 

Yoon et al. (2000) 
<3.1 58.0a 81.0 2.0a 

3.1-8.0 91.0b 90.0 10.0b 

Motlik et al. (1984) 

0.8-1.6 17.3c   

1.8-2.2 50.0b   

3.0-5.0 76.0a   
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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 anti-

angiogenic 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). NaH2PO4・2H2O 

and CaCl2・2H2O 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 % 

CO2 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 



55 
 

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% CO2 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 TL-

HEPES-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 CaCl2·H2O and 100 µM MgCl2·6H2O, 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% CO2 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% CO2 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). 
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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; Sigma-

Aldrich; 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 MF-

derived 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,bP<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 
 

 

a,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. 

Origin of 

COCs 

No. of oocytes 

examined 

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

Deg GV MI AI/TI MII 

MF 230 2.3 ± 1.0 2.5 ± 1.6 16.3 ± 1.9 a 0.5 ± 0.5 78.4 ± 0.7 a 

SF 238 8.1 ± 2.8 3.8 ± 2.4 36.7 ± 7.3 b 0.8 ± 0.8 50.6 ± 1.5 b 
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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 

COCs 

Conc. (pg/mL) of VEGF 

(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 

 

 

 

 

 

 

 

a,bp<0.05, Data were from 5 replicated trials. 

Treatment No. of 

oocytes 

examined 

No. (% ± SEM) of oocytes Sperm/ 

penetrated 

oocytes 

Type of 

COCs 

VEGF 

(ng/mL) 

 

Penetrated 

 

Monospermy 

Formed male & 

female pronuclei 

MF 0 198 157 (79.3a ± 4.1) 36 (24.5 ± 3.3) 150  (75.7a ± 3.3) 2.8 ± 0.3 

SF 0 195 117 (60.0b ± 5.6) 38 (41.5 ± 9.9) 97 (49.7b ± 3.5) 2.0 ± 0.2 

SF 100 197 134 (68.0ab ± 5.9) 33 (29.0 ± 1.5) 114  (57.9.0b ± 2.9) 2.8 ± 0.4 

SF 200 194 153 (78.9a ± 2.0) 38 (27.9 ± 6.1) 137 (70.6a ± 1.5) 2.8 ± 0.4 
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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 

VEGF (ng 
mL–1) 

No. mature 
oocytes 

examined 

Cleaved  Blastocysts formed No. cells per 
blastocyst N % n % 

MF 0 184 171 93.0 ± 2.0 52 28.2 ± 1.4a 31.7 ± 1.3 
SF 0 132 115 87.0 ± 1.0 18 13.6 ± 2.8b 29.2 ± 1.0 
SF 100 164 142 86.2 ± 2.3 35 21.3 ± 2.9ab 29.1 ± 1.4 
SF 200 166 150 90.3 ± 1.3 41 24.6 ± 2.4a 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 HAS-

2 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 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4093811/#b15-ajas-26-11-1545-6
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4093811/#b12-ajas-26-11-1545-6
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4093811/#b17-ajas-26-11-1545-6
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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, PTGS-

2 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 

oC 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 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3158269/#R27


76 
 

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 mL-

1 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), TNFAIP-

6, 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 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3158269/#R27
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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′ 

 

PTGS2 5′-GGC TGC GGG AAC ATA ATA GA-3′ 
3′-GCA GCT CTG GGT CAA ACT TC-5′ 

Yamashita et al. (2007) 

HAS2 5′-ATC ATC CAA AGC CTG TTT GC -3 
3′-GGA CCC TTT TCG TGG AAG TT -5′ 

(Cillo et al. 2007, Brevini 
et al. (2014)) 

TNFAIP6 5′-TCA TAA CTC CAT ATG GCT TGA AC-3′ 
3′-ACC ATA GAG CGC TTC TAA CTC TGC -5′ 

(Yuan et al. (2011), 
Brevini et al. 2014) 

PRL19 5′-TGC TCG AAT GCC TGA GAA G-3′ 
3′-GGT ACA GAC TGT GAT ACA TG-5′ 
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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 permeability-

inducing 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 

https://imagej.nih.gov/ij/
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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 axitinib-

free 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 



92 
 

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 (C12H18N14OS), 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 MF-

derived 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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 Origin  Conc.  No. of % (mean + SEM) of COCs in the live score 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 

 SF 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 57.7 ± 1.1a 

 

a,b,cDifferent 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, 25-

50%; D, 0-25%. 

 

  

Table 5. 1 Effect of axitinib on the live/dead status of cumulus cells 20 h after the start of IVM 
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 Origin  Conc. of No. of Perimeter (µm) of COC at: % of 

 of VEGF COCs   increase 

 COCs (ng/mL) examined 0 h 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 

 

a,b,c 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 

 

  

Table 5. 2 Effect of the presence of VEGF on cumulus cell expansion during the first 20-h after 

the start of IVM 
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 Origin  Conc.  No. of % (mean + SEM) of oocytes at the stage 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 

 SF 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 

 

a, 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. 

 

  

Table 5. 3 Effect of axitinib on the meiotic progression of oocytes derived from MF and SF 20 h 

after the start of IVM 
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 Origin  Conc.  No. of % (mean + SEM) of oocytes at the stage of: 

 of axitinib COCs 

 COCs (nM) examined GV Met-I Met-II Deg. 

 

 MF 0 193 4.2 ± 1.1b 14.1 ± 1.9c 81.2 ± 2.2a 0.5 ± 0.5 b 

  1.25 200 7.0 ± 2.6ab 40.0 ± 3.7ab 35.0 ± 2.5c 18.0 ± 7.0 a 

 SF 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 

 

a, 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. 

 

 

 

 

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 
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A B C 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. 

 

 

 

 

 

 

 



107 
 

REFERENCES 

Abdel-Ghani MA, Shimizu T & Suzuki H 2014 Expression pattern of vascular endothelial 

growth factor in canine folliculogenesis and its effect on the growth and development of 

follicles after ovarian organ culture. Reprod Domest Anim 49 734-739. 

Abeydeera LR, Wang WH, Cantley TC, Prather RS & Day BN 1998 Presence of beta-

mercaptoethanol can increase the glutathione content of pig oocytes matured in vitro and 

the rate of blastocyst development after in vitro fertilization. Theriogenology 50 747-756. 

Abir R, Ao A, Zhang XY, Garor R, Nitke S & Fisch B 2010a Vascular endothelial growth factor 

A and its two receptors in human preantral follicles from fetuses, girls, and women. 

Fertility & Sterility 93 2337-2347. 

Abir R, Ao A, Zhang XY, Garor R, Nitke S & Fisch B 2010b Vascular endothelial growth factor 

A and its two receptors in human preantral follicles from fetuses, girls, and women. Fertil 

Steril 93 2337-2347. 

Abramovich D, Parborell F & Tesone M 2006 Effect of a vascular endothelial growth factor 

(VEGF) inhibitory treatment on the folliculogenesis and ovarian apoptosis in 

gonadotropin-treated prepubertal rats. Biol Reprod 75 434-441. 

Abramovich D, Rodriguez Celin A, Hernandez F, Tesone M & Parborell F 2009 

Spatiotemporal analysis of the protein expression of angiogenic factors and their related 

receptors during folliculogenesis in rats with and without hormonal treatment. 

Reproduction 137 309-320. 

Agrawal R, Jacobs H, Payne N & Conway G 2002 Concentration of vascular endothelial growth 

factor released by cultured human luteinized granulosa cells is higher in women with 

polycystic ovaries than in women with normal ovaries. Fertil Steril 78 1164-1169. 



108 
 

Agung B, Otoi T, Fuchimoto D, Senbon S, Onishi A & Nagai T 2013 In vitro fertilization and 

development of porcine oocytes matured in follicular fluid. J Reprod Dev 59 103-106. 

Akaki Y, Yoshioka K, Noguchi M, Hoshi H & Funahashi H 2009 Successful piglet production 

in a chemically defined system for in-vitro production of porcine embryos: dibutyryl cyclic 

amp and epidermal growth factor-family peptides support in-vitro maturation of oocytes in 

the absence of gonadotropins. Journal of Reproduction & Development 55 446-453. 

Albertini DF, Combelles CM, Benecchi E & Carabatsos MJ 2001 Cellular basis for paracrine 

regulation of ovarian follicle development. Reproduction 121 647-653. 

Ambruosi B, Lacalandra GM, Iorga AI, De Santis T, Mugnier S, Matarrese R, Goudet G & 

Dell'aquila ME 2009 Cytoplasmic lipid droplets and mitochondrial distribution in equine 

oocytes: Implications on oocyte maturation, fertilization and developmental competence 

after ICSI. Theriogenology 71 1093-1104. 

Anchordoquy JM, Anchordoquy JP, Testa JA, Sirini MA & Furnus CC 2015 Influence of 

vascular endothelial growth factor and Cysteamine on in vitro bovine oocyte maturation 

and subsequent embryo development. Cell Biol Int 39 1090-1098. 

Anderson RA, Sciorio R, Kinnell H, Bayne RA, Thong KJ, Sousa PA & Pickering S 2009 

Cumulus gene expression as a predictor of human oocyte fertilisation, embryo 

development and competence to establish a pregnancy. Reproduction 138. 

Armstrong DT 2001 Effects of maternal age on oocyte developmental competence. 

Theriogenology 55 1303-1322. 

Asahara T, Bauters C, Zheng LP, Takeshita S, Bunting S, Ferrara N, Symes JF & Isner JM 

1995 Synergistic effect of vascular endothelial growth factor and basic fibroblast growth 

factor on angiogenesis in vivo. Circulation 92 Ii365-371. 



109 
 

Assidi M, Dufort I, Ali A, Hamel M, Algriany O, Dielemann S & Sirard MA 2008 

Identification of potential markers of oocyte competence expressed in bovine cumulus cells 

matured with follicle-stimulating hormone and/or phorbol myristate acetate in vitro. Biol 

Reprod 79. 

Assou S, Anahory T, Pantesco V, Le Carrour T, Pellestor F, Klein B, Reyftmann L, Dechaud 

H, De Vos J & Hamamah S 2006 The human cumulus--oocyte complex gene-expression 

profile. Hum Reprod 21 1705-1719. 

Assou S, Haouzi D, De Vos J & Hamamah S 2010 Human cumulus cells as biomarkers for 

embryo and pregnancy outcomes. Mol Hum Reprod 16 531-538. 

Assou S, Haouzi D, Mahmoud K, Aouacheria A, Guillemin Y, Pantesco V, Rème T, Dechaud 

H, De Vos J & Hamamah S 2008a A non-invasive test for assessing embryo potential by 

gene expression profiles of human cumulus cells: a proof of concept study. Mol Hum 

Reprod 14. 

Assou S, Haouzi D, Mahmoud K, Aouacheria A, Guillemin Y, Pantesco V, Reme T, Dechaud 

H, Vos J & Hamamah S 2008b A non-invasive test for assessing embryo potential by 

gene expression profiles of human cumulus cells: a proof of concept study. Mol Hum 

Reprod 14. 

Auclair S, Uzbekov R, Elis S, Sanchez L, Kireev I, Lardic L, Dalbies-Tran R & Uzbekova S 

2013 Absence of cumulus cells during in vitro maturation affects lipid metabolism in 

bovine oocytes. Am J Physiol Endocrinol Metab 304 E599-613. 

Babitha V, Panda RP, Yadav VP, Chouhan VS, Dangi SS, Khan FA, Singh G, Bag S, Taru 

Sharma G, Silvia WJ & Sarkar M 2013 Amount of mRNA and localization of vascular 



110 
 

endothelial growth factor and its receptors in the ovarian follicle during estrous cycle of 

water buffalo (Bubalus bubalis). Anim Reprod Sci 137 163-176. 

Bagg MA, Nottle MB, Armstrong DT & Grupen CG 2007 Relationship between follicle size 

and oocyte developmental competence in prepubertal and adult pigs. Reprod Fertil Dev 19 

797-803. 

Bagg MA, Vassena R, Papasso-Brambilla E, Grupen CG, Armstrong DT & Gandolfi F 2004 

Changes in ovarian, follicular, and oocyte morphology immediately after the onset of 

puberty are not accompanied by an increase in oocyte developmental competence in the 

pig. Theriogenology 62 1003-1011. 

Barboni B, Turriani M, Galeati G, Spinaci M, Bacci ML, Forni M & Mattioli M 2000 

Vascular endothelial growth factor production in growing pig antral follicles. Biol Reprod 

63 858-864. 

Berisha B, Schams D, Kosmann M, Amselgruber W & Einspanier R 2000 Expression and 

localisation of vascular endothelial growth factor and basic fibroblast growth factor during 

the final growth of bovine ovarian follicles. J Endocrinol 167 371-382. 

Bhardwaj R, Ansari MM, Pandey S, Parmar MS, Chandra V, Kumar GS & Sharma GT 

2016 GREM1, EGFR, and HAS2; the oocyte competence markers for improved buffalo 

embryo production in vitro. Theriogenology 86 2004-2011. 

Biswas D, Jung EM, Jeung EB & Hyun SH 2011 Effects of vascular endothelial growth factor 

on porcine preimplantation embryos produced by in vitro fertilization and somatic cell 

nuclear transfer. Theriogenology 75 256-267. 

Black JL & Erickson BH 1968 Oogenesis and ovarian development in the prenatal pig. Anat Rec 

161 45-55. 



111 
 

Blaha M, Nemcova L, Kepkova KV, Vodicka P & Prochazka R 2015 Gene expression analysis 

of pig cumulus-oocyte complexes stimulated in vitro with follicle stimulating hormone or 

epidermal growth factor-like peptides. Reprod Biol Endocrinol 13 113. 

Bokal EV, Vrtovec HM, Virant Klun I & Verdenik I 2005 Prolonged HCG action affects 

angiogenic substances and improves follicular maturation, oocyte quality and fertilization 

competence in patients with polycystic ovarian syndrome. Hum Reprod 20 1562-1568. 

Boonyaprakob U, Gadsby JE, Hedgpeth V, Routh P & Almond GW 2003 Expression and 

localization of vascular endothelial growth factor and its receptors in pig corpora lutea 

during the oestrous cycle. Reproduction 126 393-405. 

Brevini TA, Pennarossa G, Rahman MM, Paffoni A, Antonini S, Ragni G, deEguileor M, 

Tettamanti G & Gandolfi F 2014 Morphological and molecular changes of human 

granulosa cells exposed to 5-azacytidine and addressed toward muscular differentiation. 

Stem Cell Rev 10 633-642. 

Brower PT & Schultz RM 1982 Intercellular communication between granulosa cells and mouse 

oocytes: existence and possible nutritional role during oocyte growth. Dev Biol 90 144-

153. 

Bruno JB, Celestino JJ, Lima-Verde IB, Lima LF, Matos MH, Araujo VR, Saraiva MV, 

Martins FS, Name KP, Campello CC, Bao SN, Silva JR & Figueiredo JR 2009a 

Expression of vascular endothelial growth factor (VEGF) receptor in goat ovaries and 

improvement of in vitro caprine preantral follicle survival and growth with VEGF. Reprod 

Fertil Dev 21 679-687. 

Bruno JB, Matos MHT, Chaves RN, Celestino JJH, Saraiva MVA, Lima-Verde IB, Araújo 

VR & Figueiredo JR 2009b Angiogenic factors and ovarian follicle development 



112 
 

Animal Reproduction 6 371-379. 

Buccione R, Vanderhyden BC, Caron PJ & Eppig JJ 1990 FSH-induced expansion of the 

mouse cumulus oophorus in vitro is dependent upon a specific factor(s) secreted by the 

oocyte. Dev Biol 138 16-25. 

Bui TMT, Nguyen KX, Karata A, Ferre P, Tran MT, Wakai T & Funahashi H 2016 The 

presence of VEGF during the first half of in-vitro maturation improves the meiotic and 

developmental competences of porcine oocytes from small follicles. Reproduction, 

Fertility and DevelopmentIn press. 

Calarco PG 1995 Polarization of mitochondria in the unfertilized mouse oocyte. Dev Genet 16 

36-43. 

Celik-Ozenci C, Akkoyunlu G, Kayisli UA, Arici A & Demir R 2003 Localization of vascular 

endothelial growth factor in the zona pellucida of developing ovarian follicles in the rat: a 

possible role in destiny of follicles. Histochem Cell Biol 120 383-390. 

Charnock-Jones DS, Sharkey AM, Rajput-Williams J, Burch D, Schofield JP, Fountain SA, 

Boocock CA & Smith SK 1993 Identification and localization of alternately spliced 

mRNAs for vascular endothelial growth factor in human uterus and estrogen regulation in 

endometrial carcinoma cell lines. Biol Reprod 48 1120-1128. 

Chesnel F, Wigglesworth K & Eppig JJ 1994 Acquisition of meiotic competence by denuded 

mouse oocytes: participation of somatic-cell product(s) and cAMP. Dev Biol 161 285-295. 

Cheung CY, Singh M, Ebaugh MJ & Brace RA 1995 Vascular endothelial growth factor gene 

expression in ovine placenta and fetal membranes. Am J Obstet Gynecol 173 753-759. 



113 
 

Chian RC & Sirard MA 1995 Effects of cumulus cells and follicle-stimulating hormone during 

in vitro maturation on parthenogenetic activation of bovine oocytes. Mol Reprod Dev 42 

425-431. 

Cillo F, Brevini TA, Antonini S, Paffoni A, Ragni G & Gandolfi F 2007 Association between 

human oocyte developmental competence and expression levels of some cumulus genes. 

Reproduction 134. 

Cognie Y, Benoit F, Poulin N, Khatir H & Driancourt MA 1998 Effect of follicle size and of 

the FecB Booroola gene on oocyte function in sheep. J Reprod Fertil 112 379-386. 

Combelles CM, Fissore RA, Albertini DF & Racowsky C 2005 In vitro maturation of human 

oocytes and cumulus cells using a co-culture three-dimensional collagen gel system. Hum 

Reprod 20 1349-1358. 

Cooper DK, Hara H, Ezzelarab M, Bottino R, Trucco M, Phelps C, Ayares D & Dai Y 2013 

The potential of genetically-engineered pigs in providing an alternative source of organs 

and cells for transplantation. J Biomed Res 27 249-253. 

Crozet N, Ahmed-Ali M & Dubos MP 1995 Developmental competence of goat oocytes from 

follicles of different size categories following maturation, fertilization and culture in vitro. 

J Reprod Fertil 103 293-298. 

Cui MS, Fan YP, Wu Y, Hao ZD, Liu S, Chen XJ & Zeng SM 2009 Porcine cumulus cell 

influences ooplasmic mitochondria-lipid distributions, GSH-ATP contents and calcium 

release pattern after electro-activation. Theriogenology 71 412-421. 

Day BN 2000 Reproductive biotechnologies: current status in porcine reproduction. Animal 

Reproduction Science 60-61 161-172. 



114 
 

Dekel N & Beers WH 1980 Development of the rat oocyte in vitro: inhibition and induction of 

maturation in the presence or absence of the cumulus oophorus. Dev Biol 75 247-254. 

Dode MA & Graves C 2002 Involvement of steroid hormones on in vitro maturation of pig 

oocytes. Theriogenology 57 811-821. 

Downs SM 2001 A gap-junction-mediated signal, rather than an external paracrine factor, 

predominates during meiotic induction in isolated mouse oocytes. Zygote 9 71-82. 

Downs SM, Daniel SA & Eppig JJ 1988 Induction of maturation in cumulus cell-enclosed mouse 

oocytes by follicle-stimulating hormone and epidermal growth factor: evidence for a 

positive stimulus of somatic cell origin. J Exp Zool 245 86-96. 

Du K & Montminy M 1998 CREB is a regulatory target for the protein kinase Akt/PKB. J Biol 

Chem 273 32377-32379. 

Ducibella T, Duffy P & Buetow J 1994 Quantification and localization of cortical granules during 

oogenesis in the mouse. Biol Reprod 50 467-473. 

Dufour JJ, Grasso F, Daviault E & Matton P 1988 Relationship between two morphological 

types of ovaries and their follicular microscopic population before puberty and their 

ensuing follicular development and ovulation rates at puberty in gilts. J Anim Sci 66 932-

938. 

Duranthon V & Renard JP 2001 The developmental competence of mammalian oocytes: a 

convenient but biologically fuzzy concept. Theriogenology 55 1277-1289. 

Dvorak HF 2000 VPF/VEGF and the angiogenic response. Semin Perinatol 24 75-78. 

Einspanier R, Gabler C, Bieser B, Einspanier A, Berisha B, Kosmann M, Wollenhaupt K & 

Schams D 1999 Growth factors and extracellular matrix proteins in interactions of 

cumulus-oocyte complex, spermatozoa and oviduct. J Reprod Fertil Suppl 54 359-365. 



115 
 

Einspanier R, Schonfelder M, Muller K, Stojkovic M, Kosmann M, Wolf E & Schams D 2002 

Expression of the vascular endothelial growth factor and its receptors and effects of VEGF 

during in vitro maturation of bovine cumulus-oocyte complexes (COC). Mol Reprod Dev 

62 29-36. 

Elvin JA, Clark AT, Wang P, Wolfman NM & Matzuk MM 1999 Paracrine actions of growth 

differentiation factor-9 in the mammalian ovary. Mol Endocrinol 13 1035-1048. 

Elvin JA, Yan C & Matzuk MM 2000 Growth differentiation factor-9 stimulates progesterone 

synthesis in granulosa cells via a prostaglandin E2/EP2 receptor pathway. Proc Natl Acad 

Sci U S A 97 10288-10293. 

Eppig JJ 1979a A comparison between oocyte growth in coculture with granulosa cells and 

oocytes with granulosa cell-oocyte junctional contact maintained in vitro. J Exp Zool 209 

345-353. 

Eppig JJ 1979b FSH stimulates hyaluronic acid synthesis by oocyte-cumulus cell complexes from 

mouse preovulatory follicles. Nature 281 483-484. 

Eppig JJ 1982 The relationship between cumulus cell-oocyte coupling, oocyte meiotic maturation, 

and cumulus expansion. Dev Biol 89 268-272. 

Eppig JJ 1996 Coordination of nuclear and cytoplasmic oocyte maturation in eutherian mammals. 

Reprod Fertil Dev 8 485-489. 

Eppig JJ 2001 Oocyte control of ovarian follicular development and function in mammals. 

Reproduction 122 829-838. 

Eppig JJ, Wigglesworth K & Pendola FL 2002 The mammalian oocyte orchestrates the rate of 

ovarian follicular development. Proc Natl Acad Sci U S A 99 2890-2894. 



116 
 

Ferrara N 2000 Vascular endothelial growth factor and the regulation of angiogenesis. Recent 

Prog Horm Res 55 15-35; discussion 35-16. 

Ferrara N, Carver-Moore K, Chen H, Dowd M, Lu L, O'Shea KS, Powell-Braxton L, Hillan 

KJ & Moore MW 1996 Heterozygous embryonic lethality induced by targeted 

inactivation of the VEGF gene. Nature 380 439-442. 

Ferrara N & Davis-Smyth T 1997 The biology of vascular endothelial growth factor. Endocr 

Rev 18 4-25. 

Ferrara N, Gerber HP & LeCouter J 2003 The biology of VEGF and its receptors. Nat Med 9 

669-676. 

Ferrara N, Houck K, Jakeman L & Leung DW 1992 Molecular and biological properties of the 

vascular endothelial growth factor family of proteins. Endocr Rev 13 18-32. 

Ferrari B, Pezzuto A, Barusi L & Coppola F 2006 Follicular fluid vascular endothelial growth 

factor concentrations are increased during GnRH antagonist/FSH ovarian stimulation 

cycles. Eur J Obstet Gynecol Reprod Biol 124 70-76. 

Ferré P, Bui TMT, Wakai T & Funahashi H 2016 Effect of removing cumulus cells from 

porcine cumulus-oocyte complexes derived from small and medium follicles during IVM 

on the apoptotic status and meiotic progression of the oocytes. Theriogenology 86 1705-

1710. 

Feuerstein P, Cadoret V, Dalbies-Tran R, Guerif F, Bidault R & Royere D 2007 Gene 

expression in human cumulus cells: one approach to oocyte competence. Hum Reprod 22. 

Folkman J & Shing Y 1992 Angiogenesis. J Biol Chem 267 10931-10934. 

Foxcroft GR & Hunter MG 1985 Basic physiology of follicular maturation in the pig. J Reprod 

Fertil Suppl 33 1-19. 



117 
 

Fukui Y & Sakuma Y 1980 Maturation of bovine oocytes cultured in vitro: relation to ovarian 

activity, follicular size and the presence or absence of cumulus cells. Biol Reprod 22 669-

673. 

Fulop C, Salustri A & Hascall VC 1997 Coding sequence of a hyaluronan synthase homologue 

expressed during expansion of the mouse cumulus-oocyte complex. Arch Biochem Biophys 

337 261-266. 

Fulop C, Szanto S, Mukhopadhyay D, Bardos T, Kamath RV, Rugg MS, Day AJ, Salustri A, 

Hascall VC, Glant TT & Mikecz K 2003 Impaired cumulus mucification and female 

sterility in tumor necrosis factor-induced protein-6 deficient mice. Development 130 2253-

2261. 

Funahashi H 1998 In vitro production of porcine embryos: On the developmental competence. 

Journal of Reproduction & Development. 44 j47-j52. 

Funahashi H 2003 Polyspermic penetration in porcine IVM-IVF systems. Reprod Fertil Dev 15 

167-177. 

Funahashi H 2005 Effect of beta-mercaptoethanol during in vitro fertilization procedures on 

sperm penetration into porcine oocytes and the early development in vitro. Reproduction 

130 889-898. 

Funahashi H, Cantley TC & Day BN 1994a Different hormonal requirement of porcine oocyte-

complexes during maturation in vitro. Journal of Reproduction and Fertility 101 159-165. 

Funahashi H, Cantley TC & Day BN 1997 Synchronization of meiosis in porcine oocytes by 

exposure to dibutyryl cyclic adenosine monophosphate improves developmental 

competence following in vitro fertilization. Biology of Reproduction 57 49-53. 



118 
 

Funahashi H, Cantley TC, Stumpf TT, Terlouw SL & Day BN 1994b Use of low-salt culture 

medium for in vitro maturation of porcine oocytes is associated with elevated oocyte 

glutathione levels and enhanced male pronuclear formation after in vitro fertilization. Biol 

Reprod 51 633-639. 

Funahashi H & Day BN 1993a Effects of different serum supplements in maturation medium on 

meiotic and cytoplasmic maturation of pig oocytes. Theriogenology 39 965-973. 

Funahashi H & Day BN 1993b Effects of follicular fluid at fertilization in vitro on sperm 

penetration in pig oocytes. J Reprod Fertil 99 97-103. 

Funahashi H, Fujiwara T & Nagai T 2000 Modulation of the function of boar spermatozoa via 

adenosine and fertilization promoting peptide receptors reduce the incidence of 

polyspermic penetration into porcine oocytes. Biol Reprod 63 1157-1163. 

Galli C, Lagutina I & Lazzari G 2003 Introduction to cloning by nuclear transplantation. Cloning 

Stem Cells 5 223-232. 

Garrett WM & Guthrie HD 1997 Steroidogenic enzyme expression during preovulatory follicle 

maturation in pigs. Biol Reprod 56 1424-1431. 

Gil MA, Abeydeera LR, Day BN, Vazquez JM, Roca J & Martinez EA 2003 Effect of the 

volume of medium and number of oocytes during in vitro fertilization on embryo 

development in pigs. Theriogenology 60 767-776. 

Gil MA, Ruiz M, Cuello C, Vazquez JM, Roca J & Martinez EA 2004 Influence of 

sperm:oocyte ratio during in vitro fertilization of in vitro matured cumulus-intact pig 

oocytes on fertilization parameters and embryo development. Theriogenology 61 551-560. 

Gilchrist RB, Lane M & Thompson JG 2008 Oocyte-secreted factors: regulators of cumulus 

cell function and oocyte quality. Hum Reprod Update 14 159-177. 



119 
 

Gilchrist RB & Thompson JG 2007 Oocyte maturation: emerging concepts and technologies to 

improve developmental potential in vitro. Theriogenology 67 6-15. 

Gosden RG & Telfer E 1987 Number of follicles and oocytes in mammalian ovaries and their 

allometric relationships. Journal of Zoology 211 169-175. 

Gospodarowicz D, Abraham JA & Schilling J 1989 Isolation and characterization of a vascular 

endothelial cell mitogen produced by pituitary-derived folliculo stellate cells. Proc Natl 

Acad Sci U S A 86 7311-7315. 

Goud PT, Goud AP, Qian C, Laverge H, Van der Elst J, De Sutter P & Dhont M 1998 In-

vitro maturation of human germinal vesicle stage oocytes: role of cumulus cells and 

epidermal growth factor in the culture medium. Hum Reprod 13 1638-1644. 

Grasselli F, Basini G, Bussolati S & Tamanini C 2002 Effects of VEGF and bFGF on 

proliferation and production of steroids and nitric oxide in porcine granulosa cells. Reprod 

Domest Anim 37 362-368. 

Grasselli F, Basini G, Tirelli M, Cavalli V, Bussolati S & Tamanini C 2003 Angiogenic activity 

of porcine granulosa cells co-cultured with endothelial cells in a microcarrier-based three-

dimensional fibrin gel. J Physiol Pharmacol 54 361-370. 

Greenaway J, Connor K, Pedersen HG, Coomber BL, LaMarre J & Petrik J 2004 Vascular 

endothelial growth factor and its receptor, Flk-1/KDR, are cytoprotective in the 

extravascular compartment of the ovarian follicle. Endocrinology 145 2896-2905. 

Guthrie HD, Grimes RW, Cooper BS & Hammond JM 1995 Follicular atresia in pigs: 

measurement and physiology. J Anim Sci 73 2834-2844. 

Han ZB, Lan GC, Wu YG, Han D, Feng WG, Wang JZ & Tan JH 2006 Interactive effects of 

granulosa cell apoptosis, follicle size, cumulus-oocyte complex morphology, and cumulus 



120 
 

expansion on the developmental competence of goat oocytes: a study using the well-in-

drop culture system. Reproduction 132 749-758. 

Hanahan D 1997 Signaling vascular morphogenesis and maintenance. Science 277 48-50. 

Hao ZD, Liu S, Wu Y, Wan PC, Cui MS, Chen H & Zeng SM 2009 Abnormal changes in 

mitochondria, lipid droplets, ATP and glutathione content, and Ca(2+) release after electro-

activation contribute to poor developmental competence of porcine oocyte during in vitro 

ageing. Reprod Fertil Dev 21 323-332. 

Harata T, Ando H, Iwase A, Nagasaka T, Mizutani S & Kikkawa F 2006 Localization of 

angiotensin II, the AT1 receptor, angiotensin-converting enzyme, aminopeptidase A, 

adipocyte-derived leucine aminopeptidase, and vascular endothelial growth factor in the 

human ovary throughout the menstrual cycle. Fertil Steril 86 433-439. 

Hassan HA 2001 Cumulus cell contribution to cytoplasmic maturation and oocyte developmental 

competence in vitro. J Assist Reprod Genet 18 539-543. 

Hazzard TM, Molskness TA, Chaffin CL & Stouffer RL 1999 Vascular endothelial growth 

factor (VEGF) and angiopoietin regulation by gonadotrophin and steroids in macaque 

granulosa cells during the peri-ovulatory interval. Mol Hum Reprod 5 1115-1121. 

Heller DT & Schultz RM 1980 Ribonucleoside metabolism by mouse oocytes: metabolic 

cooperativity between the fully grown oocyte and cumulus cells. J Exp Zool 214 355-364. 

Hennet ML & Combelles CM 2012 The antral follicle: a microenvironment for oocyte 

differentiation. Int J Dev Biol 56 819-831. 

Hirshfield AN 1991 Development of follicles in the mammalian ovary. Int Rev Cytol 124 43-101. 



121 
 

Host E, Mikkelsen AL, Lindenberg S & Smidt-Jensen S 2000 Apoptosis in human cumulus 

cells in relation to maturation stage and cleavage of the corresponding oocyte. Acta Obstet 

Gynecol Scand 79 936-940. 

Hu-Lowe DD, Zou HY, Grazzini ML, Hallin ME, Wickman GR, Amundson K, Chen JH, 

Rewolinski DA, Yamazaki S, Wu EY, McTigue MA, Murray BW, Kania RS, 

O'Connor P, Shalinsky DR & Bender SL 2008 Nonclinical antiangiogenesis and 

antitumor activities of axitinib (AG-013736), an oral, potent, and selective inhibitor of 

vascular endothelial growth factor receptor tyrosine kinases 1, 2, 3. Clin Cancer Res 14 

7272-7283. 

Hyttel P 1987 Bovine cumulus-oocyte disconnection in vitro. Anat Embryol (Berl) 176 41-44. 

Ibrahim Z, Busch J, Awwad M, Wagner R, Wells K & Cooper DK 2006 Selected physiologic 

compatibilities and incompatibilities between human and porcine organ systems. 

Xenotransplantation 13 488-499. 

Irusta G, Abramovich D, Parborell F & Tesone M 2010 Direct survival role of vascular 

endothelial growth factor (VEGF) on rat ovarian follicular cells. Mol Cell Endocrinol 325 

93-100. 

Jiao GZ, Cao XY, Cui W, Lian HY, Miao YL, Wu XF, Han D & Tan JH 2013 Developmental 

potential of prepubertal mouse oocytes is compromised due mainly to their impaired 

synthesis of glutathione. PLoS One 8 e58018. 

Jiao GZ, Cui W, Yang R, Lin J, Gong S, Lian HY, Sun MJ & Tan JH 2016 Optimized 

Protocols for In Vitro Maturation of Rat Oocytes Dramatically Improve Their 

Developmental Competence to a Level Similar to That of Ovulated Oocytes. Cell 

Reprogram 18 17-29. 



122 
 

Ju S & Rui R 2012 Effects of cumulus cells on in vitro maturation of oocytes and development 

of cloned embryos in the pig. Reprod Domest Anim 47 521-529. 

Kaczmarek MM, Schams D & Ziecik AJ 2005 Role of vascular endothelial growth factor in 

ovarian physiology - an overview. Reprod Biol 5 111-136. 

Kawano Y, Zeineh Hasan K, Fukuda J, Mine S & Miyakawa I 2003 Production of vascular 

endothelial growth factor and angiogenic factor in human follicular fluid. Mol Cell 

Endocrinol 202 19-23. 

Keith L & Breborowicz G 2002 Triplet pregnancies and their aftermaths. Part I: Basic 

considerations. Int J Fertil Womens Med 47 254-264. 

Kelly RJ & Rixe O 2009 Axitinib - a selective inhibitor of the vascular endothelial growth factor 

(VEGF) receptor. Targeted oncology 4 297-305. 

Kere M, Siriboon C, Liao JW, Lo NW, Chiang HI, Fan YK, Kastelic JP & Ju JC 2014a 

Vascular endothelial growth factor A improves quality of matured porcine oocytes and 

developing parthenotes. Domestic Animal Endocrinology 49 60-69. 

Kere M, Siriboon C, Liao JW, Lo NW, Chiang HI, Fan YK, Kastelic JP & Ju JC 2014b 

Vascular endothelial growth factor A improves quality of matured porcine oocytes and 

developing parthenotes. Domest Anim Endocrinol 49 60-69. 

Kezele PR, Ague JM, Nilsson E & Skinner MK 2005 Alterations in the ovarian transcriptome 

during primordial follicle assembly and development. Biol Reprod 72 241-255. 

Khatir H, Anouassi A & Tibary A 2007 Effect of follicular size on in vitro developmental 

competence of oocytes and viability of embryos after transfer in the dromedary (Camelus 

dromedarius). Anim Reprod Sci 99 413-420. 

Kidder GM & Mhawi AA 2002 Gap junctions and ovarian folliculogenesis. Reproduction 123. 



123 
 

Kikuchi K & Kikuchi K 2004 Developmental competence of porcine blastocysts produced in 

vitro. Journal of Reproduction & Development 50 21-28. 

Kimura N, Konno Y, Miyoshi K, Matsumoto H & Sato E 2002 Expression of hyaluronan 

synthases and CD44 messenger RNAs in porcine cumulus-oocyte complexes during in 

vitro maturation. Biol Reprod 66 707-717. 

Knox RV 2005 Recruitment and selection of ovarian follicles for determination of ovulation rate 

in the pig. Domest Anim Endocrinol 29 385-397. 

Kohata C, Izquierdo-Rico MJ, Romar R & Funahashi H 2013 Development competence and 

relative transcript abundance of oocytes derived from small and medium follicles of 

prepubertal gilts. Theriogenology 80 970-978. 

Kosaka N, Sudo N, Miyamoto A & Shimizu T 2007 Vascular endothelial growth factor (VEGF) 

suppresses ovarian granulosa cell apoptosis in vitro. Biochemical & Biophysical Research 

Communications 363 733-737. 

Kozlowska U, Blume-Peytavi U, Kodelja V, Sommer C, Goerdt S, Majewski S, Jablonska S 

& Orfanos CE 1998 Expression of vascular endothelial growth factor (VEGF) in various 

compartments of the human hair follicle. Arch Dermatol Res 290 661-668. 

Krussel JS, Behr B, Milki AA, Hirchenhain J, Wen Y, Bielfeld P & Lake Polan M 2001 

Vascular endothelial growth factor (VEGF) mRNA splice variants are differentially 

expressed in human blastocysts. Mol Hum Reprod 7 57-63. 

Kubelka M, Motlik J, Schultz RM & Pavlok A 2000 Butyrolactone I reversibly inhibits meiotic 

maturation of bovine oocytes,Without influencing chromosome condensation activity. Biol 

Reprod 62 292-302. 



124 
 

Kyasari OR, Valojerdi MR, Farrokhi A & Ebrahimi B 2012 Expression of maturation genes 

and their receptors during in vitro maturation of sheep COCs in the presence and absence 

of somatic cells of cumulus origin. Theriogenology 77 12-20. 

Laitinen M, Ristimaki A, Honkasalo M, Narko K, Paavonen K & Ritvos O 1997 Differential 

hormonal regulation of vascular endothelial growth factors VEGF, VEGF-B, and VEGF-

C messenger ribonucleic acid levels in cultured human granulosa-luteal cells. 

Endocrinology 138 4748-4756. 

Larsen WJ, Wert SE & Brunner GD 1986 A dramatic loss of cumulus cell gap junctions is 

correlated with germinal vesicle breakdown in rat oocytes. Dev Biol 113 517-521. 

Lee HT, Chang YC, Tu YF & Huang CC 2009 VEGF-A/VEGFR-2 signaling leading to cAMP 

response element-binding protein phosphorylation is a shared pathway underlying the 

protective effect of preconditioning on neurons and endothelial cells. J Neurosci 29 4356-

4368. 

Lee KS, Joo BS, Na YJ, Yoon MS, Choi OH & Kim WW 2001 Cumulus cells apoptosis as an 

indicator to predict the quality of oocytes and the outcome of IVF-ET. J Assist Reprod 

Genet 18 490-498. 

Leung DW, Cachianes G, Kuang WJ, Goeddel DV & Ferrara N 1989 Vascular endothelial 

growth factor is a secreted angiogenic mitogen. Science 246 1306-1309. 

Li C, Chen C, Chen L, Chen S, Li H, Zhao Y, Rao J & Zhou X 2016 BDNF-induced expansion 

of cumulus-oocyte complexes in pigs was mediated by microRNA-205. Theriogenology 

85 1476-1482. 



125 
 

Li Q, McKenzie LJ & Matzuk MM 2008 Revisiting oocyte-somatic cell interactions: in search 

of novel intrafollicular predictors and regulators of oocyte developmental competence. Mol 

Hum Reprod 14 673-678. 

Lim H, Paria BC, Das SK, Dinchuk JE, Langenbach R, Trzaskos JM & Dey SK 1997 Multiple 

female reproductive failures in cyclooxygenase 2-deficient mice. Cell 91 197-208. 

Liu RH, Li YH, Jiao LH, Wang XN, Wang H & Wang WH 2002 Extracellular and intracellular 

factors affecting nuclear and cytoplasmic maturation of porcine oocytes collected from 

different sizes of follicles. Zygote 10 253-260. 

Lonergan P, Monaghan P, Rizos D, Boland MP & Gordon I 1994 Effect of follicle size on 

bovine oocyte quality and developmental competence following maturation, fertilization, 

and culture in vitro. Mol Reprod Dev 37 48-53. 

Luca X, Martinez EA, Roca J, Vazquez JM, Gil MA, Pastor LM & Alabart JL 2002 

Relationship between antral follicle size, oocyte diameters and nuclear maturation of 

immature oocytes in pigs. Theriogenology 58 871-885. 

Lucas X, Martinez EA, Roca J, Vazquez JM, Gil MA, Pastor LM & Alabart JL 2003 

Influence of follicle size on the penetrability of immature pig oocytes for homologous in 

vitro penetration assay. Theriogenology 60 659-667. 

Lunney JK 2007 Advances in swine biomedical model genomics. Int J Biol Sci 3 179-184. 

Luo H, Kimura K, Aoki M & Hirako M 2002 Effect of vascular endothelial growth factor on 

maturation, fertilization and developmental competence of bovine oocytes. J Vet Med Sci 

64 803-806. 



126 
 

Macchiarelli G, Nottola SA, Vizza E, Familiari G, Kikuta A, Murakami T & Motta PM 1993 

Microvasculature of growing and atretic follicles in the rabbit ovary: a SEM study of 

corrosion casts. Arch Histol Cytol 56 1-12. 

Marchal R, Feugang JM, Perreau C, Venturi E, Terqui M & Mermillod P 2001 Meiotic and 

developmental competence of prepubertal and adult swine oocytes. Theriogenology 56 17-

29. 

Marchal R, Vigneron C, Perreau C, Bali-Papp A & Mermillod P 2002 Effect of follicular size 

on meiotic and developmental competence of porcine oocytes. Theriogenology 57 1523-

1532. 

Mattioli M, Bacci ML, Galeati G & Seren E 1989 Developmental competence of pig oocytes 

matured and fertilized in vitro. Theriogenology 31 1201-1207. 

Mattioli M, Barboni B, Turriani M, Galeati G, Zannoni A, Castellani G, Berardinelli P & 

Scapolo PA 2001 Follicle activation involves vascular endothelial growth factor 

production and increased blood vessel extension. Biol Reprod 65 1014-1019. 

Matzuk MM, Burns KH, Viveiros MM & Eppig JJ 2002 Intercellular communication in the 

mammalian ovary: oocytes carry the conversation. Science 296. 

Matzuk MM & Lamb DJ 2002 Genetic dissection of mammalian fertility pathways. Nat Cell 

Biol 4 Suppl s41-49. 

McKenzie LJ, Pangas SA, Carson SA, Kovanci E, Cisneros P, Buster JE, Amato P & Matzuk 

MM 2004 Human cumulus granulosa cell gene expression: a predictor of fertilization and 

embryo selection in women undergoing IVF. Hum Reprod 19. 

Meurens F, Summerfield A, Nauwynck H, Saif L & Gerdts V 2012 The pig: a model for human 

infectious diseases. Trends Microbiol 20 50-57. 



127 
 

Moor RM, Mattioli M, Ding J & Nagai T 1990 Maturation of pig oocytes in vivo and in vitro. J 

Reprod Fertil Suppl 40 197-210. 

Morbeck DE, Esbenshade KL, Flowers WL & Britt JH 1992a Kinetics of follicle growth in 

the prepubertal gilt. Biol Reprod 47 485-491. 

Morbeck DE, Esbenshade KL, Flowers WL & Britt JH 1992b Knitics of follicle growth in the 

prepubertal gilt. Biology of Reproduction 47 485-491. 

Motli J & Fulka J 1974 Fertilization of pig follicular oocytes cultivated in vitro. J Reprod Fertil 

36 235-237. 

Motlik J, Crozet N & Fulka J 1984 Meiotic competence in vitro of pig oocytes isolated from 

early antral follicles. J Reprod Fertil 72 323-328. 

Motlik J & Fulka J 1976 Breakdown of the germinal vesicle in pig oocytes in vivo and in vitro. 

J Exp Zool 198 155-162. 

Nagyova E 2012 Regulation of cumulus expansion and hyaluronan synthesis in porcine oocyte-

cumulus complexes during in vitro maturation. Endocr Regul 46 225-235. 

Neufeld G, Cohen T, Gengrinovitch S & Poltorak Z 1999 Vascular endothelial growth factor 

(VEGF) and its receptors. Faseb j 13 9-22. 

Nikseresht M, Toori MA, Rasti T, Kashani IR & Mahmoudi R 2015 The Nuclear Maturation 

and Embryo Development of Mice Germinal Vesicle Oocytes with and without Cumulus 

Cell after Vitrification. J Clin Diagn Res 9 Af01-04. 

Niwa K 1993 Effectiveness of in vitro maturation and in vitro fertilization techniques in pigs. J 

Reprod Fertil Suppl 48 49-59. 



128 
 

Orsi NM, Gopichandran N, Leese HJ, Picton HM & Harris SE 2005 Fluctuations in bovine 

ovarian follicular fluid composition throughout the oestrous cycle. Reproduction 129 219-

228. 

Ortega N, Hutchings H & Plouet J 1999 Signal relays in the VEGF system. Front Biosci 4 D141-

152. 

Osborn JC & Moor RM 1983 The role of steroid signals in the maturation of mammalian oocytes. 

J Steroid Biochem 19 133-137. 

Otani N, Minami S, Yamoto M, Shikone T, Otani H, Nishiyama R, Otani T & Nakano R 

1999 The vascular endothelial growth factor/fms-like tyrosine kinase system in human 

ovary during the menstrual cycle and early pregnancy. J Clin Endocrinol Metab 84 3845-

3851. 

Otoi T, Fujii M, Tanaka M, Ooka A & Suzuki T 2000 Oocyte diameter in relation to meiotic 

competence and sperm penetration. Theriogenology 54 535-542. 

Ouandaogo ZG, Haouzi D, Assou S, Dechaud H, Kadoch IJ, De Vos J & Hamamah S 2011 

Human cumulus cells molecular signature in relation to oocyte nuclear maturity stage. 

PLoS One 6 e27179. 

Oxender WD, Colenbrander B, van deWiel DF & Wensing CJ 1979 Ovarian development in 

fetal and prepubertal pigs. Biol Reprod 21 715-721. 

Pangas SA, Rademaker AW, Fishman DA & Woodruff TK 2002 Localization of the activin 

signal transduction components in normal human ovarian follicles: implications for 

autocrine and paracrine signaling in the ovary. J Clin Endocrinol Metab 87 2644-2657. 



129 
 

Pepper MS, Ferrara N, Orci L & Montesano R 1992 Potent synergism between vascular 

endothelial growth factor and basic fibroblast growth factor in the induction of 

angiogenesis in vitro. Biochem Biophys Res Commun 189 824-831. 

Pincus G & Enzmann EV 1935a THE COMPARATIVE BEHAVIOR OF MAMMALIAN 

EGGS IN VIVO AND IN VITRO : I. THE ACTIVATION OF OVARIAN EGGS. J Exp 

Med 62 665-675. 

Pincus G & Enzmann EV 1935b The comparative behavior of mammalian eggs in vivo and in 

vitro: I. The activation of ovarian eggs. . Journal of Experimental Medicine 62 665-675. 

Poltorak Z, Cohen T, Sivan R, Kandelis Y, Spira G, Vlodavsky I, Keshet E & Neufeld G 1997 

VEGF145, a secreted vascular endothelial growth factor isoform that binds to extracellular 

matrix. J Biol Chem 272 7151-7158. 

Prochazka R, Srsen V, Nagyova E, Miyano T & Flechon JE 2000 Developmental regulation of 

effect of epidermal growth factor on porcine oocyte-cumulus cell complexes: nuclear 

maturation, expansion, and F-actin remodeling. Mol Reprod Dev 56 63-73. 

Qian Y, Shi WQ, Ding JT, Sha JH & Fan BQ 2003 Predictive value of the area of expanded 

cumulus mass on development of porcine oocytes matured and fertilized in vitro. J Reprod 

Dev 49 167-174. 

Raghu HM, Nandi S & Reddy SM 2002 Follicle size and oocyte diameter in relation to 

developmental competence of buffalo oocytes in vitro. Reprod Fertil Dev 14 55-61. 

Redmer DA, Doraiswamy V, Bortnem BJ, Fisher K, Jablonka-Shariff A, Grazul-Bilska AT 

& Reynolds LP 2001 Evidence for a role of capillary pericytes in vascular growth of the 

developing ovine corpus luteum. Biol Reprod 65 879-889. 



130 
 

Regassa A, Rings F, Hoelker M, Cinar U, Tholen E, Looft C, Schellander K & Tesfaye D 

2011 Transcriptome dynamics and molecular cross-talk between bovine oocyte and its 

companion cumulus cells. BMC Genomics 12 57. 

Richards JS 2005 Ovulation: new factors that prepare the oocyte for fertilization. Mol Cell 

Endocrinol 234 75-79. 

Robinson CJ & Stringer SE 2001 The splice variants of vascular endothelial growth factor 

(VEGF) and their receptors. J Cell Sci 114 853-865. 

Romaguera R, Casanovas A, Morato R, Izquierdo D, Catala M, Jimenez-Macedo AR, Mogas 

T & Paramio MT 2010a Effect of follicle diameter on oocyte apoptosis, embryo 

development and chromosomal ploidy in prepubertal goats. Theriogenology 74 364-373. 

Romaguera R, Moll X, Morato R, Roura M, Palomo MJ, Catala MG, Jimenez-Macedo AR, 

Hammami S, Izquierdo D, Mogas T & Paramio MT 2011 Prepubertal goat oocytes from 

large follicles result in similar blastocyst production and embryo ploidy than those from 

adult goats. Theriogenology 76 1-11. 

Romaguera R, Morato R, Jimenez-Macedo AR, Catala M, Roura M, Paramio MT, Palomo 

MJ, Mogas T & Izquierdo D 2010b Oocyte secreted factors improve embryo 

developmental competence of COCs from small follicles in prepubertal goats. 

Theriogenology 74 1050-1059. 

Romar R, Funahashi H & Coy P 2016 In vitro fertilization in pigs: New molecules and protocols 

to consider in the forthcoming years. Theriogenology 85 125-134. 

Russell DL & Salustri A 2006 Extracellular matrix of the cumulus-oocyte complex. Semin 

Reprod Med 24 217-227. 



131 
 

Saeki K, Nagao Y, Hoshi M & Kainuma H 1994 Effects of cumulus cells on sperm penetration 

of bovine oocytes in protein-free medium. Theriogenology 42 1115-1123. 

Schoenfelder M & Einspanier R 2003 Expression of hyaluronan synthases and corresponding 

hyaluronan receptors is differentially regulated during oocyte maturation in cattle. Biol 

Reprod 69 269-277. 

Schoevers EJ, Bevers MM, Roelen BA & Colenbrander B 2005 Nuclear and cytoplasmic 

maturation of sow oocytes are not synchronized by specific meiotic inhibition with 

roscovitine during in vitro maturation. Theriogenology 63 1111-1130. 

Schwarz T, Kopyra M & Nowicki J 2008 Physiological mechanisms of ovarian follicular growth 

in pigs--a review. Acta Vet Hung 56 369-378. 

Senger DR, Galli SJ, Dvorak AM, Perruzzi CA, Harvey VS & Dvorak HF 1983 Tumor cells 

secrete a vascular permeability factor that promotes accumulation of ascites fluid. Science 

219 983-985. 

Sharma HS, Tang ZH, Gho BC & Verdouw PD 1995 Nucleotide sequence and expression of 

the porcine vascular endothelial growth factor. Biochim Biophys Acta 1260 235-238. 

Shibuya M 2011 Vascular endothelial growth factor (VEGF) and its receptor (VEGFR) signaling 

in angiogenesis. Genes & Cancer 2 1097-1105. 

Shimizu T 2006 Promotion of ovarian follicular development by injecting vascular endothelial 

growth factor (VEGF) and growth differentiation factor 9 (GDF-9) genes. J Reprod Dev 

52 23-32. 

Shimizu T, Iijima K, Miyabayashi K, Ogawa Y, Miyazaki H, Sasada H & Sato E 2007 Effect 

of direct ovarian injection of vascular endothelial growth factor gene fragments on 

follicular development in immature female rats. Reproduction 134 677-682. 



132 
 

Shimizu T, Jiang JY, Iijima K, Miyabayashi K, Ogawa Y, Sasada H & Sato E 2003 Induction 

of follicular development by direct single injection of vascular endothelial growth factor 

gene fragments into the ovary of miniature gilts. Biol Reprod 69 1388-1393. 

Shin SY, Lee JY, Lee E, Choi J, Yoon BK, Bae D & Choi D 2006 Protective effect of vascular 

endothelial growth factor (VEGF) in frozen-thawed granulosa cells is mediated by 

inhibition of apoptosis. Eur J Obstet Gynecol Reprod Biol 125 233-238. 

Somfai T, Kikuchi K, Medvedev S, Onishi A, Iwamoto M, Fuchimoto D, Ozawa M, Noguchi 

J, Kaneko H, Ohnuma K, Sato E & Nagai T 2005 Development to the blastocyst stage 

of immature pig oocytes arrested before the metaphase-II stage and fertilized in vitro. Anim 

Reprod Sci 90 307-328. 

Sorensen RA & Wassarman PM 1976 Relationship between growth and meiotic maturation of 

the mouse oocyte. Dev Biol 50 531-536. 

Stimpfl M, Tong D, Fasching B, Schuster E, Obermair A, Leodolter S & Zeillinger R 2002 

Vascular endothelial growth factor splice variants and their prognostic value in breast and 

ovarian cancer. Clin Cancer Res 8 2253-2259. 

Stouffer RL, Martinez-Chequer JC, Molskness TA, Xu F & Hazzard TM 2001 Regulation 

and action of angiogenic factors in the primate ovary. Arch Med Res 32 567-575. 

Su YQ, Denegre JM, Wigglesworth K, Pendola FL, O'Brien MJ & Eppig JJ 2003 Oocyte-

dependent activation of mitogen-activated protein kinase (ERK1/2) in cumulus cells is 

required for the maturation of the mouse oocyte-cumulus cell complex. Dev Biol 263 126-

138. 



133 
 

Su YQ, Wigglesworth K, Pendola FL, O'Brien MJ & Eppig JJ 2002 Mitogen-activated protein 

kinase activity in cumulus cells is essential for gonadotropin-induced oocyte meiotic 

resumption and cumulus expansion in the mouse. Endocrinology 143 2221-2232. 

Sugiura K, Pendola FL & Eppig JJ 2005 Oocyte control of metabolic cooperativity between 

oocytes and companion granulosa cells: energy metabolism. Dev Biol 279 20-30. 

Sullivan R, Duchesne C, Fahmy N, Morin N & Dionne P 1990 Protein synthesis and acrosome 

reaction-inducing activity of human cumulus cells. Hum Reprod 5 830-834. 

Sun QY, Lai L, Bonk A, Prather RS & Schatten H 2001a Cytoplasmic changes in relation to 

nuclear maturation and early embryo developmental potential of porcine oocytes: effects 

of gonadotropins, cumulus cells, follicular size, and protein synthesis inhibition. Mol 

Reprod Dev 59 192-198. 

Sun QY, Wu GM, Lai L, Park KW, Cabot R, Cheong HT, Day BN, Prather RS & Schatten 

H 2001b Translocation of active mitochondria during pig oocyte maturation, fertilization 

and early embryo development in vitro. Reproduction 122 155-163. 

Sutton ML, Gilchrist RB & Thompson JG 2003 Effects of in-vivo and in-vitro environments 

on the metabolism of the cumulus-oocyte complex and its influence on oocyte 

developmental capacity. Hum Reprod Update 9 35-48. 

Suzuki K, Eriksson B, Shimizu H, Nagai T & Rodriguez-Martinez H 2000 Effect of 

hyaluronan on monospermic penetration of porcine oocytes fertilized in vitro. Int J Androl 

23 13-21. 

Suzuki T, Sasano H, Takaya R, Fukaya T, Yajima A & Nagura H 1998 Cyclic changes of 

vasculature and vascular phenotypes in normal human ovaries. Hum Reprod 13 953-959. 



134 
 

Tamanini C & De Ambrogi M 2004 Angiogenesis in developing follicle and corpus luteum. 

Reprod Domest Anim 39 206-216. 

Tanghe S, Van Soom A, Nauwynck H, Coryn M & de Kruif A 2002 Minireview: Functions of 

the cumulus oophorus during oocyte maturation, ovulation, and fertilization. Mol Reprod 

Dev 61 414-424. 

Tao Y, Cao C, Zhang M, Fang F, Liu Y, Zhang Y, Ding J & Zhang X 2008 Effects of cumulus 

cells on rabbit oocyte in vitro maturation. J Anim Physiol Anim Nutr (Berl) 92 438-447. 

Topfer D, Ebeling S, Weitzel JM & Spannbrucker AC 2016 Effect of Follicle Size on In Vitro 

Maturation of Pre-Pubertal Porcine Cumulus Oocyte Complexes. Reprod Domest Anim 51 

370-377. 

Tsafriri A & Channing CP 1975 Influence of follicular maturation and culture conditions on the 

meiosis of pig oocytes in vitro. J Reprod Fertil 43 149-152. 

Uyar A, Torrealday S & Seli E 2013 Cumulus and granulosa cell markers of oocyte and embryo 

quality. Fertil Steril 99 979-997. 

van den Hurk R & Zhao J 2005 Formation of mammalian oocytes and their growth, 

differentiation and maturation within ovarian follicles. Theriogenology 63 1717-1751. 

Vanderhyden BC, Macdonald EA, Nagyova E & Dhawan A 2003 Evaluation of members of 

the TGFbeta superfamily as candidates for the oocyte factors that control mouse cumulus 

expansion and steroidogenesis. Reprod Suppl 61 55-70. 

Vanderhyden BC, Telfer EE & Eppig JJ 1992 Mouse oocytes promote proliferation of 

granulosa cells from preantral and antral follicles in vitro. Biol Reprod 46 1196-1204. 



135 
 

Varani S, Elvin JA, Yan C, DeMayo J, DeMayo FJ, Horton HF, Byrne MC & Matzuk MM 

2002 Knockout of pentraxin 3, a downstream target of growth differentiation factor-9, 

causes female subfertility. Mol Endocrinol 16 1154-1167. 

Wang HL, Chang ZL, Li KL, Lian HY, Han D, Cui W, Jiao GZ, Wu YG, Luo MJ & Tan JH 

2011 Caffeine can be used for oocyte enucleation. Cell Reprogram 13 225-232. 

Wang HX, Tong D, El-Gehani F, Tekpetey FR & Kidder GM 2009 Connexin expression and 

gap junctional coupling in human cumulus cells: contribution to embryo quality. J Cell 

Mol Med 13. 

Wang WH, Niwa K & Okuda K 1991 In-vitro penetration of pig oocytes matured in culture by 

frozen-thawed ejaculated spermatozoa. J Reprod Fertil 93 491-496. 

Warriach HM & Chohan KR 2004 Thickness of cumulus cell layer is a significant factor in 

meiotic competence of buffalo oocytes. J Vet Sci 5 247-251. 

Wassarman PM 1988 Zona pellucida glycoproteins. Annu Rev Biochem 57 415-442. 

Watanabe H, Okawara S, Bhuiyan M & Fukui Y 2010 Effect of lycopene on cytoplasmic 

maturation of porcine oocytes in vitro. Reprod Domest Anim 45 838-845. 

Watson AJ 2007 Oocyte cytoplasmic maturation: a key mediator of oocyte and embryo 

developmental competence. J Anim Sci 85 E1-3. 

Wickramasinghe D & Albertini DF 1993 Cell cycle control during mammalian oogenesis. Curr 

Top Dev Biol 28 125-153. 

Wittmaack FM, Kreger DO, Blasco L, Tureck RW, Mastroianni L, Jr. & Lessey BA 1994 

Effect of follicular size on oocyte retrieval, fertilization, cleavage, and embryo quality in 

in vitro fertilization cycles: a 6-year data collection. Fertil Steril 62 1205-1210. 



136 
 

Wongsrikeao P, Kaneshige Y, Ooki R, Taniguchi M, Agung B, Nii M & Otoi T 2005 Effect 

of the removal of cumulus cells on the nuclear maturation, fertilization and development 

of porcine oocytes. Reprod Domest Anim 40 166-170. 

Wulff C, Wilson H, Wiegand SJ, Rudge JS & Fraser HM 2002 Prevention of thecal 

angiogenesis, antral follicular growth, and ovulation in the primate by treatment with 

vascular endothelial growth factor Trap R1R2. Endocrinology 143 2797-2807. 

Xia GL, Kikuchi K, Noguchi J & Izaike Y 2000 Short time priming of pig cumulus-oocyte 

complexes with FSH and forskolin in the presence of hypoxanthine stimulates cumulus 

cells to secrete a meiosis-activating substance. Theriogenology 53 1807-1815. 

Yamashita Y, Kawashima I, Yanai Y, Nishibori M, Richards JS & Shimada M 2007 

Hormone-induced expression of tumor necrosis factor alpha-converting enzyme/A 

disintegrin and metalloprotease-17 impacts porcine cumulus cell oocyte complex 

expansion and meiotic maturation via ligand activation of the epidermal growth factor 

receptor. Endocrinology 148 6164-6175. 

Yamauchi N & Nagai T 1999 Male pronuclear formation in denuded porcine oocytes after in 

vitro maturation in the presence of cysteamine. Biol Reprod 61 828-833. 

Yancopoulos GD, Davis S, Gale NW, Rudge JS, Wiegand SJ & Holash J 2000 Vascular-

specific growth factors and blood vessel formation. Nature 407 242-248. 

Yang MY & Fortune JE 2007 Vascular endothelial growth factor stimulates the primary to 

secondary follicle transition in bovine follicles in vitro. Mol Reprod Dev 74 1095-1104. 

Yoon JD, Jeon Y, Cai L, Hwang SU, Kim E, Lee E, Kim DY & Hyun SH 2015 Effects of 

coculture with cumulus-derived somatic cells on in vitro maturation of porcine oocytes. 

Theriogenology 83 294-305. 



137 
 

Yoon KW, Shin TY, Park JI, Roh S, Lim JM, Lee BC, Hwang WS & Lee ES 2000 

Development of porcine oocytes from preovulatory follicles of different sizes after 

maturation in media supplemented with follicular fluids. Reprod Fertil Dev 12 133-139. 

Yoshida M, Ishizaki Y & Kawagishi H 1990 Blastocyst formation by pig embryos resulting from 

in-vitro fertilization of oocytes matured in vitro. J Reprod Fertil 88 1-8. 

Yoshioka K, Suzuki C & Onishi A 2008 Defined system for in vitro production of porcine 

embryos using a single basic medium. J Reprod Dev 54 208-213. 

Yuan Y, Ida JM, Paczkowski M & Krisher RL 2011 Identification of developmental 

competence-related genes in mature porcine oocytes. Mol Reprod Dev 78 565-575. 

Yuan Y & Krisher RL 2010 Effect of ammonium during in vitro maturation on oocyte nuclear 

maturation and subsequent embryonic development in pigs. Anim Reprod Sci 117 302-307. 

Zamboni L 1974 Fine morphology of the follicle wall and follicle cell-oocyte association. Biol 

Reprod 10 125-149. 

Zhang L, Jiang S, Wozniak PJ, Yang X & Godke RA 1995 Cumulus cell function during bovine 

oocyte maturation, fertilization, and embryo development in vitro. Mol Reprod Dev 40 

338-344. 

Zimmermann RC, Hartman T, Kavic S, Pauli SA, Bohlen P, Sauer MV & Kitajewski J 2003 

Vascular endothelial growth factor receptor 2-mediated angiogenesis is essential for 

gonadotropin-dependent follicle development. J Clin Invest 112 659-669. 

Zimmermann RC, Xiao E, Bohlen P & Ferin M 2002 Administration of antivascular endothelial 

growth factor receptor 2 antibody in the early follicular phase delays follicular selection 

and development in the rhesus monkey. Endocrinology 143 2496-2502. 

 


	Table of Contents
	GENERAL ABSTRACT
	Declaration
	ACKNOWLEGMENTS
	PUBLICATIONS ARISING FROM THIS THESIS
	CONFERENCES PROCEEDINGS
	LIST OF FIGURES
	LIST OF TABLES
	ABBREVIATION
	CHAPTER 1: GENERAL INTRODUCTION
	1.1 Preface
	1.2 The ovary follicle
	1.2.1 The ovary
	1.2.2 Physiological mechanisms of ovarian follicular growth in pig
	1.2.2.1 Follicle growth and development in the pig
	1.2.2.2 Antral follicle component
	1.2.3 In vitro oocyte maturation
	1.2.3.1 Nuclear maturation
	1.2.3.2 Cytoplasmic maturation
	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
	1.2.4.2 The role of cumulus cells related to oocyte growth and fertilization
	1.2.4.3 Gene expression in cumulus cells in term of ovarian stimulation protocol and oocyte maturity

	1.3 Vascular endothelial growth factor and its receptors: structure, function and mechanism
	1.3.1 Angiogenesis mechanism
	1.3.1.1 Angiogenesis
	1.3.1.2 Features of the ovarian vascular system and follicular angiogenesis
	1.3.2 Vascular endothelial growth factor and its isoforms
	1.3.2.1 Vascular endothelial growth factor and its isoforms
	1.3.2.2 VEGF and its expression in folliculogenesis
	1.3.2.3 VEGF receptors and its expression in folliculogenesis
	1.3.3 Effect of VEGF in in vitro maturation


	CHAPTER 2: GENERAL MATERIALS AND METHODS
	2.1 Chemicals and culture media
	2.2 Preparation and IVM of COCs
	2.3 Evaluation of meiotic stage
	2.4 Preparation of fresh boar spermatozoa and IVF
	2.5 Sperm penetration and pronuclear formation assessment
	2.6 Parthenogenetic activation and in vitro culture of oocytes

	CHAPTER 3.
	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
	3.2 Materials and methods
	3.2.1 VEGF secretion from COCs during IVM
	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
	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
	3.2.2.3 Experiment 3: effects of VEGF supplementation during the first 20 h of IVM on the fertilisability of SF-derived oocytes
	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
	3.2.3 Statistical analysis

	3.3 Results
	3.3.1 Experiment 1: VEGF secreted by MF- or SF-derived COCs and meiotic competence of oocytes
	3.3.2 Experiment 2: effects of VEGF supplementation during the first 20 h of IVM on the meiotic competence of SF-derived oocytes
	3.3.3 Experiment 3: effects of VEGF supplement during the first 20 h of IVM on the fertilisability of SF-derived oocytes
	3.3.4 Experiment 4: effects of VEGF supplementation during the first 20 h of IVM on the developmental competence of SF-derived oocytes

	3.4 Discussion

	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
	4.2 Material and methods
	4.2.1 Isolation of total RNA and reverse-transcription
	4.2.2 Reverse transcription PCR
	4.2.3 Statistical analysis
	4.2.4 Experiment design

	4.3 Results
	4.3.1. Effect of follicle sizes on the expression of VEGF and VEGFR (Flt-1) genes in cumulus cells
	4.3.2. Effect of VEGF on the expression of PTGS-2, TNFAIP-6, HAS-2 genes in cumulus cells derived from small follicles

	4.4 Discussion

	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
	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
	5.2.1.2 Effect of VEGF on cumulus expansion during the first 20-h after the start of IVM
	5.2.1.3 Effect of VEGF receptor inhibitor, axitinib, on the meiotic progression of oocytes derived from SF and MF
	5.2.2 Statistical analysis

	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
	5.3.2 Effect of VEGF on cumulus expansion during the first 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

	5.4 Discussion

	CHAPTER 6. GENERAL DISCUSSION
	CHAPTER 7. SUMMARY
	REFERENCES

