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Abstract. 

The fertility of the cow is influenced by a variety of factors. Two factors of 

particular importance are the growth and development of corpus luteum (CL) 

and the impact of diet. Angiogenesis is integral to luteal development, and is 

critically regulated by the balance of pro- and anti-angiogenic factors. However, 

the role of many anti-angiogenic factors in the bovine CL has not been 

investigated.  

Therefore, the first aim of this study was to identify the spatial and temporal 

expression of VEGFA, VEGFA164b and PEDF in the bovine CL, and to determine 

the effect of PEDF and THBS1 on early luteal angiogenesis and steroidogenesis 

in vitro.  

Immunohistochemistry and Western blotting demonstrated that PEDF and 

VEGFA were expressed at all stages of luteal development, with PEDF 

concentration greatest in the early CL. In contrast, evidence of luteal VEGFA164b 

expression was limited. Luteal angiogenesis cultures were subsequently 

treated with PEDF (0, 10 and 100ng/ml; n=3) or THBS1 (0, 100, 1000ng/ml; n=3) 

for 5 days. Image analysis of von Willebrand factor immunohistochemistry was 

performed to quantify the effect on endothelial cell (EC) growth parameters. 

PEDF (10ng/ml) markedly reduced total and average EC area (P<0.05), total 

branch length and number of branch points, as well as the degree of branching 

within each EC cluster (P<0.05). A preliminary study showed that 1000ng/ml 

THBS1 reduced the degree of branching per EC cluster (P=0.03), but not other 

parameters. In further studies, THBS1 treatment had no effect on any EC 
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network parameter. In addition, neither treatment had any effect on 

progesterone production. 

Adequate dietary protein is essential for growth, however the effect of a high 

level of dietary protein on the bovine ovary has not been established. The 

second aim of this study was to determine the effect of a high protein diet on 

alternative splicing of the granulosa cell transcriptome, and to predict the 

effects of alternative splicing on the genes and gene ontologies controlling 

granulosa cell function in silico. 

Beef heifers were fed either control (11%) or high (14%) crude protein diets for 

at least 60 days. Granulosa cells were collected from multiple medium-sized 

follicles at slaughter and pooled by diet. Alternative splicing events were 

identified following rMATs analysis of RNAseq transcription data obtained from 

the granulosa cells of medium sized follicles from beef heifers fed a control 

(n=2) or high protein diet (n=1). 127 genes were found to be commonly spliced 

across analyses of the two controls vs. one high protein comparisons, with 5 

genes undergoing two types of splicing simultaneously. Multiple patterns of 

splicing were observed and the most common type was skipped exon splicing. 

Gene ontology analysis showed that the high protein diet altered the splicing 

of genes involved in the regulation of the cell cycle and mitosis. Functional 

analysis with GeneMANIA showed that angiogenic factors including FLT1, 

VEGFA and NRP1 were linked to several of the spliced genes by shared 

domains, and physical or genetic interactions. BCAS3, PGF, IRF1 and HPSE were 
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identified as genes of interest, splicing caused the insertion of a premature stop 

codon in PGF, HPSE and IRF1 sequences and thus is predicted to alter function. 

In conclusion, this study has shown that anti-angiogenic factors are expressed 

by the early corpus luteum and have the potential to dramatically inhibit luteal 

angiogenesis. In addition, ovarian function may also be regulated by dietary 

protein, whereby the degree and pattern of alternative splicing is predicted to 

influence critical processes including angiogenesis, cell division and mitosis. 
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Chapter 1. Review of the literature. 

1.1 Introduction. 

Over the past 4-5 decades dairy cow fertility has undergone a steady decline, 

with conception rates currently estimated to be around 35-45% globally (Lucy 

2001, Dobson et al. 2007). Factors such as the past genetic drive towards higher 

milk yields at the expense of fertility, altered energy metabolism during times 

of stress (e.g. during periods of disease and peak milk yield) as well as 

influences such as the exposure to environmental endocrine disrupting 

chemicals have all been implicated in the reduction of fertility (Haile-Mariam 

et al. 2003, Ahmadzadeh et al. 2009, Roche et al. 2009, Sheldon et al. 2009, 

Rhind et al. 2010).  

Central to the establishment and maintenance of a successful pregnancy is the 

development of a corpus luteum (CL) from the ovulated dominant follicle under 

the influence of luteinising hormone (LH), in a process termed luteinisation. 

The CL is the main steroidogenic tissue responsible for progesterone 

production, which has several essential roles in the maintenance of pregnancy. 

For pregnancy to be established, the CL must begin producing large quantities 

of progesterone within a short period of time (<5 days) of ovulation (Spencer 

et al. 2004). This requires a period of rapid luteal growth such that the rate of 

growth is only matched by the fastest growing of tumours (Robinson et al. 

2008).  

Integral to luteal growth is the development of a new vasculature network via 

the process of angiogenesis, and this is of critical importance during early CL 
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development (Schams & Berisha 2004). Angiogenesis is a highly regulated 

process that is controlled by a plethora of pro and anti-angiogenic factors 

(Galvão et al. 2013). It is highly likely that the balance of the pro and anti-

angiogenic factors is particularly significant. Previous studies have largely 

focused upon pro-angiogenic factors, the importance of inhibitory factors is 

widely becoming recognised (Robinson et al. 2009).  

It is plausible that when high-producing dairy cows are exposed to stresses such 

as disease and lactational negative energy balance that the ratio of angiogenic 

factors may become unbalanced (Carmeliet 2003, Woolf et al. 2015). The 

excess of certain inhibitory factors, or inadequate quantity of pro-angiogenic 

factors, may compromise the dynamic structural changes in the ovary that 

occur during the cycle. Therefore investigations into the role of anti-angiogenic 

factors in CL development is of utmost importance. 

1.2 Corpus luteum formation and growth. 

The CL develops from the remnants of the ovulated follicle in a process termed 

luteinisation. The follicular-luteal transition begins just prior to ovulation 

coinciding with the LH surge, and involves a period of structural reorganisation, 

cell differentiation and biochemical alteration (Reynolds & Redmer 1999, 

Niswender et al. 2000). 

1.2.1 Luteinisation of the ovulated follicle. 

 

The pre-ovulatory follicle consists of an oocyte located within a fluid-filled 

antrum surrounded by a layer of granulosa cells which are separated from the 

theca interna and externa cell layers by a basement membrane (Fig 1.1). The 
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theca layer is highly vascularised with vascular density particularly high just 

beneath the basement membrane, however the granulosa layer remains 

avascular as the basement membrane provides a physical barrier (Fraser 2006). 

After ovulation, in the cow the follicle collapses in on itself leading to the 

intermingling of granulosa and theca cells, alongside this the integrity of the 

basement membrane is disrupted allowing the in-growth of vessels from the 

thecal vasculature into the granulosa layer (Fraser & Lunn 2001). This allows an 

intense period of blood vessel growth to begin, whereby the developing CL 

becomes fully vascularised. 

Simultaneously, a process of cellular differentiation takes place whereby the 

granulosa and theca cells differentiate into large and small luteal cells, 

respectively (Niswender et al. 2000). Progesterone becomes the primary 

steroid hormone produced by these cells, instead of oestradiol. 

Theca externa 

Theca interna 

Basal Lamina 

Fluid filled antrum 

Granulosa cell layer 

Oocyte 

Thecal vasculature 

Fig 1.1 Antral follicle structure. 
The structure of the dominant pre-ovulatory follicle. The follicle consists of 
an outer thecal cell layer, which is subdivided into theca interna and externa 
layers. These layers are separated from the inner granulosa cell layer, which 
surrounds an oocyte and a fluid filled antrum. A basal lamina separates the 
granulosa and thecal layers. The thecal layer is vascularised, whilst the 
granulosa layer remains avascular until luteinisation of the follicle following 
ovulation. 
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1.2.2 Luteal growth and endocrine development. 

 

The newly formed CL undergoes near exponential growth, during which the 

number of endothelial cells (ECs) and pericytes, that are associated with new 

blood vessel formation, vastly increases (Robinson et al. 2009). The continuous 

rapid growth of the bovine CL takes place for 9 days following ovulation, by 

which time the CL has reached its maximal weight and circumference (Taylor & 

Rajamahendran 1991, Mann 2009) However, circulating progesterone 

concentrations continue to rise until around day 16, suggesting that there is 

continued endocrine development taking place. By the time the CL has finished 

developing every steroidogenic cell lies adjacent to an EC, giving the CL one of 

the highest blood flows of any tissue per given mass (Reynolds & Redmer 1999, 

Fraser & Lunn 2001). Any disruptions to this growth process would reduce the 

ability of the CL to develop rapidly and initiate the production of progesterone, 

potentially leading to a decline in fertility. 

1.3 The bovine oestrous cycle, hormonal regulation and synthesis. 

 

1.3.1 The hypothalamic pituitary gonadal axis. 

The hypothalamic-pituitary-gonadal axis governs the phases and timing of the 

bovine oestrous cycle. It consists of several key hormones whose production 

and action are controlled by complex interlinked negative and positive 

feedback systems (Senger 2003). 

In the cow, the development and recruitment of follicle cohorts occurs in waves 

(Fig 1.2), with at least two waves each oestrous cycle (Boer et al. 2011). The 

first wave takes place just after oestrus (Day 0), with a cohort of antral follicles 
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developing due to an increase in circulating follicle-stimulating hormone (FSH) 

(Fig 1.2). Due to the increasing levels of progesterone this follicular wave will 

not ovulate and the dominant follicle regresses (Richter et al. 2002). The 

second follicular wave develops due to a second spike in FSH production 

around the time the dominant follicle starts to regress. In the absence of 

progesterone’s inhibitory effects, the dominant follicle from this wave is 

capable of ovulating under the influence of increasing LH (Ginther et al. 2002, 

Boer et al. 2011). The hormones that regulate the bovine oestrous cycle, their 

interactions and their important role in governing fertility, are discussed in 

detail below.  

 

Fig 1.2 The bovine oestrous cycle. 
Follicle stimulating hormone (FSH), luteinising hormone (LH), progesterone 
and oestradiol concentrations fluctuate throughout the cycle. A wave like 
pattern of follicular development occurs alongside these hormonal changes. 
The corpus luteum secretes progesterone until day 18, after which it 
regresses. Towards the end of the cycle elevated oestradiol levels prevent 
FSH production whilst stimulating the pulsatile release of LH. Once sufficient 
oestradiol is produced by the dominant follicle an LH surge is triggered 
causing ovulation. The ovulated follicle forms a corpus luteum which 
produces progesterone. (Adapted from https://research.vet.upenn.edu). 
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1.3.2 FSH, LH and oestradiol. 

FSH and LH are gonadotrophic hormones produced by the anterior pituitary 

gland under the stimulation of gonadotrophin releasing hormone (GnRH). Low 

levels of GnRH are produced throughout the follicular phase by the tonic centre 

in the hypothalamus until sufficient circulating levels of oestradiol are reached 

to stimulate the surge centre, which ultimately brings about ovulation 

(Scaramuzzi et al. 2011).  

FSH and LH act upon their respective receptors on the ovaries to influence 

oestradiol production, progesterone synthesis, follicle development and 

ovulation. The production of androgens by theca cells is regulated by LH 

stimulation, whilst the granulosa cells express aromatase under the influence 

of FSH (Kumar & Sait 2011). The close proximity of the cell layers means that 

theca-derived androgens are readily converted to oestradiol by aromatase in 

the granulosa cells (Bao & Garverick 1998). FSH also acts to increase the 

number of follicles recruited in each cohort, which further increases the 

amount of oestradiol produced, with the dominant follicle producing more 

oestradiol than the small antral follicles (Kumar & Sait 2011).  

Elevated concentrations of oestradiol and inhibin produced by developing 

follicles exert a potent negative feedback effect upon the hypothalamus, 

leading to a fall in FSH production (Senger 2003). When sufficient LH receptors 

(LHCGR) are expressed on granulosa cells, LH replaces the role of FSH and 

supports further follicle development (Zeleznik & Hillier 1984). The decline in 

FSH coincides with the selection of the dominant follicle, which takes place due 
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to acquisition of LHCGR in granulosa cells. At this time, follicles are no longer 

dependent upon FSH (Fortune et al. 2001).  

When circulating oestradiol levels reach a threshold, positive feedback is 

initiated leading to the release of large amounts of GnRH, triggering a surge in 

LH and ovulation (Lucy et al. 1992). The LH surge suppresses the growth of non-

dominant follicles and granulosa cells, allowing the final stages of oocyte 

development to occur alongside the beginning of luteinisation (Kumar & Sait 

2011). 

1.3.3 Progesterone. 

1.3.3.1 Progesterone synthesis. 

The outline of progesterone synthesis in a generic luteal cell is shown in Fig 1.3. 

Whilst the underlying process is similar in both large  and small luteal cells, 

there are key differences in the rates of synthesis and factors affecting 

production in the two cell types (Niswender et al. 2000). Large luteal cells are 

responsible for the majority of basal progesterone secretion, producing 2-40 

times the quantity produced by unstimulated small luteal cells (Niswender et 

al. 2000). Small luteal cells are able to increase their progesterone output 5-20 

fold following LH stimulation (Wiltbank et al. 1993). The reason for the cellular 

difference in LH responsiveness has yet be elucidated, although it has been 

suggested that it is related to phosphorylation of steroidogenic acute 

regulatory protein (StAR) along with involvement of the peripheral 

benzodiazepine receptor system that also transports steroids within the cell 

(Niswender et al. 2000). 
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The main substrate for luteal progesterone production is cholesterol. In 

ruminants this is predominantly acquired from high density lipoproteins 

(HDLs), however low density lipoproteins (LDLs) and cholesterol esters can be 

utilised (Wiltbank et al. 1990, Niswender 2002). Whilst it remains unclear how 

cholesterol is transported into cells, HDLs are up taken following binding to HDL 

receptors and LDLs by receptor mediated endocytosis, with the receptors then 

being recycled (Fig 1.3) (Grummer & Carroll 1988, Niswender et al. 2000).  

Free cholesterol is required for steroidogenesis, however surplus cholesterol is 

stored as cholesterol esters within luteal cells, with conversion controlled by 

acyl coenzyme A: cholesterol acyltransferase. Cholesterol esterase permits free 

cholesterol to be reformed (Fig 1.3) (Pittman et al. 1975, Johnson et al. 1997, 

Niswender et al. 2000).  

The movement of cholesterol across the inner mitochondrial membrane is the 

rate limiting step in progesterone synthesis, with steroid acute regulatory 

protein (StAR) playing a vital role in this process (Stevens et al. 1993, Clark et 

al. 1994). Following transportation into the mitochondria, cholesterol is 

converted to pregnenolone by cytochrome P450 side-chain cleavage (Tuckey 

2005). Pregnenolone is converted to progesterone by 3β-hydroxysteroid 

dehydrogenase (HSD3B) within the smooth endoplasmic reticulum (Niswender 

et al. 2000). Progesterone then freely diffuses into surrounding tissues and 

vasculature. 

1.3.3.2 Interaction of progesterone with other reproductive hormones. 

Progesterone has several important effects upon the hypothalamic-pituitary 



19 
 

ovarian axis, in particular it plays an important role in governing the length of 

each oestrous cycle (Niswender et al. 2000). Progesterone has a negative 

feedback effect on both the pituitary and hypothalamus. In the hypothalamus, 

progesterone inhibits surges of GnRH, thus limiting the potential for an LH 

surge (Senger 2003). Whilst progesterone reduces the number of GnRH 

receptors in the pituitary, leading to a reduction in LH release, as well as 

decreasing LH and FSH gene expression (Laws et al. 1990, Brann et al. 1993, Di 

Gregorio & Nett 1995).  
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1.3.3.3 The effect of progesterone on the reproductive tract. 

During the follicular phase, oestradiol acts on the uterus to promote the growth 

of endometrial stromal and epithelial cells (Padykula et al. 1989). In the luteal 

phase, progesterone downregulates oestradiol receptors, reducing 

endometrial growth and stimulating differentiation of the stroma, increasing 

Cholesterol 

Cholesterol Ester 

Acetate 

Pregnenolone 

HSD3β 

Progesterone 

LDL 

HDL 

Lysosome 

Endosome 

Mitochondria 

StAR 

SER 

CE ACA
T 

CYPIIA 

Fig 1.3 Progesterone synthesis. 
A simplified outline of progesterone synthesis in a luteal cell. The three main 
sources of the cholesterol are (1) low density lipoproteins (LDLs), (2) high 
density lipoproteins (HDLs) and (3) cholesterol esters, with HDLs the most 
common source in cows. Cholesterol esters are hydrolysed by cholesterol 
esterase (CE) or reformed from cholesterol by acyl coenzyme A:cholesterol 
acyltransferase (ACAT). Free cholesterol is transported to the mitochondria, 
then transferred from the outer membrane to the inner membrane by 
steroidogenic acute regulatory protein (StAR). Inside the mitochondria, 
cytochrome P450 side chain cleavage enzyme (CYPIIA) converts cholesterol to 
pregnenolone. Pregnenolone is converted to progesterone by 3β-
hydroxysteroid dehydrogenase (HSD3B) in the smooth endoplasmic reticulum 
(SER). Progesterone then freely diffuses from the cell. (Adapted from 
Niswender, 2002). 

(1) 

(2) (3) 
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the volume of uterine secretions (Maslar et al. 1986, Padykula et al. 1989). This 

provides an ideal environment for embryo development, providing an 

abundance of nutritional support during the early stages of growth.  

Progesterone prepares the reproductive tract for the establishment of 

pregnancy, by binding to the progesterone receptor (PGR) which regulates 

gene expression by binding to progesterone-responsive elements (Moutsatsou 

& Sekeris 1997). Progesterone also has a marked effect on the myometrium by 

inhibiting contractility through reducing calcium uptake, increasing the cellular 

resting potential, preventing cell to cell stimulation and blocking the actions of 

oestradiol (Bottari et al. 1983, Batra 1986). This aids in attachment of the 

conceptus to the endometrium, and prevents any myometrial contractions that 

would result in early expulsion of the fetus. 

Any factors that impact upon the production of progesterone will reduce the 

potential fertility of an animal. Therefore, the processes governing 

progesterone synthesis are critically important for CL growth and angiogenesis. 

Any factor(s) that impact upon these mechanisms would decrease 

progesterone synthesis, delaying the post-ovulatory rise in progesterone and 

decreasing the final circulating progesterone concentration, both of which will 

impair reproductive success (Mann & Lamming 1995, Larson et al. 1997, 

Robinson et al. 2006). 

1.3.3.4 The importance of progesterone in the establishment of pregnancy. 
 

In order for a pregnancy to be established in the cow, the embryo must have 

developed sufficiently to produce enough interferon-tau to prevent luteolysis 
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(Mann et al. 1999). A low concentration of progesterone has been shown to 

reduce embryo development and interferon-tau production by the embryo 

(Mann & Lamming 2001). Therefore, inadequate progesterone production by 

the CL will reduce embryo growth, preventing the establishment of pregnancy 

(Mann et al. 1999).  

1.4 Angiogenesis.  

Angiogenesis is the formation of new blood vessels from pre-existing 

vasculature (Schams & Berisha 2004). The development of an expansive 

microvascular network is critically important during CL formation to support its 

rapid growth (Niswender et al. 2000, Woad et al. 2012). In the mature CL, the 

dense vasculature aids nutrient supply and the dissemination of progesterone 

to the circulation. In a physiological setting, angiogenesis is highly regulated by 

a plethora of pro and inhibitory factors (Galvão et al. 2013). An imbalance of 

these factors can lead to unchecked blood vessel growth (as in neoplasia) or 

inhibition of vasculature development, which would impair tissue remodelling 

(e.g. CL development) (Fidler 2000, Robinson et al. 2007). Indeed, it is highly 

plausible that during disease outbreaks or intense metabolic stress, there may 

be a shift in the equilibrium of these angiogenic factors leading to negative 

effects upon luteal growth and progesterone production. 

1.4.1 Mechanisms of angiogenesis in the CL. 

There are two distinct types of angiogenesis, sprouting and intussusceptive 

(Adair & Montani 2010). With the predominant form in the CL being sprouting 

angiogenesis (Amselgruber et al. 1999). Sprouting angiogenesis (Fig 1.4) 
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involves, 1) EC tip differentiation and sprouting, 2) EC stalk proliferation, 3) EC 

tip migration, junction, lumen and network formation and 4) remodelling and 

differentiation (Clapp et al. 2009, Adair & Montani 2010). Alongside this, 

recruitment of mural cells (e.g. pericytes) takes place to support the newly 

formed vascular networks (Bergers & Song 2005).  

 

  

Fig 1.4 Mechanism of sprouting angiogenesis. 

The steps involved in sprouting angiogenesis. A) Shows a generic unbranched 

blood vessel prior to the onset of angiogenesis, B) Destabilization of the vessel 
wall through protease action increases vessel permeability, C) Sprouting of 
vessels takes place as endothelial cells (ECs) differentiate into tip cells and 
migrate, meanwhile further extracellular matrix degradation takes place, D) 
ECs migrate and proliferate, starting to form tubules. Networks form as 
capillary sprouts come in contact with each other, E) Vessel stabilisation 
occurs as pericytes are recruited and a new basement membrane is formed. 
(Adapted from Clapp et al., 2009). 
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Classically, sprouting angiogenesis is stimulated by hypoxia, which induces the 

upregulation of several pro-angiogenic factor genes such as vascular 

endothelial growth factor A (VEGFA) and nitric oxide (NO) which in turn cause 

an increase in vascular permeability and vasodilation, respectively. Through the 

Notch signalling pathway, a sub-population of ECs differentiate into tip cells 

and migrate along a temporary protein matrix towards angiogenic stimuli using 

filopodia. Whilst another population of ECs just behind the tip cells form a stalk, 

which is responsible for elongation of the sprouting vessel and is where the 

majority of EC proliferation takes place (Gerhardt et al. 2003, Clapp et al. 2009). 

The proliferating ECs release proteases such as matrix metalloproteases 

(MMPs) that breakdown and change the structural composition of the 

extracellular matrix (ECM), providing support and guidance for the migrating 

ECs (Serini et al. 2006, Clapp et al. 2009). The proliferating sprouts join together 

to form vascular networks and undergo lumen formation through cellular 

vacuole fusion (Kamei et al. 2006). Finally, pericytes are recruited and a 

basement membrane is established leading to stability of the newly formed 

vessels. Following this, an influx of blood flow raises the oxygen concentration 

in the surrounding tissues, reducing VEGFA secretion leading to a cessation of 

angiogenic mechanisms (Clapp et al. 2009). 

1.4.2 Factors regulating angiogenesis in the bovine CL. 

The regulation of luteal angiogenesis has long been a topic of profound 

interest, not only due to its importance in fertility but also as a model for the 

intense angiogenesis observed in cancer. It has been extensively reviewed 

(Schams & Berisha 2004, Clapp et al. 2009, Robinson et al. 2009, Woad & 
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Robinson 2016). The majority of the research has focused upon promoting 

angiogenesis. However, the ratio of pro and inhibitory factors is likely to be 

important and has been overlooked to date.  

1.4.2.1 Pro-angiogenic factors in the bovine CL. 

In the bovine CL, VEGFA and fibroblast growth factor 2 (FGF2) are the two pro-

angiogenic factors of greatest importance. VEGFA induces EC tip migration and 

stalk proliferation(Gerhardt et al. 2003), whilst FGF2 plays a role in network 

sprouting and tubule formation (Woad et al. 2012). However, there are a 

variety of other pro-angiogenic factors that act in the bovine CL, such as 

platelet derived growth factor (PDGF) and angiopoietins (ANGPT), these are 

outlined in Table 1.1. 
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Table 1.1 Pro-angiogenic factors, their receptors and functions in the bovine 
CL. 

Ligand Isoforms Receptors Function References 

VEGFA VEGFA120 

VEGFA144 

VEGFA164 

VEGFA188 

VEGFA205 

FLT1, KDR,  

sFLT1, sKDR. 
Vascular 

permeability, EC 

growth, migration 

and lumen 

formation. 

(Ferrara et 

al. 2003, 

Woad et al. 

2012) 

FGF2 18-kDa 

(cytoplasmic). 

22.5, 23.1 and 

24.2-kDa 

(intranuclear). 

FGFR1-4 & 

their isoforms. 
EC island growth, 

tubule growth and 

vascular sprouting. 

Mural cell growth. 

(Ornitz et 

al. 1996, 

Powers et 

al. 2000, 

Laird et al. 

2013) 

PDGF PDGFA 

PDGFB 

PDGFC 

PDGFD 

PDGFR-AA, 

PDGFR-AB & 

PDGFR-BB. 

Pericyte 

recruitment 

following PDGFR-ββ 

binding by PDGF-

BB. 

(Fredriksson 

et al. 2004, 

Woad et al. 

2009) 

ANGPT ANGPT1 

ANGPT2 
Tie2 ANGPT1: vessel 

maturation. 

ANGPT2: Disrupts 

EC-pericyte 

connections. 

(Augustin et 

al. 2009) 

 
 

1.4.3 Vascular Endothelial Growth Factor A (VEGFA). 

VEGFA is present in a variety of tissues and is implicated in both physiological 

and pathological angiogenesis (Ferrara & Davis-Smyth 1997, Ferrara et al. 

2003).  

1.4.3.1 VEGFA structure and isoforms. 

VEGFA exists in several isoforms, all of which are formed from the alternative 

splicing of a single gene (Ferrara et al. 2003). In humans, the VEGFA gene is 
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composed of 8 exons divided by 7 introns (Houck et al. 1991, Tischer et al. 1991, 

Ferrara et al. 2003). The isoforms are denoted using the formula VEGFAxxx 

where XXX signifies the number of amino acids present in that particular 

isoform. In humans, the main isoform expressed is VEGFA165 which is a 

glycoprotein dimer with a molecular weight of 45kDa. In this isoform, the 

peptide sequence encoded by exon 6 is missing, whilst VEGFA121 lacks the 

components expressed by exon 6 and 7 (Houck et al. 1992, Ferrara et al. 2003). 

In the bovine, each isoform is 1 amino acid shorter, therefore VEGFA120 and 

VEGFA164 are the predominant isoforms expressed in the bovine CL (Schams & 

Berisha 2004). Alternative splicing of the VEGA isoforms is further complicated 

since VEGFAxxx can undergo splicing to form VEGFAxxxb. For example, VEGFA165  

undergoes splicing to give rise to VEGFA165b, which has anti-angiogenic 

properties (Rennel et al. 2008) and will be discussed in detail later. 

The different isoforms possess slightly different properties in terms of heparin 

binding and extracellular matrix (ECM) interaction. VEGFA165, VEGFA189 and 

VEGAF206 all bind heparin whilst VEGFA121 is acidic and does not (Houck et al. 

1992). VEGFA189 and VEGFA206 are highly bound to the ECM whilst VEGFA121 has 

minimal interaction with the ECM (Houck et al. 1992). Interestingly, VEGFA165 

has properties somewhere between these different isoforms, with a fraction 

binding to the ECM or remaining in contact with the cell, whilst another fraction 

remains diffuse (Park et al. 1993). The properties of VEGFA165 mean that it has 

high bioavailability, and readily interacts with its receptors and other factors 

(Ferrara et al. 2003). 
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1.4.3.2 VEGF receptors. 

VEGFA binds to both vascular endothelial growth factor receptor 1 (FLT1) and 

vascular endothelial growth factor receptor 2 (KDR), which are closely related 

tyrosine kinase receptors (Ferrara et al. 2003). The receptors consist of a single 

trans-membrane domain, an extra-cellular region of 7 immunoglobulin-like 

domains and an intracellular tyrosine kinase domain (Shibuya 2001a, Ferrara et 

al. 2003). Both VEGFA receptors (VEGFRs) have been detected in ECs from the 

bovine CL using RT-PCR while KDR has been localised using 

immunohistochemistry (Gabler et al. 2004, Hünigen et al. 2008). Both 

receptors also exist as soluble isoforms in the bovine ovary (Macias et al. 2012). 

The soluble isoforms have an inhibitory role in angiogenesis, binding to VEGFA 

but not possessing the necessary trans-membrane or intra-cellular domains for 

further signalling (Ortega Serrano et al. 2016).  

The role of FLT1 is an area of contention, with pro and inhibitory roles for this 

receptor reported (Shibuya & Claesson-Welsh 2006, Roskoski 2007). FLT1 may 

act as a “decoy” receptor for VEGFA, competing with KDR for VEGFA binding, 

however its binding does not result in activation and leads to a decrease in 

VEGFA signalling (Park et al. 1994). This idea is supported by the finding that 

FLT1 has a higher affinity than KDR for VEGFA, and binding does not result in 

FLT1 phosphorylation. This suggests an inhibitory role (Waltenberger et al. 

1994). Guzmán et al. (2015) found that FLT1 mRNA expression was highest 

during the late luteal stage, at a time when the inhibitory role of FLT1 would 

coincide with luteal regression. Conversely, placental growth factor (PGF) binds 

FLT1 to weakly induce vascular permeability, and FLT1 knockout mice have 
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disorganised vessel development suggesting an important vascular role (Fong 

et al. 1995, Shibuya & Claesson-Welsh 2006). This suggests that the role of FLT1 

is likely to be ligand and situation-dependent.  

KDR is the receptor principally implicated in promoting the actions of VEGFA in 

angiogenesis and is mostly highly expressed in the early to mid CL (Berisha et 

al. 2000b, Ferrara et al. 2003, Hünigen et al. 2008). Activation of KDR leads to 

EC growth, migration and vessel formation (Harper & Bates 2008, Guzmán et 

al. 2015).  

Neuropillin (NRP) 1 and NRP2 are receptors expressed on the surface of certain 

ECs and are involved in VEGFA signalling (Soker et al. 1996, Ferrara et al. 2003). 

Presence of NRP1 alongside KDR increased VEGFA165 binding to KDR (Soker et 

al. 1998). However, there is no evidence that NRP1 or NRP2 alone are capable 

of signalling after binding VEGFA (Neufeld et al. 2002, Ferrara et al. 2003). 

1.4.3.3 VEGFA isoform expression in the bovine CL. 

VEGFA protein expression increases slowly throughout early CL development, 

reaching maximal levels around day 12 of the oestrus cycle, before decreasing 

prior to luteolysis (Robinson et al. 2007). Similarly, the mRNA expression of the 

most common VEGFA isoforms increased from day 12 of the luteal phase 

onwards with all isoforms reaching a maximal level by day 15. VEGFA120a 

expression remained high on day 18 whilst VEGFA164a and VEGF120b expression 

decreased (Guzmán et al. 2015).   
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1.4.3.4 VEFGA effects on angiogenesis. 

VEGFA has numerous effects on the vasculature, however one of its key roles 

is induction of vascular permeability, an important early step in angiogenesis 

(Connolly 1991). Furthermore, VEGFA is an endothelial cell mitogen that also 

induces bovine EC migration in vitro (Leung et al. 1989, Bernatchez et al. 1999). 

In the bovine ovary, immunoneutralisation of VEGFA reduced CL growth and 

progesterone production in vivo (Yamashita et al. 2008). Whilst in a 

physiologically relevant luteal angiogenesis culture system, inhibition of KDR 

resulted in a 50-60% reduction in EC island number, total EC network area and 

EC network length (Woad et al. 2009). Furthermore, KDR inhibition reduced 

progesterone production in vitro (Laird et al. 2013). These results suggest that 

VEGFA acting through KDR is involved in EC network formation and 

proliferation in the bovine CL. 

1.4.4 Fibroblast Growth Factor 2. 

1.4.4.1 FGF2 structure and family. 

FGF2 is a small heparin binding protein which belongs to a family of 22 

structurally similar proteins that are involved in a variety of cellular processes 

(Imamura 2014). Despite sharing a similar structure, the action of the individual 

members of the FGF family differs greatly and thus the family is further divided 

into subfamilies based upon their function. FGF2 belongs to the FGF1 sub-

family (Imamura 2014). The FGF2 gene is capable of transcribing four FGF2 

isoforms of different molecular weights; an 18-kDa cytoplasmic molecule and 
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3 intra-nuclear molecules of weights 22.5, 23.1 and 24.2-kDa (Gospodarowicz 

et al. 1987, Powers et al. 2000) 

1.4.4.2 FGF receptors (FGFR) 

The FGF family act through fibroblast growth factor receptors 1–4 (FGFR1–

FGFR4) (Powers et al. 2000). The receptors have an intracellular tyrosine kinase 

domain and an extracellular domain consisting of 2-3 immunoglobulin-like 

regions (Berisha et al. 2006). Alternative splicing of FGFR1, 2 and 3 leads to 

formation of receptor variants IIIb and IIIc, which differ in their extracellular 

domains so have altered binding affinities and tissue specific expression 

(Powers et al. 2000, Berisha et al. 2004). The FGFRs are highly ligand specific, 

with FGF2 predominately binding to FGFR1IIIc and FGFR2IIIc isoforms (Ornitz 

et al. 1996). Both FGFR1IIIc and FGFR2IIIc have been identified in the bovine 

follicle at various stages of development and in the newly formed CL, with 

FGFR2IIIc levels similar at all stages of the cycle. Conversely, FGFR1IIIc levels 

were highest during early follicle development and lowest in the early CL 

(Berisha et al. 2006). This suggests FGF2 has an important role throughout 

follicular growth and early luteal development, but potentially by acting 

through different receptors. 

1.4.4.3 FGF2 expression in the bovine CL. 

FGF2 mRNA expression was highest during early antral follicle development, 

then decreased throughout the rest of follicular development before increasing 

again in the early CL (Berisha et al. 2006). Similarly, FGF2 protein levels are 
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highest in the very early CL (1-2 days), before a marked reduction as the CL ages 

(Robinson et al. 2007).  

Alongside the temporal change in FGF2 expression, there is also a spatial 

change in FGF2 expression around the time of ovulation. Namely, prior to the 

LH surge FGF2 is located in the pericytes and ECs of the thecal layer, however 

after the LH surge FGF2 expression shifted to the luteinising granulosa cells 

before being again detected in the ECs (Berisha et al. 2006). FGF2 expression is 

LH responsive, with LH increasing FGF2 production and vascular sprouting 

(Laird et al. 2013), consistent with the raised FGF2 levels around the time of 

follicle-luteal transition. 

When viewed alongside VEGFA expression, FGF2 clearly has an important 

function at specific time points (e.g. early CL) whilst VEGFA appears to be 

important throughout CL growth (Robinson et al. 2007). This suggests that the 

two factors act differently, but are closely linked, in regulating luteal 

angiogenesis with FGF2 having a particular important function for vascular 

sprouting around ovulation, whilst VEGFA is responsible for vessel 

development and maturation (Robinson et al. 2008, Laird et al. 2013). 

1.4.4.4 The effect of FGF2 on angiogenesis in the bovine CL.  

Treatment of bovine luteal cells with FGF2 in vitro stimulated EC network 

formation (Robinson et al. 2008).  Inhibition of FGF2 signalling via the specific 

FGFR1 inhibitor, SU5402, had a maximal effect when added from days 3-6 of 

culture, and resulted in an 81% reduction in total EC network area (Woad et al. 

2012). Furthermore, FGFR1 inhibition on days 3-6 of culture resulted in a large 
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decrease in the extent of vascular sprouting. This suggested that FGF2 

influenced angiogenesis by promoting EC island growth and vascular sprouting 

in the bovine CL. A study utilising a similar culture technique demonstrated that 

addition of FGF2 increased precocious EC sprouting in luteinising follicular cells. 

Additionally FGF2 had an important effect upon mural cell growth, by altering 

their morphology and increasing the extent to which they formed clusters 

(Laird et al. 2013). This demonstrates that FGF2 may also play an important 

part in vessel maturation, during the stabilisation of vessels in the final stages 

of angiogenesis.  

1.4.4.5 The effect of FGF2 on progesterone production. 

Intriguingly, inhibition of the FGFR receptor increased progesterone production 

in vitro, whilst addition of FGF2 typically had limited effect on progesterone 

production (Laird et al. 2013). Interestingly, the addition of both VEGFA and 

FGF2 increased progesterone production in vitro, given their seemingly 

opposing effects on progesterone production, it is likely that progesterone 

production was increased due to VEGFA overcoming the inhibitory effect of 

FGF2 (Robinson et al. 2008).  
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1.4.5 Platelet derived growth factor (PDGF) 

1.4.5.1 Platelet derived growth factor structure and family. 

The PDGF family consists of four different polypeptides; PDGFA, PDGFB, PDGFC 

and PDGFB with a different gene encoding each one (Fredriksson et al. 2004). 

The four polypeptides give rise to five dimeric isoforms; PDGF-AA, PDGF-AB, 

PDGF-BB, PDGF-CC and PDGF-DD. Each member of the PDGF family shares the 

same basic structure, with a growth factor domain responsible for dimerisation 

and receptor interaction. The polypeptides vary in length from 196 to 370 

amino acids, with a common domain in all chains is around (  1̴00 amino acids) 

while extension from this common region yields different biological activities 

(Fredriksson et al. 2004). 

1.4.5.2 PDGF receptors. 

PDGFs exert their action through different tyrosine kinase receptors; PDGFRA, 

PDGFRB and the heterodimer PDGF receptor PDGFRAB. PDGF-AA binds 

specifically to PDGFRA, PDGF-AB can bind PDGFRA and PDGFRAB. PDGF-BB is 

unique in that it is capable of binding to all 3 receptors (Donovan et al. 2013).  

1.4.5.3 Expression of PDGF in the bovine CL. 

To date, there have been no studies investigating the expression and 

localisation of PDGF in the bovine ovary. PDGF expression has been localised to 

the rat ovary and promotes early follicle development (Nilsson et al. 2006, Sleer 

& Taylor 2007a). Following hCG administration, PDGFA, PDGFB and PDGFC 

were localised in steroidogenic cells of the rat CL, with PDGFRB localised to the 

luteal vasculature (Sleer & Taylor 2007b).  
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1.4.5.4 The effect of PDGF on angiogenesis. 

Pericytes closely attach themselves to smaller capillaries, such as those seen in 

the CL, and these cells play an important role in angiogenesis by promoting 

vessel maturation and patency (Armulik et al. 2011). Endothelial tip cells 

produce PDGFB which leads to recruitment of pericytes that express PDGFRB, 

this means that pericytes lag only slightly behind the migrating endothelial tip 

cells (Gerhardt & Betsholtz 2003, Armulik et al. 2011). Inhibition of PDGF in rat 

ovaries reduced the number of CL alongside evidence of widespread ovarian 

haemorrhage in some treated individuals, suggesting that PDGF plays an 

important role in CL formation and vascular stability (Sleer & Taylor 2007b). 

Inhibition of PDGFR signalling reduced the number of EC networks formed and 

the total area of EC networks, demonstrating that PDGF plays a key part in the 

stimulation of luteal angiogenesis (Woad et al. 2009). Interestingly, despite 

affecting luteal angiogenesis, PDGF inhibition had no effect on luteal 

progesterone production, suggesting that PDGF has a less important role in 

influencing steroidogenic function (Spicer & Stewart 1996, Laird et al. 2013). 

1.5 Anti-angiogenic factors in the bovine CL. 

The ratio of pro-angiogenic factors to inhibitory factors is crucial in the control 

of vascular growth (Woad & Robinson 2016). Factors capable of inhibiting 

angiogenesis are particularly interesting in pathological conditions where they 

are often dysregulated and are a focus of many investigations (Díaz et al. 2008, 

Sharma et al. 2013). The importance of inhibitory factors has not gone 

unnoticed in normal physiology, and is an area of interest in the ovary due to 
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their potential impact upon mechanisms such as follicular and luteal 

development (Qiu et al. 2012, Zalman et al. 2012, Chuderland et al. 2013, 

Guzmán et al. 2015). Inhibitory factors of potential importance in luteal 

angiogenesis are displayed in Table 1.2. 

 

Table 1.2 Anti-angiogenic factors, their receptors and functions. 

Ligand Receptors/Inter

action 
Function References 

VEGFA165b FLT1,  

KDR. 
Inhibits the pro-

angiogenic effects 

of VEGFA165 

(Woolard et al. 2004, 

Woolard et al. 2008) 

PEDF PEDFR, ATP-

synthase, 

phospholipase 

A2, various 

others. 

Inhibits VEGFA, 

FGF2 and PDGF. 

Induces apoptosis 

of ECs. 

(Dawson et al. 1999, 

Kanda et al. 2005, 

Manalo et al. 2011) 

THBS1 CD36, CD47. Activates TGFB, 

induces apoptosis 

and alters nitric 

oxide production. 

(Dawson et al. 1997, 

Isenberg et al. 2009, 

Lawler and Lawler 

2012) 

TGFB ACVRL1,  

TGFBR1. 
Inhibits EC growth, 

proliferation and 

network formation. 

Induces fibroblast 

migration. 

(Goumans et al. 2003, 

Maroni and Davis 

2011) 

VASH --- Inhibits VEGFA. (Watanabe et al. 

2004, Shirasuna et al. 

2012) 

2-ME Numerous 

different 

receptors. 

Inhibits VEGFA. (Rogerson and Eagon 

1986, Kohen et al. 

2013) 
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1.5.1 VEGFA. 

1.5.1.1 Anti-VEGFA isoform formation. 

Alternative splicing of exon 8 leads to the formation of two different VEGFAxxx 

isoforms (Perrin et al. 2005). The family denoted VEGFAxxxa, which previously 

was referred to as VEGFAxxx until the different splice isoforms were discovered, 

has pro-angiogenic properties as already discussed. The alternate splice 

isoform family formed is denoted VEGFAxxxb and has anti-angiogenic properties 

(Harper & Bates 2008). These two isoform families with seemingly opposing 

properties are formed depending upon the splice site in the terminal exon 8. 

The exon 8a acts as the proximal splice site and yields the VEGFAxxxa family, 

whilst the distal splice location exon 8b leads to formation of the VEGFAxxxb 

family (Nowak et al. 2008). The members of the VEGFAxxxb family identified as 

having anti-angiogenic properties are VEGFA121b, VEGFA145b, VEGFA165b and 

VEGFA189b (Harper & Bates 2008). VEGFA165b is the most common isoform, it 

has been the best characterised to date (Peiris-Pagès et al. 2010).  

The receptor binding domains are retained in the inhibitory isoforms with 

VEGFA165b capable of binding to FLT1 and KDR. Although binding results in 

limited receptor phosphorylation, this blocks the interaction of the pro-

angiogenic form with KDR (Woolard et al. 2004, Cébe Suarez et al. 2006). The 

other VEGFAxxxb isoforms are believed to inhibit angiogenesis through a similar 

mechanism (Perrin et al. 2005, Nowak et al. 2008). 
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1.5.1.2 The inhibitory role of soluble VEGF receptors and their expression in 

bovine CL. 

The function of the soluble form of FLT1 (sFLT1) is clearer than for the 

membrane bound FLT1, inhibiting angiogenesis in a number of tissues where it 

is expressed (Barleon et al. 1996, Fong et al. 1999, Guzmán et al. 2015). 

However, the expression of sFLT1 mRNA in the bovine CL did not change 

throughout the luteal phase, suggesting that this receptor does not play a 

major regulatory role in de novo vascular development in the CL (Guzmán et al. 

2015). Conversely, the ratio of soluble KDR (sKDR) to membrane bound KDR 

expression changed throughout the lifespan of the CL (Guzmán et al. 2015). 

Indeed the KDR:sKDR ratio decreased around the time of luteal regression due 

to an increase in sKDR expression. It can be hypothesised that since sKDR has 

an anti-angiogenic role, it would limit vascular growth around the time of luteal 

regression. This suggests that the often-overlooked ratio of the soluble to 

membrane bound receptors is of particular importance in controlling the 

development and regression of the luteal vasculature. 

1.5.1.3 Expression of VEGFAxxxb in the CL. 

Luteal VEGFA164b mRNA expression was detected at low levels throughout the 

luteal phase in the pig CL. Relative expression was highest on day 1 post 

ovulation before falling and remaining constant until day 17, when expression 

decreased further (Ribeiro et al. 2007). In contrast to the pig, VEGFA165b 

accounted for almost two thirds of the entire VEGFA content of marmoset 

ovaries with CLs (Qiu et al. 2012).  
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To date, only one study has investigated VEGFA164b mRNA expression in the 

cow, in which no expression was detected at any time point during the luteal 

phase. In the same study, VEGFA120b expression was detected and increased 

drastically on day 15 before declining on day 18. Despite these changes, the 

ratio of VEGFA120a:VEGFA120b did not change throughout the cycle (Guzmán et 

al. 2015). However, this study was performed on Bos indicus x Bos taurus cows 

therefore the characterisation of VEGFA164b and other splice variants in Bos 

taurus may warrant further investigation. 

1.5.1.4 The anti-angiogenic properties of VEGFAxxxb. 

Overexpression of VEGFA165b in mice resulted in a reduction in embryo number, 

CL size and number, as well as decreased follicular development that was 

associated with reduced vascular density (Qiu et al. 2012). The neutralisation 

of VEGFAxxxb isoforms in perinatal rats increased follicular vascular density and 

increased follicular development when compared to both controls and ovaries 

treated with pro-angiogenic VEGF isoforms, highlighting the key role that anti-

angiogenic factors play in vascular function and ovarian development (Artac et 

al. 2009).  

In pathological situations, such as cancer, VEGFA165b inhibited the pro-

angiogenic effects of certain tumour secreted factors (Rennel et al. 2008). 

VEGFA165b directly inhibited the pro-angiogenic effects of VEGFA165 on branch 

point density, sprouting, EC proliferation, vessel density and mean vessel 

length (Woolard et al. 2004). However, the effects of VEGFA164b in the bovine 
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CL have yet to be elucidated, therefore the characterisation of this factors 

effect on luteal ECs and steroidogenesis is an area that warrants further study. 

1.5.2 Pigment epithelium derived factor (PEDF) 

1.5.2.1 PEDF structure. 

Pigment epithelium derived factor (PEDF, originally named early population 

doubling level cDNA-1) is a member of the Serpin superfamily, however it does 

not possess the ability to inhibit proteases (Pignolo et al. 1993, Becerra et al. 

1995). It is encoded by the SERPINF1 gene and forms a 50-kDa glycoprotein 

that is 418 amino acids long (Becerra et al. 1995, Becker et al. 2011, Chuderland 

et al. 2013). Although first discovered for its neurotrophic properties, 

extracellular phosphorylation converts PEDF to an anti-angiogenic factor 

(Maik-Rachline et al. 2005).  

1.5.2.2 PEDF expression and its activity.  

The PEDF gene is expressed in a multitude of tissues, including the ovary and 

PEDF is secreted by both mouse and human granulosa cells (Tombran-Tink et 

al. 1996, Chuderland et al. 2013). SERPINF1 expression has also been detected 

in bovine follicular cells by microarray (Hayashi et al. 2011). However, the 

presence of PEDF in the bovine CL has yet to be investigated. 

PEDF has been found to interact with numerous different proteins/receptors 

such as; membrane-bound ATP synthase and phospholipase A2, as well as 

binding to collagen and heparin (Meyer et al. 2002, Notari et al. 2010, Hirsch et 

al. 2011, Johnston et al. 2015). Of particular relevance to angiogenesis, PEDF 
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binds to a 60-kDa PEDF receptor (PEDFR) found on the surface of ECs and 

reduces angiogenesis, as well as triggering EC apoptosis (Manalo et al. 2011). 

In vitro PEDF blocked the interaction of VEGFA with KDR in retinal capillary ECs 

and stimulated the intracellular proteolysis of both VEGFRs (Cai et al. 2006, 

Zhang et al. 2006, Ablonczy et al. 2009). 

1.5.2.3 The anti-angiogenic effects of PEDF. 

The anti-angiogenic effects of PEDF are mediated via inhibitory interactions 

with several pro-angiogenic factors. In addition to interacting with VEGFA 

signalling, PEDF inhibited FGF2 induced capillary morphogenesis in ECs (Kanda 

et al. 2005, Cai et al. 2006). This finding is particularly interesting given the 

importance of FGF2 in angiogenesis in the early CL. Similarly, PDGF is also 

affected by PEDF with EC migration towards this factor inhibited by PEDF 

(Dawson et al. 1999). PEDF is also known to induce EC apoptosis, which is 

another possible mechanism through which it could act to downregulate blood 

vessel growth (Chen et al. 2006, Ho et al. 2009). 

1.5.3 Thrombospondins (THBS). 

1.5.3.1 THBS family and structure. 

The thrombospondins are a family of five secreted multi-domain glycoproteins 

that are part of a group of matricellular proteins. They have a varied set of roles 

integrating cells and the ECM (Adams & Lawler 2004, Stenina-Adognravi 2014). 

The thrombospondin (THBS) family is further divided into sub groups A and B 

determined by the presence or absence of type 1 repeats, respectively 

(Stenina-Adognravi 2014). THBS1 and THBS2 share the same structural 
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domains, with both having regions related to pro-collagen and type 1 repeats, 

whereas THBS3, THBS4 and THBS5 lack these domains but contain an additional 

type 2 repeat (Adams & Lawler 1993). Whilst THBS share a high level of 

similarity in their protein structure, they exhibit little homology in their DNA 

sequences, with the exception of their protein-coding regions (Adolph et al. 

1997). THBS1 has been studied extensively and is involved in the negative 

regulation of angiogenesis. Several of these properties are shared by THBS2 

due to their similar structures (Helkin et al. 2015).  

1.5.3.2 THBS1 and THBS2 receptors. 

THBS1 has been shown bind to heparin sulphate proteoglycan, fibronectin, 

fibrinogen and several vascular integrins (Chen et al. 2000, Feitsma et al. 2000, 

Gutierrez 2008). The presence of type 1 repeats enables THBS1 and THBS2 to 

bind to the receptor CD36, which triggers events such as induction of EC 

apoptosis (Dawson et al. 1997). CD36 is an 88-kDa glycoprotein 

transmembrane receptor that has a large extracellular region, and is expressed 

on certain EC subtypes (Greenwalt et al. 1992, Swerlick et al. 1992). Both THBS1 

and THBS2 are also capable of binding to CD47, although THBS1 has a greater 

affinity. This interaction along with the binding of CD36, is responsible for an 

alteration in nitric oxide production that can also inhibit angiogenesis (Isenberg 

et al. 2009, Lawler & Lawler 2012).  

1.5.3.3 THBS expression in the bovine ovary. 

THBS1 and THBS2 mRNA is expressed throughout bovine follicular 

development with levels highest in the early antral follicle before declining to 
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low levels in large antral follicles. Immunohistochemistry has localised THBS 

and CD36 to granulosa cells, with staining intensity decreasing as follicle size 

increases. Moreover, there was no evidence of THBS expression in large 

follicles and only low levels of CD36 evident (Greenaway et al. 2005). 

Expression of THBS1, THBS2 and CD36 mRNA in the bovine CL has been 

demonstrated, with expression evident in early CL and prostaglandin-F2α 

(PGF2α) significantly upregulating their expression in the CL 11 days after 

ovulation (Zalman et al. 2012). 

1.5.3.4 The effect of THBS on luteal angiogenesis. 

THBS1 inhibited bovine luteal angiogenesis in both the presence and absence 

of FGF2 (Zalman et al. 2012). Furthermore, THBS1 activated latent transforming 

growth factor-β (TGFB) which itself is capable of disrupting angiogenesis in 

bovine luteal ECs (Maroni & Davis 2011, Zalman et al. 2012). Additionally, 

THBS1 inhibited angiogenesis by inducing apoptosis in ECs (Dawson et al. 

1997). These studies demonstrate that THBS1 is a potent anti-angiogenic factor 

in the bovine CL that is capable of inhibiting angiogenesis by several different 

mechanisms. Given the variety of mechanisms through which this factor can 

act its actions in the bovine CL warrant further investigation, in particular its 

effect on luteal function.  
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1.5.4 Transforming growth factor-B. 

1.5.4.1 TGFB family and structure. 

TGFB is a member of the TGFB superfamily, a group of nearly 100 proteins that 

share at least one region of homologous amino acid sequence. The superfamily 

consists of members such as the bone morphogenic proteins (BMPs) and is 

involved in a large number of cellular functions from apoptosis to cell growth 

and differentiation (Massague 1990, Burt & Law 1994).  

TGFB exists as three isoforms; TGFB1, TGFB2 and TGFB3. Each protein is 

encoded by a different gene, but they share a high degree of homology (Elliott 

& Blobe 2005, Kubiczkova et al. 2012). The first protein to be discovered was 

TGFB1, consequently it is the most studied isoform and when referring to TGFB 

most literature is referring to this protein unless otherwise stated (Chin et al. 

2004).  

The biologically active form of TGFB1 is a dimer composed of two identical 

chains of 112 amino acids (Massague 1990). TGFB is secreted from cells 

alongside a glycoprotein called latent TGFB binding protein (LTBP) which is 

responsible for the association of TGFB with the ECM. It also means that TGFB 

requires further processing before it is biologically active (Miyazono et al. 1988, 

Taipale et al. 1994). 

1.5.4.2 TGFB receptors. 

The TGFB receptors are divided into two subfamilies; type 1 and type 2 

receptors depending on their structure and function. Receptors were given the 
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general nomenclature ALK (activin receptor-like kinase) until their ligand was 

discovered, they were then given a more descriptive name (Massague 1998). 

Of particular interest to angiogenesis are receptors ACVRL1 (ALK1) and TGFBR1 

(ALK5), which are expressed on endothelial cells and activated by TGFB binding 

(Attisano et al. 1993, Franzén et al. 1993, Goumans et al. 2003). Of the two 

receptors, TGFB binds to TGFBR1 with greatest affinity (Ten Dijke et al. 1994). 

Binding to these receptors activates a SMAD signalling pathway whereby 

phosphorylation of specific receptor regulated SMADs (R-SMADs) allows them 

to bind with SMAD4, which leads to the transcription of specific target genes 

(Itoh et al. 2000, Goumans et al. 2003). Binding of TGFB to TGFBR1 leads to 

activation of SMAD2 and SMAD3, whilst activation of ACVRL1 leads to 

phosphorylation of SMAD1 and SMAD5 (Goumans et al. 2003).  

1.5.4.3 TGFB expression and effect in the bovine CL. 

Luteal TGFB1 mRNA production was induced with luteolytic doses of PGF2α in 

vivo (Hou et al. 2008). Bovine luteal cells produce large amounts of TGFB, with 

TGFB1 accounting for almost 90% of the TGFB produced by these cells, which 

was further increased by prostaglandin treatment in vitro (Gangrade et al. 

1993, Hou et al. 2008). The effect of TGFB is often highly tissue and situation-

dependent, with reviews noting seemingly pro- and inhibitory angiogenic roles 

depending upon the biological setting (Goumans et al. 2003, Kelly & Morris 

2010). However, several studies have begun to elucidate the role of TGFB in the 

bovine CL. 
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TGFB inhibited the proliferation of luteal fibroblasts whilst simultaneously 

promoting their migration and ability to contract collagen matrices. This 

suggested that TGFB plays an important role in luteal remodelling that would 

be particularly important in the regressing CL (Maroni & Davis 2012). 

Furthermore, TGFB inhibited luteal progesterone production (Hou et al. 2008). 

TGFB had an inhibitory effect on bovine luteal endothelial cells, reduced EC 

migration, disrupted capillary formation, altered permeability and under 

certain conditions induced cell death (Maroni & Davis 2011). Whilst these 

studies point towards a role in luteal regression the effect of TGFB in the early 

bovine CL has not yet been established, it would be prudent to investigate this.  

1.5.5 Vasohibin. 

1.5.5.1 Vasohibin structure. 

Vasohibin-1 (VASH1) and Vasohibin-1 (VASH2) are angiogenic factors encoded 

by the homologous genes VASH1 and VASH2, respectively (Watanabe et al. 

2004, Shibuya et al. 2006). VASH1 exists as two isoforms; VASH1A and the 

shorter splice variant VASH1B (Sato 2013). In the human, VASH1A is 365 amino 

acids long whilst VASH1B is 204 amino acids long. Despite being significantly 

shorter VASH1B retains the anti-angiogenic properties of VASH1A (Shimizu et 

al. 2005, Kern et al. 2008). 

1.5.5.2 Vasohibin expression and effect on angiogenesis.  

Integral to the function of vasohibin is a 66 amino acid protein called small 

vasohibin-binding protein (SVBP) (Suzuki et al. 2010). SVBP is responsible for 
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the secretion of vasohibin from cells by forming a heterodimer with vasohibin 

(Sato 2013). 

VASH1 expression is very low in ECs that are undergoing angiogenic sprouting, 

with expression much higher in surrounding non-proliferating ECs. Whilst 

VASH2 expression is highest in mononuclear cells surrounding angiogenic 

sprouts but low in non-proliferating regions. This suggests that VASH1 and 

VASH2 have opposing roles with VASH1 possessing anti-angiogenic properties 

whilst VASH2 has a role in promoting angiogenesis. Thus, the balance of these 

two closely related factors will be important in their regulation of angiogenesis 

(Kimura et al. 2009, Maeshima & Makino 2010). VASH expression is induced by 

VEGFA and FGF2, the fact that VASH1 is capable of blocking the pro-angiogenic 

effects of VEGFA, which would suggest VASH1 is involved in inhibiting 

angiogenesis through negative feedback (Watanabe et al. 2004, Shimizu et al. 

2005, Heishi et al. 2010).  

In the bovine CL, VASH1 mRNA expression increased from the early to mid-

stage CL before declining in the regressing and late CL. VASH1 protein levels 

remained constant from the early to late CL, with VASH1 predominately 

localised to luteal ECs. Furthermore VEGFA was shown to induce VASH1 in 

these cells, whilst VASH1 inhibited VEGFA induced formation of capillary-like 

structures (Shirasuna et al. 2012). 
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1.5.6 2-methoxyoestradiol (2-ME). 

1.5.6.1 2-ME structure. 

2-methoxyoestradiol (2-ME) is a metabolite of 17β-oestradiol that has no 

oestrogenic activity, the enzymes CYP1A1 and catechol-O-methyltransferase 

are critical in the formation of this metabolite (Zhu & Conney 1998, Mueck & 

Seeger 2010). 2-ME binds to sex hormone-binding globulin with very high 

affinity and is known to bind to a variety of tissue receptors (Dunn et al. 1980, 

Rogerson & Eagon 1986). 

1.5.6.2 Production of 2-ME and its effect on angiogenesis. 

In the human CL, 2-ME production was highest in the late CL with the lowest 

levels observed in the mid-stage CL (Kohen et al. 2013). In the same study, 2-

ME inhibited VEGFA production by large luteal cells and reduced basal 

angiogenic activity, but did not affect progesterone production. Whilst the 

effect of 2-ME in the bovine CL has not been directly investigated, 2-ME 

inhibited proliferation of bovine ECs, even in the presence of FGF2 (Fotsis et al. 

1994, Klauber et al. 1997). Furthermore, 2-ME has been shown to reduce the 

proliferation of bovine granulosa cells (Fotsis et al. 1994). 
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1.6 Alternative splicing of pre-mRNA. 

Gene transcription produces a pre-mRNA molecule that requires further 

processing to form mature mRNA that can then undergo translation (Bentley 

2014). Splicing is the process whereby any introns are removed from the pre-

mRNA to leave the exons which then make up the strand of mature mRNA 

(Pandya-Jones 2011).  There are splice sites located at the 5’ and 3’ ends of 

introns that enable the specific cleavage of the intron. There are specific 

consensus sequences, which consist of the dinucleotides GU at the 5’ end and 

AG at the 3’ end. A branch site is located a short distance upstream of the 3’ 

splice site and always contains an adenine and is critical for splicing (Clancy 

2008). Alternative splicing is the mechanism by which a gene is differentially 

processed to yield multiple different transcripts through alterations in the 

introns and/or exons that are included or excluded in the mature mRNA (Tazi 

et al. 2009).  Thus, alternative splicing can yield different isoforms of the same 

gene/protein that have different biological properties. Equally, it may lead to 

non-sense mediated decay of RNA where any RNA containing premature stop 

codons are degraded (Clark & Thanaraj 2002, Lewis et al. 2003). 
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1.6.1 Mechanism of splicing. 

Five small nuclear ribonucleoproteins (snRNPs); U1, U2, U4, U5 and U6 along 

with numerous other proteins/RNA form a large and highly dynamic complex 

called the spliceosome. This is responsible for the coordination of splicing by 

catalysing the removal of introns. The structures and mechanisms involved in 

splicing have been extensively reviewed (Chen & Manley 2009, Will & 

Lührmann 2011, Lee & Rio 2015). Fig. 1.5 illustrates the key mechanism by 

which splicing occurs. 

  

Fig 1.5 The mechanism of splicing.  

Five small nuclear ribonucleoproteins (snRNPs); U1, U2, U4, U5 and U6 along 

with several other proteins form the spliceosome, the unit responsible for 

catalysing splicing. A) U1 binds to the 5’ end of the intron, U2 binds to the 

branch site. B) The trimer consisting of U4, U5 and U6 then forms with U5 

binding to the exon whilst U6 binds U2. C) This releases U1 and U5 moves to 

the intron whilst U6 binds to the intron 5’ splice site. D) U4 is then released, 

enabling U6 and U2 to catalyse a transesterification reaction and U5 binds to 

the exon 3’ splice site. This results in the cleavage of the intron 5’ end and the 

formation of a lariat. E) The 3’ intron site is cleaved and the exons covalently 

bound together. U2, U5 and U6 remain bound to the lariat. F) The spliced RNA 

is released and the lariat debranched. Adapted from Lewin, 2008. 
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Briefly, splicing begins with binding of U1 to its complimentary sequence at the 

5’ end of the intron (Clancy 2008). U2 binds to the branch site, after which the 

U4, U5 and U6 trimer attaches, with U5 binding to the exon initially and U6 

binding to U2 (Lewin 2008). U1 is then released and U5 moves to the intron 

whilst U6 binds to the 5’ splice site. Next, U4 is released and the U6/U2 complex 

catalyses the cleavage of the 5’ intron site and formation of a lariat through a 

transesterification reaction between the guanine at the end of the ligated 

intron and the adenine located at the branching site (Clancy 2008). Meanwhile, 

U5 binds to the exon at the 3’ splice site. U2, U5 and U6 remain bound to the 

lariat and through interaction with U5 the 3’ end of the intron is cleaved, 

resulting in release of the lariat and the joining of the two exons through 

covalent bonding (Lewin 2008).   

1.6.2 Types of alternative splicing. 

The five most commonly occurring types of alternative splicing are shown in 

Fig.1.6. Skipped exon (SE) splice events occur when an exon and its adjacent 

introns are removed from the transcript, this accounts for almost 40% of the 

known alternative splicing events observed in both humans and mice (Sugnet 

et al. 2004). When there are multiple possible splice sites available at the 

beginning or end of an exon alternative 5’ splice selection (A5SS) or alternative 

3’ splice selection (A3SS) can take place and account for 18% and 8% of 

alternative splicing, respectively (Sugnet et al. 2004). Mutually exclusive exons 

(MXEs) are a fourth possible type of alternative splicing event in which one of 

two possible exons is removed with the other exon remaining. This means the 

size of the coded protein can remain unchanged if the two exons involved in 
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MXE splicing are of equal length. However, the other alternative splicing events 

will result in alterations to the length of the proteins (Pohl et al. 2013). The final 

type of alternative splicing event is retained intron where an intron can be 

removed or retained, this is subtly different to other the other forms of 

alternative splicing as there is no process of selection between multiple splice 

locations and requires the breaching of a nuclear checkpoint (Black 2003, Ner-

Gaon et al. 2004). In addition to these common types, alternative promotor 

and alternative polyadenylation splicing can take place, however these events 

are less frequently recognised so are not discussed here. 

Fig 1.6 Alternative splicing events. 

The five most commonly occurring alternative splicing events. The 

alternatively spliced exons have a spotted pattern, differently coloured 

dashed lines indicate how the different splice variants can be formed. 

Adapted from Park et al., 2013.  
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1.6.3 Regulation of alternative splicing. 

Splicing is regulated in a variety of ways, but one of the main regulatory 

mechanisms is the presence of cis-regulatory elements in the RNA sequence. 

These sequences and their associated protein regulators can determine where 

splicing takes place (Chen & Manley 2009). There are 4 types of cis-regulatory 

elements; exonic splicing enhancers (ESE), exonic splicing silencers (ESS), 

intronic splicing enhancers (ISE) and intronic splicing silencers (ISS) (Chen & 

Manley 2009). The serine-arginine-rich splicing factor (SRSF) protein family 

typically binds to ESE, whilst heterogeneous nuclear ribonucleoprotein 

(HNRNP) usually bind to ISS and ESS sites, numerous factors bind to ISE, many 

of which also bind to ESS (Smith & Valcárcel 2000, Dreyfuss et al. 2002, Long & 

Caceres 2008, Wang et al. 2012).  

Further regulation takes place through environmental influences and the 

interaction of transcription factors and RNA polymerase II with splicing factors, 

as well as through numerous other mechanisms (Pleiss et al. 2007, Clancy 2008, 

Chen & Manley 2009). The role that key environmental factors, such as diet 

may play in the regulation of splicing requires further investigation. 

1.6.4 Alternative splicing in the bovine ovary. 

In the human ovary, over 20% of genes undergo alternative splicing, which is 

unsurprising given the cyclic changes that this structure undergoes (Yeo et al. 

2004). In the bovine, most studies investigating splicing have focused on gene 

products in granulosa cells. The SRSF9 gene is associated with RNA splicing and 

was upregulated in bovine granulosa cells of dominant follicles. This suggests 
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that splicing of other genes would be taking place at this stage of follicular 

development (Mihm et al. 2008). Alternative splicing of the LHCGR gene in 

bovine granulosa cells leads to the formation of multiple LH receptor (LHCGR) 

isoforms. However, this was not associated with functional changes to LHCGR 

function in granulosa cells in vitro (Nogueira et al. 2007). Similarly, alternative 

splicing yielded  4 different LHCGR receptor isoforms in the bovine CL, with the 

expression of each isoform increasing during luteal development (Kawate & 

Okuda 1998). Furthermore, during the luteinisation of bovine granulosa cells, 

there was a change in FSH-receptor mRNA splicing that resulted in the 

production of shortened transcripts that only coded for the extra-cellular 

region of the FSH-receptor. This suggested that alternative splicing could be 

responsible for the loss of sensitivity to FSH that occurs during CL formation 

(Rajapaksha et al. 1996). As previously discussed, VEGFAxxx undergoes 

alternative splicing to give rise to the inhibitory VEGFAxxxb isoforms which are 

present in the bovine ovary (Guzmán et al. 2015), and inhibit angiogenesis in 

other tissues (Woolard et al. 2004). These findings highlight that alternative 

splicing could play a key role in the regulation of a variety of ovarian 

mechanisms. Therefore determining which genes are alternatively spliced and 

the factors that affect splicing is an area that warrants further investigation. 
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1.7 Conclusion.  

 

In conclusion, angiogenesis in the bovine ovary and alternative spicing are both 

highly regulated biological processes that play a key role in ovarian function. 

Angiogenesis is controlled by a plethora of pro- and anti-angiogenic factors, 

with pro-angiogenic factors being the subject of many studies whilst the role of 

the anti-angiogenic factors on CL function is an area that warrants further 

investigation (Galvão et al. 2013). Similarly, alternative splicing plays an 

important role in ovarian function, including in the regulation of angiogenesis 

through the generation of alternative splicing of the pro- and anti-angiogenic 

isoforms of VEGFA (Guzmán et al. 2015).  

Whilst alternative splicing is regulated by a variety of factors, the effect of 

environmental factors such as diet on the generation of alternative splice 

variants in the bovine ovary remains largely unexplored. Further investigation 

is warranted given the impact that alternative splicing can have on protein 

function. The effect of diet upon this process is particularly worthy of 

investigation given that diet plays an important role in the productivity and 

reproductive success of animal (Pushpakumara et al. 2003). 
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Chapter 2. Anti-angiogenic factors. 

 

2.1 Introduction. 

The rapidly developing CL produces large quantities of progesterone shortly 

after ovulation and is vital for the establishment of pregnancy (Niswender et 

al. 2000). The CL is formed from the remnants of the ovulated follicle, with the 

ingress of blood vessels from the theca layer into the avascular granulosa cell 

layer occurring (Fraser & Lunn 2001, Fraser 2006). Simultaneously, granulosa 

cells differentiate into large luteal cells, whilst theca cells form small luteal cells 

(Niswender et al. 2000).  

Vital to early luteal development is angiogenesis, with the development of a 

new and expansive vascular network crucial to support cellular differentiation 

and structural remodelling (Reynolds & Redmer 1999). Numerous pro and anti-

angiogenic factors play an essential role in controlling angiogenesis, with the 

ratio of these factors likely being central to the regulation of this process (Woad 

& Robinson 2016). An excess of an inhibitory factor or an inadequate 

production of pro-angiogenic factors is likely to reduce new vessel 

development, and limit the growth and function of the new CL. To date, the 

majority of studies have focused upon the factors that are key to promoting 

angiogenesis in in the bovine CL, namely VEGFA and FGF2 (Berisha et al. 2000b, 

Robinson et al. 2007, Woad et al. 2012). There has been very little research 

investigating the role of factors that could potentially inhibit angiogenesis in 

the early CL. Based on the literature review, the inhibitory factors of particular 

interest are VEGFAxxxb isoforms, PEDF and THBS1. 



57 
 

The VEGFAxxxb isoform, VEGFA165b has anti-angiogenic activity in a variety of 

species and tissues (Woolard et al. 2004, Perrin et al. 2005, Rennel et al. 2008, 

Qiu et al. 2012). However, to date relatively little research has been performed 

to determine the role of VEGFA164b in the CL. Guzmán et al. 2015 were unable 

to detect VEGFA164b mRNA in CL from B. indicus x B. taurus cattle. However they 

did detect the expression of VEGFA120b, suggesting that anti-angiogenic factors 

could have a role in luteal development. 

PEDF is expressed in the ovaries of mice, cows and humans (Tombran-Tink et 

al. 1996, Hayashi et al. 2011, Chuderland et al. 2013). However, its expression 

in the bovine CL has not yet been characterised. PEDF inhibited the action of 

VEGFA and FGF2 directly, as well as stimulating EC apoptosis by binding to 

PEDFR (Kanda et al. 2005, Cai et al. 2006, Zhang et al. 2006, Manalo et al. 2011). 

Given its potential interaction with VEGFA and FGF2 in the bovine CL, PEDF if 

present could play a role in regulating luteal angiogenesis.  

THBS1 and its receptor CD36 are expressed in the early bovine CL, with their 

expression upregulated during luteal regression and by PGF2α (Zalman et al. 

2012). Furthermore, THBS1 inhibited angiogenesis in the presence of FGF2  

(Zalman et al. 2012). This suggests that THBS1 is likely involved in the luteolytic 

mechanism, when the cessation of angiogenesis is important. However, the 

role of THBS1 in early luteal development has not yet been investigated.  

2.1.2 Hypothesis and aims. 

 

It is likely that anti-angiogenic factors play an important role in “balancing” 

angiogenesis and thus luteal function throughout the lifespan of the CL. Thus 
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the hypothesis was that anti-angiogenic factors would be expressed in the 

bovine CL and their expression would differ at key time points in the lifespan 

of the CL, such as early growth and luteal regression. Additionally, these anti-

angiogenic factors would suppress luteal angiogenesis but not steroidogenic 

function in vitro. Therefore, the aims of this study were: 

1. To identify the spatial and temporal expression of VEGFA164b and PEDF 

in the bovine CL.  

2. To determine the effect of PEDF and THBS1 on early luteal angiogenesis 

and steroidogenesis in vitro. 

2.2 Materials and methods. 
 

2.2.1 PEDF, VEGFA and VEGFA165b immunohistochemistry on bovine CL 

sections. 
 

The methods in this chapter were approved by the ethical review panel at the 

School of Veterinary Medicine and Science, University of Nottingham and all 

tissue collection was performed with the informed consent of the abattoir. 

Immunohistochemistry was performed on CL sections at the following 

estimated time points: days 1-2 (n=4), 3-4 (n=4), 5-7 (n=4), 8-12 (n=4) and 12-

16 (n=4) to determine the spatial and temporal expression of PEDF, VEGFA and 

VEGFA164b during luteal development. 

2.2.1.1 Tissue collection and processing. 

Ovaries from Angus beef cross heifers were collected at the time of slaughter, 

and CL morphologically assigned (Ireland et al. 1980) to the following 

categories: luteal day 1-2, 3-4, 5-7, 8-12 or 12-16. The CL were then fixed in 
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Bouin’s for 6h and mounted in paraffin blocks. Sections (5µm) were cut from 

each CL using the microtome (Leica) and mounted onto polysine slides. 

2.2.1.2 Immunohistochemistry procedure for PEDF, VEGFA164b and VEGFA. 

Sections were dewaxed and rehydrated by immersing slides in the following 

solutions for the allotted times: 

• Xylene:            2 x 5 min 

• 100% ethanol: 5 min 

• 95% ethanol: 5 min 

• 70% ethanol: 5 min 

• PBS:  2 x 5 min 

After dewaxing, citrate antigen retrieval was performed by microwaving slides 

in 10mM citrate buffer (pH 6; appendix 6.1). After cooling, slides were washed 

in PBS for 2 x 5 min. Endogenous peroxidase activity was blocked using 3% H2O2 

in methanol, before another washing step. Antigen blocking was then 

performed using the appropriate 4% (v/v) normal serum (Table 2.1).  Anti-

VEGFA165b, anti-VEGFA and anti-PEDF primary antibodies were diluted in PBS, 

then added to slides. Slides were incubated at 4°C overnight in a humidified 

chamber, alongside control slides treated with control IgG of equivalent 

concentration (Table 2.1). Following incubation, a washing step was performed 

and the AB complex (Vector) prepared 30 min before use. Next, biotinylated 

horse anti-mouse secondary antibody (for anti-VEGFA165b) or biotinylated goat 

anti-rabbit secondary antibody (for anti-PEDF and anti-VEGFA) was added 

(Table 2.1). The slides were then incubated at room temperature (RT) for 30 
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min then washed thoroughly with PBS. Next, AB complex was added and 

incubated at RT for 30 min, the slides were then washed again. DAB substrate 

(Vector) was prepared according to the manufacturer’s instructions and added 

for 5 min with colour development closely monitored. Slides were rinsed in 

running tap water for 10 min before counterstaining was performed by 

immersing slides in the following: 

• Harris’s haematoxylin: 20 seconds. 

• Running tap water:   2 minutes. 

• 1% ammoniated IMS:  8 dips. 

• 70% ethanol:   2 minutes. 

• 95% ethanol:   2 minutes. 

• 100% ethanol:  2 minutes. 

• Xylene:    2 x 5 minutes. 

Slides were then mounted in DPX mountant, coverslips added and allowed to 

air dry. 
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Table 2.1 Primary and secondary antibodies utilised in the 
immunohistochemistry on CL sections. 

Primary Antibody Final 
Conc. 

Cat number; 
Company: 

Blocking 
solution 

Control 

Anti-VEGFA
165b

  

(Mouse anti-
human) 

10µg/ml 
MABC595 clone 

56/1; Sigma. 
4% NHS for 

30 min 
Mouse IgG 

Anti-VEGFA 
(Rabbit anti-

human) 
2µg/ml 

ab52917 (EP1176Y; 
Abcam) 

4% NGS for 
30 min 

Rabbit IgG 

Anti-PEDF 
(Rabbit anti-

human) 
10µg/ml Ab180711; Abcam 

4% NGS for 
30 min 

Rabbit IgG 

     

Secondary 
Antibody 

Dilution 
Serum 

concentration 
Used with Company: 

Biotinylated horse 
anti-mouse 

1/200. 2% NHS VEGFA165b 
PK-4002, 

Vectastain  

Biotinylated goat 
anti-rabbit 

1/200. 2% NGS 
VEGFA and 

PEDF 

PK-4001, 
Vectastain   

 

2.2.1.3 Image acquisition. 
 

The extent of staining was determined under x5 lens on a Leica microscope and 

representative images acquired to allow comparison of the staining obtained 

across the different time points.  

2.2.2 Western blotting. 
 

Western blotting was performed to confirm primary antibody specificity and 

to identify the expression of VEGFA, VEGFA165b and PEDF protein during luteal 

development. 

2.2.2.1 Sample collection. 
 

Bovine ovaries were collected from a local abattoir and CL were 

morphologically assigned (Ireland et al. 1980) to the following categories: luteal 
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day 1-2, 3-4, 5-7, 8-12, 12-16 and regressing. The CL was dissected away from 

the ovarian stroma using sharp and blunt dissection. The weight, diameter, 

colour and surface description of each CL was then recorded. CL tissue was cut 

into smaller sections (~600mg) and stored at -80°C. 

2.2.2.2 Sample preparation.  
 

Samples were defrosted on ice and 200mg of luteal tissue placed in a MACS M 

tube (Miltenyi Biotec) along with 1ml of cell extraction buffer (Fisher) 

containing a cocktail of protease inhibitors (Sigma). Samples were 

homogenised (easyMACS machine) using either a slow speed, short duration 

program repeatedly (early CL) or using a high speed program for a longer time 

(late CL). This was repeated if necessary, with samples placed on ice between 

homogenisations. Homogenised samples were centrifuged at 2000g for 15 min 

and the supernatant aliquoted and stored at -80°C. 

2.2.2.3 Protein determination, Bradford assay. 
 

Bovine serum albumin (BSA) stock solution (2000µg/ml) was serially diluted to 

7.8µg/ml in PBS. Each standard or sample (diluted 1/100; 10µl) was added in 

duplicate to the appropriate well of a 96-well plate (Nunc). PBS (10µl) was 

added to the blank wells. Bradford solution (200µl; B6916, Sigma) was added 

to all wells and incubated on a plate shaker at RT for 30 min. Absorbance was 

determined at 595nm using an OPTIMA plate reader. A standard curve was 

plotted using the BSA standards and used to determine the sample protein 

concentration. 
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2.2.2.4 SDS-PAGE (protein separation). 
 

Twelve well pre-cast gels (NuPAGE 12% Bis-Tris 1.0mm) were used for all blots. 

The required sample volume was diluted in 2x Laemmli sample buffer 

(Appendix 6.2), then heated at 100°C for 10 min before being pulse centrifuged. 

Gels were allowed to warm to RT before being placed into the SureLock XCell 

electrophoresis chamber. All wells were washed using MOPS running buffer 

(Thermo Fisher) and the inner chamber filled with running buffer. Molecular 

weight markers (NEB, Colour PreStained broad range) were loaded into the first 

well, samples (20-50µg protein) were added to subsequent wells along with a 

positive control. A range of samples were run on each gel so that the entire life 

span of the CL was covered. The outer chamber was filled with MOPS running 

buffer and the gel was run at 200V (~100mA) for 50 min. 

2.2.2.5 Blotting/transfer of protein. 

NuPAGE transfer buffer (Thermo Fisher) was prepared whilst the PVDF 

membrane (BioRad) was activated in methanol and then transfer buffer. 

Blotting pads were pre-soaked in transfer buffer alongside two pieces of filter 

paper. Once the electrophoresis was completed, the plates were separated, 

the gel removed and PVDF membrane placed onto the gel. The membrane and 

gel were then sandwiched between filter paper and blotting pads to form the 

blotting module. The module was placed within the tank and the inner chamber 

filled with transfer buffer. The outer chamber was filled with cold distilled 

water. The tank was run at 30V (~160mA) for 1h at 4°C. Once transfer was 

completed the PVDF membrane was removed, stained with Ponceau S to 

confirm transfer, and then rinsed in distilled water. 
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2.2.2.6 Immunoblotting. 
 

The PVDF membrane was blocked with 5% milk in PBS-Tween (PBST) for 1h at 

RT on a shaking plate. The membrane was incubated with primary antibodies 

against PEDF, VEGFA or VEGFA165b (Table 2.2) in blocking solution (5% milk in 

PBST) overnight at 4°C on a shaking plate. Following incubation the membrane 

was washed in PBST for 5 x 10 min. Membranes were incubated with secondary 

antibody diluted in blocking solution for 1h at RT. For rabbit primary antibodies, 

this was goat anti-rabbit HRP (Sigma; diluted 1/80000), while for VEGFA165b, 

sheep anti-mouse HRP secondary antibody (GE Healthcare; diluted 1/50000) 

was used. Membranes were washed in PBST for 5 x 10 min and rinsed in 

distilled water. Membranes were covered with ECL prime (GE Healthcare) 

solution for 5 minutes. Then wrapped in clingfilm, transferred on to X-ray film 

and developed using a SRX-101A processor (Konica Minolta). 

Table 2.2 Antibodies and their dilutions utilised in Western blotting. 

Antibody Dilution Company 
Mouse anti-human 

VEGFA165b 
1/1000 MABC595, Sigma. 

Rabbit anti-human VEGFA 1/100 sc-152, Santa Cruz 
Biotechnology. 

Rabbit anti-human PEDF 1/1000 ab180711, Abcam. 

 

2.2.2.7 Stripping blots. 
 

PVDF membranes were stored at 4°C in PBS until ready to strip. Membranes 

were then incubated in a mild stripping buffer (Appendix 6.3) at RT for 10 min, 

this step was repeated using fresh buffer. Membranes were washed in PBS (2 
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x 10 min), followed by a wash in PBST (2 x 5 min). ECL Prime was added and a 

hyperfilm was developed to check that stripping had occurred. Membranes 

were washed in PBST for 10 minutes and then reprobed for the housekeeping 

protein Histone H3 (rabbit anti-human ab-1791, diluted 1/18000) to confirm 

equal protein loading. 

2.2.3 In vitro luteal angiogenesis co-culture system. 

 

A physiologically relevant culture system (Robinson et al. 2008) that mimics 

luteal angiogenesis and progesterone production was utilised to determine the 

effect of PEDF and THBS1 treatment in vitro upon EC development and 

steroidogenesis. 

2.2.3.1 Ovary collection and CL selection. 
 

Bovine ovaries were collected from a local abattoir and CL were selected based 

on established criteria (Ireland et al. 1980). Namely, a very early CL (1-3 days 

post ovulation) that was <12mm in diameter with a soft texture and a red 

ovulatory point.  

2.2.3.2 Fibronectin coating. 
 

Coverslips (19mm) were soaked in 70% IMS for >1h. Individual coverslips were 

submerged in 70% IMS, allowed to dry for 1h then placed in 12 well plates. 

Next, 0.5ml of 20g/ml bovine fibronectin (Sigma) was added to each well and 

incubated at 39C for 4h. The fibronectin was removed and the plate dried 

overnight at 39C. The following day, wells were washed with sterile water 

(1ml), then equilibrated with endothelial cell media (ECM; Appendix 6.4) in a 

39C incubator until required. 
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2.2.3.3. Culture procedure. 
 

Ovaries were sprayed with 70% IMS and rinsed in sterile PBS, from this point 

onwards they were handled aseptically. The CL was dissected out with any 

connective tissue trimmed away and then cut up into small sections. Then 10 

ml of dissociation solution (2mg/ml collagenase I and 25µg/ml DNase I) was 

added and incubated for 30 min at 37C. After dissociation, the solution was 

passed through a 70µm filter into a new falcon tube. The remaining tissue was 

re-suspended in fresh 10ml of dissociation solution and incubated for a further 

30 minutes at 37°C. Whilst the second dissociation was taking place, the first 

dissociation was centrifuged at 300g for 10 min, with the supernatant removed 

and cells re-suspended in 10 ml of ECM. After the second dissociation, the 

tissue solution was filtered through 70µm gauze and combined with the first 

cell dissociation. This was centrifuged for 5 min at 300g, the resulting cell pellet 

was then washed in 10ml of ECM. The process of centrifugation and washing 

was performed twice more with the final cell pellet being re-suspended in 2-

5ml of ECM depending upon its size. 

Cell viability and number were determined using a haemocytometer, typical 

total cell yields were 1-2 x 108 cells. The cells were diluted to 105 cells/ml in 

ECM supplemented with FGF2 and VEGFA (both 1ng/ml). To each well, 2 ml 

was added and cells were incubated at 39°C in humidified 5% CO2 / 95% air. 

After 18 h, the cell media was changed and treatments with PEDF (Abcam; n=3 

cultures) and THBS1 (R&D systems; n=3 cultures) commenced (Fig 2.1). 
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Spent media was collected, stored at -20°C for progesterone analysis and 

replaced every 48h thereafter. Cells were fixed on day 5 of culture in 

acetone:methanol (1:1) solution at 4°C for 10 min. 

  

2.2.4. Immunohistochemistry for von Willebrand factor (VWF). 
 

VWF immunohistochemistry was performed to determine the degree of 

endothelial cell (EC) network development. Coverslips were washed in PBS (2 x 

5 min), then endogenous peroxidase activity was blocked in 3% (v/v) hydrogen 

peroxide in methanol for 10 min. Coverslips were then washed in PBS (2 x 5 

min). Followed by blocking of non-specific binding with 20% (v/v) normal goat 

serum (NGS) for 10 min. Rabbit anti-human VWF (Dako) antibody at 5g/ml in 

2% NGS was added to coverslips and incubated in a humidified chamber at 4°C 

overnight. Due to the repeated validation of staining in numerous past 

experiments and the distinct characteristics of EC staining a negative control 

Fig 2.1 Plate layout for pigment epithelium-derived factor (PEDF) and 

thrombospondin-1 (THBS1) treatments. Factors were administered at two 

different doses in duplicate. All wells received ECM supplemented with FGF2 

and VEGFA. 
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was not utilised at this point. Following incubation, all wells were washed as 

previously described. Avidin-biotin (AB) complex (Vector Laboratories) was 

prepared in PBS, 30 minutes prior to use. Meanwhile, coverslips were 

incubated with biotinylated goat anti-rabbit secondary antibody (Vector 

Laboratories) diluted 1:150 in 2% NGS for 30 min at RT before washing. The AB 

complex was added to all wells and incubated at RT for 30 min. DAB substrate 

(Vector) was prepared in distilled water according to manufacturer 

recommendations and added to coverslips for 2-5 minutes depending on 

colour development. All sections were then rinsed in running tap water for 5 

min. 

Counterstaining and mounting 

Following solutions were added to coverslips as follows 

• Harris’s haematoxylin: 20 sec 

• Running tap water:  2 min 

• 1% ammoniated IMS:  8 dips. 

• 70% ethanol:  2 min 

• 95% ethanol:   2 min 

• 100% ethanol:  2 min 

• Xylene:   2 x 20 sec  

Coverslips were mounted on slides using DPX mountant. Slides were then 

allowed to dry overnight in a fume hood.  
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2.2.4.1 Image analysis of Von Willebrand Factor immunohistochemistry. 
 

In an initial experiment, separate cultures and staining were performed by 

Emer Grant (University of Nottingham, BSc thesis). In this experiment, the cells 

were treated with the 0-1000ng/ml THBS1 (R&D systems) for a total of 9 days 

before fixation and staining for VWF (n=4 cultures). This experiment was 

conducted in the same manner as section 2.2.3 except that 24 well plates with 

12mm coverslips were used. The image analysis was performed by myself, as 

described below.  

Twelve randomly selected field of view images were obtained per coverslip 

under a 5x lens on a Leica microscope (Leica Microsystems). The extent of VWF 

staining was analysed using Image-Pro Premier 9.2 (MediaCybernetics®). 

Images were tiled into a 2x2 square, brown areas of staining representing EC 

networks were drawn around by hand and an appropriate colour palette 

selected to ensure all networks were equally highlighted. A minimum network 

(500µm2) threshold was determined such that only networks and visible islands 

were selected and smaller areas of cell staining ignored. The total number of 

EC networks per tile was recorded. The EC networks were then extracted onto 

a grey background and sorted by size. The area, perimeter, branch number and 

branch length of the sorted EC networks was analysed using Image Premier. 

The number of branches per EC Island was then calculated. 

2.2.4.2 Statistical analysis. 
 

All EC network endpoints (total EC area, number of EC networks, number of 

branch points, branch points per EC island and branch length) were expressed 



70 
 

as percentage of their respective culture controls and then analysed by 

randomised block one-way ANOVA using the culture number as the block. The 

effects of PEDF and THBS1 treatment were analysed in separate analyses. 

Tukeys multiple comparisons were performed to determine where the 

differences lay. 

2.2.5. Progesterone ELISA. 

 

The progesterone content of spent media was analysed using an in-house ELISA 

to determine the effect of PEDF and THBS1 on luteal progesterone production. 

2.2.5.1. Preparation of progesterone standards. 
 

A progesterone stock solution (100µg/ml) was prepared in ethanol. This was 

diluted 1:1000 to give 100ng/ml progesterone, which was serially diluted 1 in 

2 to give a range of standards from 0.195-50ng/ml. 

2.2.5.2. Preparation of progesterone HRP conjugate. 

Ultrapure water (250µl) was added to progesterone-HRP conjugate (Coralie 

Munro, University of California-Davis), vortexed and allowed to reconstitute for 

30 min. Aliquots (10µl) were stored at -20°C. Prior to use, an aliquot of 

progesterone-HRP conjugate was defrosted and 0.99ml of ELISA buffer 

(appendix 6.5) added yielding a 1:100 conjugate. Immediately prior to use, this 

conjugate was diluted to a working concentration of 1:12500. 

2.2.5.3 Preparation of progesterone antiserum. 
 

Ultrapure water (400µl) was added to the progesterone antiserum (CL425, 

Coralie Munro), vortexed and allowed to reconstitute for 30 min. This solution 
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was then diluted 1:50 in coating buffer (Appendix 6.6), aliquoted into 80µl and 

stored at -20°C. Immediately prior to use one aliquot was defrosted and 62.5µl 

added to 15ml of coating buffer to give a 1:12,000 antiserum dilution. 

2.2.5.4. Coating plates. 
 

Progesterone antiserum (50µl) was added to all wells of a 96-well plate (Nunc 

Maxisorp), except for non-specific binding (NSB) wells. The plates were gently 

shaken, sealed and then incubated for two nights at 4°C. 

2.2.5.5. Assay procedure. 
 

The progesterone-antibody coated plate was washed 5 times with 0.15M NaCl 

+ 0.05% Tween20 solution. ELISA blocking buffer (Appendix 6.7) was then 

added to each well and incubated for 1h at RT followed by 5 washes with wash 

solution. ELISA buffer (50µl) was added to NSB and total binding (TB) wells in 

triplicate. Then standards and diluted samples (50µl) were added in triplicate 

to the appropriate wells. To this, progesterone-HRP conjugate (50µl; 1:12500) 

was added and incubated on a plate shaker at RT. After 2h, the plate was 

washed again 5 times with wash solution then thoroughly blotted dry. TMB 

substrate (50µl) was added to each well and incubated at RT on a plate shaker 

for 30 min. Sulphuric acid (2M) was added to stop colour development. Optical 

density (OD) was then measure on an OPTIMA plate reader at a wavelength of 

405nm. 

2.2.5.6. Curve fitting. 
 

The mean NSB was subtracted from each OD reading and the resulting OD 

expressed as a percentage of the TB.  The progesterone standards were logged 



72 
 

and plotted using a 4-parameter logistic fit in GraphPad Prism. The sample 

progesterone concentration was calculated and the mean of the triplicate 

values calculated. The mean intra-assay coefficient of variation was 13.9% with 

samples from each culture analysed in a single assay. 

2.2.5.7. Statistical analysis. 
 

Progesterone concentrations were analysed by randomised block one-way 

ANOVA using the culture number as the block. The effects of PEDF and THBS1 

treatment on progesterone concentration were analysed in separate analyses. 

Tukeys multiple comparisons were performed to determine where the 

differences lay. 

2.3 Results. 

 

2.3.1 Localisation of VEGFA and VEGFA164b in the bovine CL. 

 

2.3.1.1 Spatial-temporal expression of VEGFA in the bovine CL. 
 

Immunohistochemistry was utilised to characterise the spatial-temporal 

expression of VEGFA at different stages of luteal development. There was 

abundant staining for VEGFA at all stages of luteal development (Fig 2.2A-E). 

Tissue architecture was poorly conserved in the very early CL (Fig 2.2A), 

however VEGFA staining was still evident. An increase in cell number and size 

was evident as the CL developed alongside a greater degree of structural 

organisation (Fig 2.2D-E). VEGFA staining was largely confined to the cytoplasm 

of small and large luteal cells, with no evidence of staining in endothelial cells. 
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The intensity of staining was visibly similar at all time points. There was low 

level background staining evident in the controls (Fig 2.2F). 

 

2.3.1.2 Spatial-temporal expression of VEGFA164b in the bovine CL. 

 

A) D1-2 B) D3-4 

C) D5-7 D) D8-12 

E) D12-16 F) Control D8-12 

* * 

* 

* 
* 

* 

* 

Fig 2.2 Spatial-temporal expression of VEGFA throughout luteal development. 
Immunohistochemistry for VEGFA was performed on sections from different 
CL stages with representative images obtained at ×20 magnification. In 
comparison to the control (F), there was a high degree of staining for VEGFA 
at all time points which was predominately confined to large (asterisk) and 
small (arrow) luteal cells, with no evidence of endothelial cell staining.  Scale 
bar = 80µm 
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VEGFA164b immunohistochemistry was performed on sections from the same 

tissue blocks as VEGFA. There was low level staining in all sections (Fig 2.3A-E), 

including the control sections (Fig 2.3F). This made interpretation of the extent 

of VEGFA164b staining difficult. It did appear that there was increased staining 

in the more mature luteal sections (Fig 2.3D-E). This suggested that any 

VEGFA164b expression in the bovine CL was seemingly limited to the mature CL 

and that expression levels are low even at these time points. VEGFA164b 

expression appeared to be localised to steroidogenic cells.  
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2.3.1.3 Identification of VEGFA and VEGFA164b protein by Western blot.  

Western blots were performed to further characterise the temporal expression 

of VEGFA and VEGFA164b expression in the bovine CL. Following 

immunoblotting for VEGFA, a strong band was identifiable at approximately 

Fig 2.3 Spatial-temporal expression of VEGFA164b throughout luteal 

development. Luteal tissue was collected at different estimated days after 

oestrus and immunohistochemistry for VEGFA164b performed. Low levels of 

background staining were evident in the control (F) and at all time points. 

However, there appeared to be a visible increase in staining intensity in the 

more mature luteal sections (D) and (E). Images were obtained at x10 and x20 

magnification (inset). 

 

A) D1-2 B) D3-4 

C) D5-7 D) D8-12 

E) D12-16 F) Control 
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50kDa across luteal samples from a range of CL stages (Fig 2.4). This band was 

different to the expected molecular weight of 21kDa (or 42KDa for the dimer) 

and it is unclear whether this band corresponded to VEGFA. The band intensity 

appeared to be similar throughout the lifespan of the bovine CL. Another 

VEGFA antibody (VG76e; Abcam) was tested but no bands were detected. 

Probing for VEGFA164b did not yield a band at any molecular weight but the 

housekeeping protein histone H3 was detected confirming protein transfer. 

Based on these observations in conjunction with the immunohistochemistry 

results, no further investigations into the role of VEGFA164b in the early bovine 

CL were conducted. 

 

 

 

2.3.2 PEDF expression in the bovine CL and its effect on luteal angiogenesis 

and function in vitro.  
 

2.3.2.1 Spatial-temporal expression of PEDF in the bovine CL. 

 

Immunohistochemistry for PEDF was optimised using different antibody 

dilutions and then performed across a range of different luteal stages. Staining 

intensity for PEDF was highest in the very early CL (Fig 2.5A) with the intensity 

of staining appearing to decrease in the later CL stages, but it was still clearly 

VEGFA 50kDa 

1 2 3 4 

Fig 2.4 Temporal expression of VEGFA protein throughout the CL lifespan. 
Identification of VEGFA protein was performed by Western blot analysis of 
luteal samples of different ages; (1) 1-2 day, (2) 3-4 days, (3) 8-12 days and (4) 
regressing CL. VEGFA specific antibody was used. A single band at 50kDa was 
observed, but it was unclear if this was VEGFA protein. The expected molecular 
weight was 21 or 42 kDa (dimer). 
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evident in the mature CL (Fig 2.5E). Staining for PEDF was more prevalent in 

small than large luteal cells (Fig 2.5C) but was also present in some ECs, albeit 

at a lower intensity.  

 

 

 

 

 



78 
 

 

  

Fig 2.5 Spatial-temporal expression of PEDF throughout luteal development. 
Immunohistochemistry for PEDF was performed on luteal sections from bovine 
CL at different estimated days after oestrus.  The most abundant staining was 
evident in the early CL samples (A) and (B), with the degree of staining 
decreasing as CL age increased (C-E). The intensity of staining was greater in 
small than large luteal cells, with some staining of endothelial cells evident 
(arrows). A large blood vessel (*) is visible in (C). Images were acquired at x10 
and x20 (inset) magnifications. 

A) D1-2 

C) D5-7 

E) D12-16 

B) D3-4 

F) Control 

D) D8-12 

* 

* 
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2.3.2.2 Western blot analysis of PEDF protein in the bovine CL. 

 

A Western blot was performed to characterise the specificity of the PEDF 

antibody. A band was observed at 50kDa which corresponds to the expected 

molecular weight of PEDF. Expression of PEDF was greatest in the early CL, with 

reduced expression in the mid-late CL samples. 

 

  

PEDF 50kDa 

 A) D1-2 B) D5-7 

Fig 2.6 Temporal expression of PEDF protein throughout the CL lifespan. 
Identification of PEDF protein was performed by Western blot analysis of 
luteal samples of different ages; (A) 1-2 day, (B) 5-7 days (12-16 days and 
regressing CL are not shown due to the presence of artefacts on the blot). 
PEDF specific antibody was used. A single band at 50kDa was observed.  
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2.3.2.3 The effect of PEDF on EC network morphology. 

 

In control, there were extensive and elaborate EC networks dispersed between 

other luteal-derived cells (Fig 2.7A). Treatment with 10ng/ml PEDF changed the 

morphological appearance of EC networks (Fig 2.7B) with the networks 

appearing smaller, with an apparent reduction in the number and length of EC 

network branches in comparison to the control and 100ng/ml PEDF-treated 

cells. This effect was particularly evident in (Fig 2.8) when the EC networks were 

extracted and then sorted by area during image analysis. 

Fig 2.7 Representative images of the effect of PEDF on luteal EC network 

development. Cells were treated either 0, 10 or 100 ng/ml PEDF for 5 days. 

Areas of complex endothelial cell (EC) network formation were evident 

(arrow) alongside small areas of unbranched EC development (asterisk). The 

morphological appearance of EC networks was altered by 10ng/ml PEDF, with 

a visually reduction in the area of networks alongside a reduction in the 

number and length of EC network branches compared to control and 

100ng/ml PEDF. Images were obtained at ×5 magnification; scale bar = 

300µm. 

 

B) 10ng/ml PEDF A) Control C) 100ng/ml PEDF 

* 

* 
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2.3.2.4 The effect of PEDF on key EC network formation parameters. 

  

PEDF, in a dose-dependent manner reduced total EC area (P<0.05) by almost 

50% in comparison to the untreated control (Fig 2.9A). Similarly, PEDF at 

10ng/ml reduced the average area of each EC network compared to both 

control and 100ng/ml PEDF treatments (P<0.05; Fig 2.9B). Furthermore, 

A) Control 

B) 10ng/ml PEDF 

C) 100ng/ml PEDF 

Fig 2.8 The effect of PEDF on luteal EC network development. 
Bovine luteal cells were treated either 0, 10 or 100ng/ml PEDF. On day 5, cells 
were fixed and immunohistochemistry for von Willebrand factor performed, 
followed by image analysis to extract and sort the different EC networks 
present on the coverslip. Representative images were obtained for the 
following treatments (A) control, (B) 10ng/ml PEDF and (C) 100ng/ml PEDF. 
These were then used for quantification of the number of branch points.  
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10ng/ml PEDF reduced both total branch length (by 50%; P<0.05; Fig 2.9D) and 

number of branch points (by 3-fold; P<0.01; Fig 2.9E) in comparison to the 

controls (P<0.05). The lowest dose of PEDF also decreased the degree of 

branching in each EC cluster (P<0.05; Fig 2.9F), but had no effect on the number 

of EC islands (P>0.05; Fig 2.9C). For all EC network parameters, PEDF treatment 

at 100ng/ml was similar to the controls. 
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Fig 2.9 The effect of PEDF on luteal endothelial cell network parameters. 
Image analysis of von Willebrand factor staining to quantify the effect of 
PEDF treatment on the following endothelial cell (EC) network parameters; 
(A) total EC area, (B) average EC area, (C) EC island count, (D) total branch 
length, (E) total branch number and (F) branch points per cluster. 
Significant differences (P<0.05) between treatments are illustrated with 
different letters where a>b. Values are mean + S.E.M from n=3 cultures. 
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2.3.2.5 The effect of PEDF on progesterone production in vitro.  
 

Spent media was collected on day 3 and 5. Despite inhibiting luteal 

angiogenesis, PEDF treatment had no effect on luteal progesterone production 

at any time point (Fig 2.10). However, progesterone production increased by 

50% across all treatments from day 3 to day 5 (P<0.05). 

 

 

 

 

 

 
 
 
 
 
 

 

2.3.3 The role of THBS1 in early luteal angiogenesis and steroidogenesis. 

 

2.3.3.1 The effect of THBS1 on luteal angiogenesis (initial experiment)  

 

An initial experiment was conducted by Emer Grant, University of Nottingham 

to investigate the effect of different THBS1 doses on EC growth in the presence 

of FGF2 and VEGFA. The cultures were performed for 9 days with all images 

Fig 2.10 The effect of PEDF on luteal progesterone production. 
Luteal cells were cultured for 5 days with either control, 10ng/ml or 
100ng/ml PEDF. Spent cell media was collected on days 3 and 5 and 
progesterone content analysed by ELISA. Progesterone production was 
greater on day 5 compared with day 3 (P<0.05; a<b) but PEDF treatment had 
no effect progesterone production.  Values are mean+SEM from n=3 
cultures. 
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captured and analysed by myself. Representative images of the effect of THBS1 

on EC network growth in comparison to controls were obtained (Fig 2.11). On 

day 9 of culture, small branched EC networks were visible in all treatments. The 

degree of VWF staining appeared similar across all treatments and the control, 

with no visually appreciable differences in EC growth and network morphology 

being noted. There was also similar level of cell confluency across all 

treatments. 

The images of extracted EC networks (Fig 2.12) clearly shows the number of 

networks, as well as the number and length of branches stemming from each 

network, these were broadly similar  between each treatment. The higher 

doses of THBS1 (Fig 2.12C and D) tended to produce more EC networks with 

plaque-like centres, however the presence of these structures was not 

consistent between cultures.  
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Fig 2.11 Effect of THBS1 on luteal EC network development (Day 9). 
Representative images obtained of endothelial cell (EC) network growth 
following continuous treatment with either (A) 0, (B) 10ng/ml, (C) 100ng/ml or 
(D) 1000ng/ml THBS1. Cells were fixed on day 9 and immunohistochemistry for 
von Willebrand factor was performed to identify ECs. Large and complex EC 
networks had formed (arrows). Representative images obtained at ×5 
magnification; scale bar = 300µm. 
 

A) Control B) 10ng/ml THBS1 

C) 100ng/ml THBS1 D) 1000ng/ml THBS1 
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A) Control 

B) 10ng/ml THBS1 

C) 100ng/ml THBS1 

D) 1000ng/ml THBS1 

Fig 2.12 Extracted EC networks following THBS1 treatment (Day 9). 
Early bovine luteal cells were treated with either 0, 10, 100 or 1000ng/ml 
THBS1, for 9 days, then fixed and immunostained for von Willebrand factor 
to identify endothelial cell (EC) development.  Representative images of EC 
networks (sorted by size) were obtained following treatment with (A) 
control, (B) 10ng/ml THBS1, (C) 100ng/ml THBS1 and (D) 1000ng/ml THBS1. 
Evidence of networks with plaque-like centres are visible at higher THBS1 
doses. 
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2.3.3.2 Effect of THBS1 on EC network parameters  

 

The total EC network and average size of each EC network size was numerically 

higher with 1000ng/ml THBS1 but there was no significant treatment effect on 

the total area (P=0.39) or average EC area (P=0.13) of the networks formed at 

any dose in comparison to the untreated control (Fig 2.13A-B). Also THBS1 had 

no effect on the number of EC islands formed (P=0.78; Fig 2.13C).  There was a 

tendency for THBS1 treatment to reduce the number of EC branch points 

(P=0.06), although THBS1 had no effect on the total branch length (P=0.12). 

However, 1000ng/mlTHBS1 significantly reduced the number of branch points 

per EC cluster from 2.6 to 1.4 (P=0.03). 
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Fig 2.13 Effect of THBS1 on luteal EC network parameters (Day 9). 
Following treatment with either 0, 10, 100 or 1000ng/ml THBS1, fixed cells 
were immunostained for von Willebrand factor and image analysis 
performed to determine endothelial cell (EC) network formation. The 
parameters shown are; (A) total EC area, (B) average EC area, (C) number of 
EC clusters/islands,  (D) total branch length, (E) total branch number and (F) 
branch points per cluster. Significant differences (P<0.05) between 
treatments are illustrated with different letters where a>b. Values are 
mean+SEM from n=3 cultures. 
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2.3.3.3 Effect of THBS1 on early luteal angiogenesis and steroidogenesis (main 

experiment). 
 

The results from this initial experiment warranted further investigation, to 

confirm the subtle effect of higher THBS1 doses (100 and 1000ng/ml). 

Therefore, cultures were established from early bovine CL and cells were 

treated with either 0, 100 or 1000ng/ml THBS1 in the presence of FGF2 and 

VEGFA but this time cells were fixed on day 5 of culture due to an increased 

rate of growth of the luteal tissue utilised in the culture system.  

2.3.3.4 Morphological appearance of EC networks following THBS1 treatment. 
 

On day 5 of culture, large and branched EC networks had formed across all 

treatments, however there were still smaller areas of unbranched EC islands 

evident alongside the larger networks formed. There was no observable 

difference in the visual appearance of the EC networks between the control 

(Fig 2.14A) and THBS1 treatments (Fig. 2.14B-C). In comparison to the initial 

experiment, there were no large plaque-like networks observed in the 

1000ng/ml THBS1 treatment wells. The similarity between the controls and 

THBS1 treated EC networks can be further appreciated in Fig 2.15 which 

highlights the size and degree of branching in the larger networks across the 

treatment groups. It also emphasized that on day 5 of culture, there was still a 

large number of unbranched small EC islands. Furthermore, the number of 

networks observed across all treatments appeared to be very similar (Fig 2.15). 
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Fig 2.14 Effect of THBS1 on luteal EC network development (Day 5). 
Representative images obtained of endothelial cell (EC) network formation 
following culture for 5 days with either (A) control, (B) 100ng/ml THBS1 or (C) 
1000ng/ml THBS1. Cells were fixed on day 5 and immunohistochemistry for 
von Willebrand factor was performed to identify EC. Large and complex EC 
networks had formed (asterisk) across all treatments, however there were still 
some smaller regions of unbranched EC growth (arrows). Images were acquired 
at x5 magnification; scale = 300µm. 

A) Control B) 100ng/ml THBS1 C) 1000ng/ml THBS1 

* 
* 

* 

* 
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2.3.3.5 Effect of THBS1 on key EC network parameters.  
 

THBS1 treatment had no significant effect on the total EC area (P=0.43) or 

average EC area (P=0.57; Fig 2.16A-B). Equally, the number of EC islands were 

also unaffected by THBS1 treatment (P=0.47; Fig 2.16C). While the total branch 

B) 100ng/ml THBS1 

C) 1000ng/ml THBS1 

A) Control 

Fig 2.15 Extracted EC networks following THBS1 treatment (Day 5). 
Early bovine luteal cells were treated with either 0, 100 or 1000ng/ml THBS1 
in culture. On day 5, cells well fixed and immunostained for von Willebrand 
factor to identify endothelial cell (EC), image analysis was performed. 
Representative images were obtained following treatment with (A) control, (B) 
100ng/ml THBS1 and (C) 1000ng/ml THBS1, with EC networks sorted by total 
area. 
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length and total branch number appeared lower in the 100ng/ml THBS1 in 

relation to the control, they were not significantly altered by THBS1 treatment 

(P=0.16 and P=0.15, respectively). In contrast to the initial experiment, THBS1 

did not significantly reduce the number of branch points per EC cluster 

(P=0.06). Although there was a tendency for the 1000ng/ml THBS1 to increase 

the number of branch points per cluster in comparison to the 100ng/ml dose, 

but this was not significant.  
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Fig 2.16 Effect of THBS1 on luteal EC network parameters (Day 5). 
Image analysis of von Willebrand factor staining was performed to quantify 
the effect of THBS1 treatment on the following EC network parameters; (A) 
total EC area, (B) average EC area, (C) number of EC islands, (D) total branch 
length, (E) total branch number and (F) branch points per cluster. No 
significant differences were detected between treatments. Values are mean 
+ S.E.M. 
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2.3.3.6 The effect of THBS1 on progesterone production in vitro. 

 

There was a significant increase in progesterone production from day 3 to day 

5 (P<0.05), however THBS1 treatment did not significantly impact upon luteal 

progesterone production at either dose or time point. 

 

 

 

 

  

Fig 2.17 Effect of THBS1 on luteal progesterone production. 
Luteal cells were treated with either 0, 100 or 1000 ng/ml THBS1. Spent cell 
media was analysed for progesterone content by ELISA on day 3 and 5 of 
culture progesterone concentrations were greater on day 5 compared with day 
3 (P<0.05; a<b). However, THBS1 treatment had no effect on progesterone 
levels at either dose. Values are mean + S.E.M. 

0 1 0 0 1 0 0 0 0 1 0 0 1 0 0 0

0

2 5 0

5 0 0

7 5 0

1 0 0 0

1 2 5 0

1 5 0 0

T H B S 1  n g /m l

P
r
o

g
e

s
te

r
o

n
e

 n
g

/m
l

D a y  3 D a y  5

a

b



96 
 

2.4 Discussion. 

The key findings of chapter 2 were as follows; that there is limited evidence for 

VEGFA164b expression in the bovine CL, and if present, expression is likely to be 

minimal and confined to the mature CL. This is in contrast to VEGFA, which is 

expressed throughout the entire lifespan of the CL at apparently high levels. It 

was also demonstrated that THBS1 had a varied effect on luteal angiogenesis 

and seemingly no effect on luteal progesterone production in vitro. The 

principal novel finding demonstrated that PEDF was expressed at all stages of 

luteal development, with levels highest in the early CL before expression 

declined with luteal development. Alongside this, PEDF inhibited early luteal 

angiogenesis in the presence of FGF2 and VEGFA, but had no effect on luteal 

progesterone production. 

VEGFA and VEGFA165b expression in the bovine CL. 

VEGFA mRNA and protein expression has been characterized in the bovine CL 

previously. Expression of the most abundant VEGFA mRNA isoforms reached 

maximal levels by day 15 of the luteal phase, whilst VEGFA protein levels were 

found to increase slowly throughout CL development, reaching a maximal level 

on day 12 of the luteal phase (Robinson et al. 2007, Guzmán et al. 2015). The 

current VEGFA immunohistochemistry and Western blot analysis found VEGFA 

expression throughout the CL lifespan. However, the temporal changes in 

VEGFA expression seen in other studies (Redmer et al. 1996, Berisha et al. 

2000a, Robinson et al. 2007, Guzmán et al. 2015), were not observed here.  
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In the present study, VEGFA was predominantly expressed in the small and 

large luteal cells, with no expression in ECs. Similarly in CLs from primates and 

horses, VEGFA is predominantly located in steroidogenic cells (Kamat et al. 

1995, Al-zi'abi et al. 2003). Interestingly, in sheep, there is minimal VEGFA 

expression in the steroidogenic luteal cells, with VEGFA mainly localised to 

vascular pericytes (Redmer et al. 2001). The reason for the species differences 

in the cellular localisation of VEGFA is not known, but both locations are in close 

proximity to ECs where FLT1 and KDR are localised in the bovine CL (Gabler et 

al. 2004). 

 The present study did not show a change in VEGFA expression at the different 

stages of luteal development. This could be attributed to the presence of 

background staining that was evident in the control immunoglobulin sections 

that might have obscured subtle changes in VEGFA staining. Similarly, the 

results of the Western blot did not show any obvious changes in the levels of 

VEGFA, although this was not quantified.  A single band was detected following 

immunoblotting for VEGFA at 50kDA, this was higher than expected (21kDa for 

bovine VEGFA monomer). The dimeric form which should not be present yields 

a band at 42kDa. This discrepancy was not investigated further since the focus 

of the project was the role of anti-angiogenic factors in early CL development.   

VEGFA164b expression in the bovine CL. 

There were high levels of background staining with the VEGFA164b 

immunohistochemistry, which made interpretation of possible VEGFA164b 

expression difficult to determine. The principal reason for the high staining in 



98 
 

the control section was the high concentration of IgG that was required to 

obtain a signal. If VEGFA164b is expressed at all, then expression levels are 

minimal and almost entirely confined to the mature CL. When the 

immunohistochemistry results were interpreted alongside the Western 

blotting results it became evident that VEGF164b expression was apparently 

absent during the early stage of luteal development. Whilst we cannot 

definitively conclude that this factor is absent in bovine luteal tissue, its 

expression is minimal. Similarly, Guzmán et al. (2015) did not detect VEGFA164b 

mRNA at any stage of luteal development. Collectively, it appears that 

VEGFA164b does not play an important role in regulating luteal angiogenesis. In 

contrast, VEGFA165b was expressed at low levels throughout the luteal phase in 

the porcine CL (Ribeiro et al. 2007). Equally, VEGFA165b expression in the 

marmoset ovary was highly dynamic, with expression of this isoform 

accounting for almost 100% of the VEGFA protein in ovaries without CL and 

65% of the VEGFA protein in ovaries with CL. It was hypothesised that this 

reduction in expression could trigger the promotion of luteal angiogenesis in 

this species (Qiu et al. 2012). In mice, VEGFA165b overexpression reduced the 

number of follicles transitioning from the primary to secondary stages of 

development, and consequently the number of mature follicles and CL 

observed. Additionally, the size of those CL was reduced suggesting that this 

factor plays an important role in both follicle and CL development (Qiu et al. 

2012). 

An aim of future investigations would be to quantify the expression of 

VEGFA164b in bovine ovaries without CL. This would determine if this factor is 
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highly expressed in the follicular phase but is then downregulated around 

ovulation to enable luteal angiogenesis to take place. Alterations to the 

expression of VEGFA165b expression in response to such an event would support 

the concept that there is a necessity to balance pro- and inhibitory angiogenic 

factors. Indeed, a change in the ratio of the pro- and inhibitory isoforms of 

VEGFA was important in pre-eclampsia in humans, although this is a 

pathological rather than physiological setting (Bates et al. 2006). 

The VEGFA antibody utilised in this study revealed that VEGFA was highly 

expressed in the bovine CL. However, it binds non-selectively to multiple VEGFA 

isoforms so it is not possible to determine which specific isoforms are being 

expressed. The current findings would suggest that VEGFA164b can be excluded 

as it was absent in the bovine CL. Guzmán et al. (2015) observed that VEGFA165a 

and VEGFA120a mRNA expression increased throughout CL development, 

reaching maximal levels on day 15. Similarly VEGFA120b was also expressed in 

the CL, reaching maximum expression levels on day 15 and has been implicated 

in inhibition of angiogenesis during luteal regression by counteracting pro-

angiogenic VEGFA isoforms. However, the role of larger VEGFA isoforms such 

as VEGFA189 is yet to be explored and more work is required in order to identify 

these in the bovine CL. This would give us a greater understanding of the 

complex interplay of the pro- and anti-angiogenic isoforms of VEGFA in the 

regulation of angiogenesis in the bovine ovary. 
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PEDF expression and effect on angiogenesis and steroidogenesis in the bovine 

CL. 

The Western blot and immunohistochemistry results have demonstrated for 

the first time, not only the presence of PEDF protein, but also the temporal and 

spatial expression of PEDF in the bovine CL. Expression of the SERPINF1 (PEDF) 

gene has previously been identified in the bovine follicle, however the 

expression of this anti-angiogenic factor has not been studied in the bovine CL 

(Hayashi et al. 2011). PEDF staining intensity was greatest in the early CL and 

declined throughout the CL lifespan, suggesting that PEDF plays an important 

role in the regulation of early luteal angiogenesis. PEDF expression was 

predominantly localised to the large and small luteal cells, with little apparent 

difference in staining between these two cell types. Previous studies have 

localised PEDF expression in the granulosa cells of mice and humans, and in 

luteinised human granulosa cells (Chuderland et al. 2013, Kampfer et al. 2014). 

Furthermore, low levels of PEDF expression were evident in ECs, which is 

important given that the PEDF interacts with KDR and PEDFR that are located 

on these cells (Cai et al. 2006, Zhang et al. 2006, Ablonczy et al. 2009, Manalo 

et al. 2011). If it were possible to separate the different luteal cells then future 

investigations into the expression of PEDF in specific luteal cell types, utilising 

qPCR would allow for further confirmation and quantification of this factor in 

the CL. This would give an insight into which luteal cells are responsible for the 

majority of PEDF expression. Similarly, it would be interesting to determine if 

PEDF expression was upregulated by the LH surge. 
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The effect of PEDF on luteal angiogenesis. 

PEDF acted as a potent inhibitor of in vitro luteal angiogenesis by reducing total 

and average EC area, branch number and length as well as reducing the degree 

of branching. However, this effect was only detected at the lower PEDF dose. 

The only parameter seemingly unaffected by PEDF was the total EC island 

number. These findings are supported by numerous studies that have shown 

PEDF inhibits angiogenesis in a variety of systems (Dawson et al. 1999, 

Stellmach et al. 2001, Loegl et al. 2016). PEDF can inhibit angiogenesis by 

blocking the interaction of VEGFA with KDR and inducing proteolysis of both 

VEGFRs (Cai et al. 2006, Zhang et al. 2006). Furthermore, PEDF inhibits the 

effects of FGF2 on ECs as well as inducing EC apoptosis (Kanda et al. 2005, 

Manalo et al. 2011).  

Inhibition of FGFR signalling at a similar time point to when PEDF was 

administered also reduced the total area of EC networks, number of branch 

points and degree of branching per EC island, whilst VEGFR inhibition alone had 

more limited effects on EC network development (Woad et al. 2012). It is 

therefore feasible that PEDF predominantly elicits its anti-angiogenic effects in 

the bovine CL by inhibition of FGF2. However, it is likely that PEDF inhibited 

luteal angiogenesis by several different mechanisms. Future work to identify 

the mechanism by which PEDF acts in the bovine CL would be beneficial and 

could be achieved through quantification of the degree of EC apoptosis induced 

by PEDF treatment, and by analysing the effect of PEDF treatment on VEGFR 

and FGFR1 function and signalling capabilities.  
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Interestingly, the inhibition of luteal angiogenesis by PEDF was seemingly dose 

dependent with only the lower dose of PEDF having an effect. This type of dose-

dependent effect of PEDF has not been reported in other studies, however it 

has been reported that the balance of VEGFA and PEDF determines whether 

cells survive or undergo apoptosis, with the expression of these factors varying 

depending upon whether cells are actively dividing or quiescent (Pollina et al. 

2008). Similarly, TGFB inhibits angiogenesis at high doses but stimulates it at 

lower doses (Carmeliet 2003, Ferrari et al. 2009). There are reports of several 

other anti-angiogenic factors such as endostatin and interferon-α eliciting a “U” 

shaped dose-response curve, whereby low concentrations inhibit angiogenesis, 

but at higher concentrations this effect is lost (Slaton et al. 1999, Celik et al. 

2005, Tjin Tham Sjin et al. 2006, Reynolds 2010). 

 It is therefore possible that at low doses of PEDF stimulates EC apoptosis, 

whilst at high doses the ratio shifts to favour EC survival and that this 

mechanism is closely linked to VEGFA expression. Evidently further 

investigations are required to determine the reason for the contrasting effects 

of low and high PEDF doses. Given these findings, it would be beneficial to 

conduct future experiments using more PEDF doses, including a dose lower 

than 10ng/ml to give a greater insight into the mechanism by which it reduces 

angiogenesis. 

The effect of PEDF on luteal progesterone production. 

Despite drastically reducing angiogenesis, neither PEDF dose had an effect on 

luteal progesterone production. This would suggest that despite being 
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predominantly expressed in the steroidogenic cells of the bovine CL, PEDF has 

no direct effect upon the function of these cells. In the bovine CL, almost every 

steroidogenic cell is located adjacent to an EC, suggesting that these 

progesterone producing cells are reliant upon a good vascular supply (Reynolds 

et al. 2000). Therefore, the dramatic inhibition of angiogenesis by PEDF 

observed in vitro would likely impact upon the growth and function of luteal 

steroidogenic cells in vivo. Further experiments are required in order to 

establish this. A previous study has shown TGFB inhibited angiogenesis to a 

similar extent as PEDF, but TGFB profoundly reduced the concentration of 

progesterone in the spent media (Thompson 2014). This finding nicely 

illustrates that despite the numerous anti-angiogenic factors having a similar 

effect upon EC growth and differentiation, the mechanism by which they act 

and the other cell types with which they interact are often profoundly different.  

The effect of THBS1 on luteal angiogenesis and steroidogenesis. 

THBS1 reduced the number of branches per EC cluster by 50% in the initial 

experiments (principally at 1000ng/ml), however this effect was not observed 

in the subsequent experiment conducted under similar conditions. Other than 

this difference, the results of both experiments demonstrated that THBS1 had 

no effect upon the total area of luteal EC networks in the presence of FGF2 and 

VEGFA. These inconsistent results indicate that luteal-derived ECs in this co-

culture system are less sensitive to THBS1 than others previously described, 

where THBS1 lowered the number of luteal ECs in the presence of FGF2 and 

was capable of inducing EC apoptosis (Dawson et al. 1997, Zalman et al. 2012). 
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One mechanism through which THBS1 can inhibit angiogenesis is by 

sequestering FGF2 and preventing the release of this pro-angiogenic factor 

(Colombo et al. 2010). The presence of VEGFA in the culture media may 

account for differences observed in the current study and that conducted by 

Zalman et al. (2012), since VEGFA is capable of stimulating angiogenesis to such 

an extent that the sequestration of FGF2 by THBS1 had no impact upon 

angiogenesis. However, THBS1 binds to VEGFA causing the cellular 

internalization of VEGFA in the murine ovary. This would then reduce VEGFA-

mediated angiogenesis (Greenaway et al. 2007). The addition of VEGFA and 

FGF2 together to the culture system produces a response greater than the 

addition of either factor alone, so it is possible that in combination these 

factors overcame the inhibitory effects of THBS1 (Robinson et al. 2008). A 

possible way of determining if FGF2 and VEGFA were compensating for the 

inhibitory effects of THBS1 would be to treat ECs with THBS1 in the absence of 

FGF2 and VEGFA.  

The other mechanism through which THBS1 inhibits angiogenesis is by inducing 

EC apoptosis via the CD36 receptor (Dawson et al. 1997, Jimenez et al. 2000, 

Zalman et al. 2012). Given that the only reduction in EC network formation 

observed in the current study was a decline in the number of branches per 

cluster, it is unlikely that the EC cells were undergoing a significant amount of 

apoptosis. However, ECs undergoing branching following their conversion to 

tip cells may be more sensitive to THBS1 and/or induction of apoptosis.  

Therefore it is not possible to determine whether THBS1 induced apoptosis in 

the luteal angiogenesis culture system. Nevertheless, determining if THBS1 is 
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inducing EC apoptosis would be a useful direction of future work, which could 

be achieved by performing dual staining for caspase 3 alongside an EC marker.  

In the current study, THBS1 had no effect on progesterone production, 

suggesting that this factor does not act upon the steroidogenic cells in the 

bovine CL. Previous studies have not investigated the effect of THBS1 on luteal 

steroidogenesis, so it is not possible to draw comparisons. However, further 

confidence in the reliability of the result that THBS1 did not impact 

progesterone production, was provided by the observation that progesterone 

concentrations increased from day 3 to 5 in culture. This suggests that the 

luteal cells were functioning normally and mimicking the physiological rise in 

progesterone that is observed in vivo (Gilbert et al. 1989). 

In conclusion, the results of this chapter show that VEGFA was highly expressed 

at all stages of luteal development, however VEGFA165b expression was minimal 

if at all present. THBS1 has an inconsistent effect on luteal angiogenesis in vitro 

and did not affect luteal progesterone production. Whilst PEDF was highly 

expressed in the early CL and inhibited early luteal angiogenesis in a biphasic 

manner, but had no effect on luteal progesterone production. 

These results suggest that there is a need for balance even during periods of 

intense luteal angiogenesis, and that the interplay between the pro and anti-

angiogenic factors is highly complex. 
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Chapter 3. Alternative splicing in the bovine ovary. 
 

3.1 Introduction. 
 

3.1.1 Next generation sequencing. 
 

Next generation sequencing (e.g. RNAseq) allows millions of short DNA strands 

to be sequenced in parallel, these short strands can then be mapped to the 

genome of interest, enabling entire genomes to be sequenced with greater 

sensitivity than more traditional methods (Behjati & Tarpey 2013). These 

technologies have greatly improved our understanding of a variety of 

physiological and pathological processes, from the determination of sex to the 

identification of neoplastic mutations (Kandoth et al. 2013, Haussmann et al. 

2016). Since techniques such as RNAseq measure global gene expression, this 

allows for the identification of splice variants, alterations in splicing and 

detection of novel transcripts (Wang et al. 2009, Zhao et al. 2014). These 

techniques rely heavily upon bioinformatics to analyse the large quantities of 

data obtained, with processes such as mapping the short reads obtained from 

RNAseq to the genome of interest and identification of alternative splicing 

being particularly challenging (Wang et al. 2009). 

3.1.2 Alternative splicing in the bovine ovary. 
 

Alternative splicing of candidate genes has been identified in the bovine ovary, 

with many of these splicing events likely to have an impact upon ovarian 

function. These have included the splicing of LH and FSH receptors in granulosa 

cells (Rajapaksha et al. 1996, Nogueira et al. 2007). In the CL, alternative 
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splicing of VEGFA isoforms has been observed and is likely to play an important 

role in the regulation of luteal angiogenesis (Guzmán et al. 2015). Furthermore 

SRSF9, a constituent of the spliceosome, is upregulated in granulosa cells of 

dominant follicles (Mihm et al. 2008), suggesting an important role in follicular 

development. 

3.1.3 The effect of dietary protein on reproductive performance. 
 

The effect of diet on reproductive performance has been extensively studied in 

several species (Pushpakumara et al. 2003, Garnsworthy et al. 2008, Lazarin et 

al. 2012, Eborn et al. 2013). This is particularly important in cattle where the 

production of the calf is central for both dairy and beef units. Of particular 

interest, is the effect of feeding high levels of dietary protein to promote 

growth and development, which has had varying effects on reproductive 

performance (Ferguson & Chalupa 1989). High dietary protein levels decreased 

oocyte quality and first service conception rates, most likely as a consequence 

of increased circulatory urea levels (Canfield et al. 1990, Armstrong et al. 2001). 

Additionally, feeding a high protein diet that was urea-generating reduced the 

metabolic activity of ovine granulosa cells and increased the apoptotic rate 

(Nandi et al. 2016). Conversely, Barton et al., (1996) observed that a high 

protein intake only had negative implications when there were concurrent 

health issues. It is evident from these studies, that the effect of dietary protein 

on reproductive performance requires further investigation. 
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3.1.3.1 The effect of dietary protein on gene expression in bovine granulosa 

cells. 
 

Recently, it was demonstrated using RNAseq that feeding a high protein diet to 

beef heifers altered gene expression in granulosa cells, with several key genes 

such as FN1 and STAR upregulated (Edwards 2016). FN1 has a role in granulosa 

cell proliferation and cell adhesion, whilst STAR is responsible for the transport 

of cholesterol in the mitochondria, the rate limiting step in steroid synthesis 

(Colman-Lerner et al. 1999, Miller 2007, Kantola et al. 2008, Yamashita et al. 

2011, Edwards 2016). Whilst others, such as CH25H and KLF4 were 

downregulated in granulosa cells in the high dietary protein animals (Edwards 

2016). CH25H is important in cholesterol synthesis whilst KLF4 regulates 

follicular development (Wang & Tuohimaa 2006, Batista et al. 2007, 

Natesampillai et al. 2008). It is interesting to note that while both STAR and 

CH25H are involved in steroidogenesis, a high level of dietary protein had 

contrasting effects on their expression.  Further investigation is required to 

determine the extent of these dietary effects on alternative mRNA splicing in 

the ovary so that a deeper knowledge of gene expression is understood. 

3.1.4 Hypothesis and aims. 
 

The hypothesis was that feeding a high-protein diet to beef heifers would 

induce changes in the alternative splicing of genes in the granulosa cells.  

Therefore, the aims of this study were: 

1. To determine the effect of feeding a high-protein diet on the alternative 

spicing of the granulosa cell transcriptome.  
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2. To investigate the potential effects in silico of the alternative splicing of 

particular genes / gene ontologies on biological processes controlling 

granulosa cell function. 

3.2 Materials and Methods: Splicing. 
 

This study utilised samples collected and processed by Dr Jennifer Edwards 

(University of Nottingham, PhD 2017). This experiment was conducted under 

Project Licence number PPL 40/3560 in accordance with the Animals (Scientific 

Procedures) Act 1986. Sample collection, processing and RNA extraction were 

performed by Dr Nigel Mongan (University of Nottingham), who also 

performed the quality control, transcript alignment and alternative splicing 

analysis steps. 

3.2.1 Animals and diet. 

Non-pregnant 20-30 months old Angus cross dairy heifers (n=320) were housed 

on the same commercial farm unit (Manor Farm, Fritwell, Bicester, 

Oxfordshire). The different diets, formulated by David Hendy, Blackbrook Farm 

were fed to groups of heifers from February-September 2014. The control (CP) 

diet contained 10.4% crude protein while the high protein (HP) diet contained 

14.5% crude protein. The nutritional composition of the two dietary rations is 

shown in Table 3.1. After being fed the diet for at least 60 days, the heifers 

were sent for slaughter at a commercial abattoir (Dovecote Ltd., 

Skellingthorpe, Lincoln, UK).  
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Table 3.1 Composition of the different dietary rations for the control and high 
protein dietary groups. 

 Dietary group 

Diet composition 
Control 
(CP) 

High 
(HP) 

Dry Matter  (DM) (g/kg) 436 431 
Metabolisable Energy (MJ/kg DM) 11.8 11.2 
Crude protein (g/kg DM) 104 145 
Oil (g/kg DM) 41.4 40 
Non Digestible Fibre (g/kg DM) 320 395 

Starch (g/kg DM) 302 145 
Sugar (g/kg DM) 59 113 
Long roughage (%)  49.2 49.3 

 

3.2.2 Tissue collection. 
 

Samples were collected in batches of animals (n=7-37), with a total of 9 CP and 

8 HP diet batches. Following slaughter, the reproductive tract was immediately 

collected and examined to ensure no gross abnormalities or signs of disease 

were present. Both ovaries were removed and stored in pairs in PBS at 36°C for 

transport back to the University of Nottingham. 

 3.2.3 Sample processing. 
 

Medium sized follicles (4-9mm diameter) were aspirated using a 25ga needle 

and syringe to remove follicular fluid and harvest granulosa cells (GCs). 

Follicular fluid from 10-12 ovaries was pooled together and allowed to settle 

for 5 minutes before the fluid was removed. Cells from the pooled fluid were 

placed in a petri dish and all oocytes removed, the GCs were collected and 

washed in 1% BSA in PBS. The GCs were placed in 5-10 volumes of RNALater 

(Invitrogen, Life Technologies) and stored at -80°C. 
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3.2.4 RNA extraction. 
 

Total RNA was isolated from GCs using the QIAGEN RNAEasy® Mini kit (QIAGEN, 

Crawley West Sussex, UK) with minor alterations to the manufacturer’s 

guidelines, the extracted RNA was stored at -80°C. A NanoDrop N-8000 

Spectrophotometer (Labtech International Ltd., East Sussex, UK) was used to 

measure the quantity and quality of the RNA. Samples selected for sequencing 

had a total RNA concentration >100ng/µL and an RNA integrity number (RIN) 

greater than 7.0, as measured by an Agilent 2100 Bioanalyzer (Agilent 

Technologies UK Ltd., Stockport, UK). In total, 4 samples (CP [n=2]; HP [n=2]) 

were sent for sequencing. cDNA Library preparation and transcriptome 

sequencing were performed in the Genome Centre (Barts, London) whilst 

quality control and alignment was carried out by Dr Nigel Mongan. RNA 

transcription was measured using next generation sequencing (NGS) using the 

Illumina NextSeq platform.  

3.2.5 Quality control and processing. 
 

The following steps were performed by Dr Mongan. Adapter sequences added 

during library preparation were removed from the mRNA using Cutadapt 

(Martin 2011). Quality control checks were performed using FastQC, a phred 

score of 30 was used as the quality threshold and any poor quality reads were 

removed. The Trimgalore wrapper was used for Cutadapt and FastQC 

processing steps. All reads were then trimmed to 100 base pairs using the 

rMATs trimfastq python script. 
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3.2.6 Alignment of transcript and alternative splicing analysis. 
 

rMATs software detects and analyses five major types of alternative splicing 

events (see Fig 1.6); skipped exons (SE), alternative 5’ splice site (A5SS), 

alternative 3’ splice site (A3SS), mutually exclusive exons (MXE) and retained 

introns (RI) (Park et al. 2013). rMATs was utilised to align (Shen et al. 2014) the 

processed reads to the bovine reference genome UMB3.1 using STAR software 

(Dobin et al. 2013) and to identify differences in alternative splicing events 

between the control and high protein diet samples. rMATs was used to analyse 

the difference in the inclusion levels of an exon/intron between the diets, 

calculating when the P-value and false discovery rate (FDR) exceeded a 

threshold value with a FDR of <0.01 used as the cut off.  

Due to an unexpected high degree of variation, one of the HP samples did not 

match or overlap with any other sample, this sample was excluded from the 

analysis. Therefore, the 2 controls (Sample numbers 11CP and 12CP) and 1 HP 

diet sample (Sample number 13HP) were analysed, with each control sample 

separately compared to the 1 HP diet sample. The results of these 2 separate 

analyses were compared to generate a list of genes that were alternatively 

spliced in both separate analyses. The list of “common” genes were organised 

by the type of alternative splicing observed. 

3.2.7 Gene ontology and identification of genes of interest. 
 

Common gene lists for each type of splicing event were analysed using 

WebGestalt 2013 (http://www.webgestalt.org/webgestalt_2013/option.php; 

Wang et al. (2013)) to identify the pathways that the commonly spliced genes 

http://www.webgestalt.org/webgestalt_2013/option.php
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were involved in. A gene ontology (GO) enrichment analysis was run using the 

BH multiple-test adjustment as described by Benjamini & Hochberg, (1995) 

with the organism set as human, as bovine ontologies are not as robust. 

Orthologous genes were examined and p<0.05 set as the cut-off. This was 

organised by the following sub-roots; biological process (BP), molecular 

function (MF) or cellular component (CC). GO category name and GO ID were 

listed with the following values; number of genes in the reference category, 

expected number of genes in the category, ratio of enrichment, p-value and 

the p-value adjusted by the multiple test adjustment. 

Additionally, using gene terms and Ensembl ID, genes in each splice variant list 

were manually searched for using Ensembl and NCBI gene using both the 

human and bovine genomes as reference. The function of each gene was 

manually recorded and genes of interest identified if involved in angiogenesis 

directly, mechanisms linked to angiogenesis or involved in steroidogenesis. 

3.2.8 Functional analysis and identification of resultant genes. 
 

The whole list of differentially spliced genes (n=127)  was analysed for potential 

interactions with other proteins using GeneMANIA (http://genemania.org/; 

Warde-Farley et al. (2010)). GeneMANIA searches a gene list to establish the 

pathways, physical interactions, shared protein domains and genetic 

interactions that are shared. The analysis was performed with Homo sapiens 

selected as the reference database. GeneMANIA also suggests “resultant” 

genes that are involved in the same functions and pathways as those on the 

input list. The analysis generates a network with the input gene nodes centrally 

http://genemania.org/
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located and surrounded by the resultant genes. Coloured-code lines between 

the nodes show the type of interaction between the genes with its thickness 

indicating the weight of the interaction. The co-expression, co-localisation and 

predicted data was omitted from the networks generated to allow greater 

network clarity.  Based on gene ontology outputs from Section 3.2.7, additional 

geneMANIA analyses were performed to provide greater insight for the 

following GO terms: 

• RNA binding (n=11 genes) 

• Regulation of the cell cycle (n=14 genes) 

• Protein phosphatase activity (n=5 genes) 

• Immune system development (n=3 genes) 

• Genes of interests that have been associated with angiogenesis (n=4 

genes) 

  

3.2.9 Sashimi plots and amino acid sequence analysis. 
 

Sashimi plots were generated using the Integrative Genomics Viewer (IGV) 

version 2.3 (Robinson et al. 2011) to highlight the position of the key alternative 

splicing event. Alignment data from samples 11CP, 12CP and 13HP was 

uploaded and compared to the reference bovine genome UMD3.1. Genes of 

interest were then searched for and alignment data compared between 

samples.  Depending upon the gene size, Sashimi plots for all 3 samples were 

generated, focusing upon the region of the major splicing event.  

The information from the Sashimi plots was then utilised to predict the effect 

of splicing on the amino acid sequence encoded by the spliced region. The DNA 

sequence for each gene was searched for using Ensembl, using the UMD3.1 
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cow genome as reference. The exonic DNA sequence was used to generate the 

amino acid sequence encoded using EMBOSS Sixpack (Rice et al. 2000). The 

reference DNA sequence was then altered to reflect the observed splicing 

event and run through EMBOSS Sixpack. The original and spliced sequences for 

each gene were then compared to determine the possible effects of splicing on 

protein function. 

3.3 Results. 
 

3.3.1 Alternatively spliced genes in bovine granulosa cells. 
 

Individual analysis of 11CP vs. 13HP and 12CP vs. 13HP showed that numerous 

genes underwent more than one type of alternative splicing, although this was 

not always significant. However, in the list of common genes that were spliced 

in both 11CP vs. 13HP and 12CP vs. 13HP, only 5 genes appeared in more than 

one alternative splicing group, with no gene undergoing more than 2 types of 

splicing. The 5 genes that underwent 2 different types of alternative splicing 

were PHF3 (SE; A3SS), IFT20 (MXE; SE), ENSBTAG00000025485 (A5SS; SE), 

TAF1A (SE; A3SS) and GEMIN6 (SE; A5SS). PHF3 contains motifs often observed 

in transcription factors (Fischer et al. 2001). IFT20 codes for a protein that is 

essential to the formation of cilia, is localized to the Golgi complex and several 

splice variants have been identified (Follit et al. 2006). ENSBTAG00000025485 

is a novel gene, whilst TAF1A and GEMIN6 proteins form part of RNA 

polymerase transcription factors and small nuclear ribonucleoprotein 

assembly, respectively (Comai et al. 1994, Pellizzoni et al. 2002).  
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A list of genes that were commonly spliced in both 11CP vs 13HP and 12CP vs 

13HP lists was generated (Table 3.2). The most common splicing event was SE 

splicing with 96 genes observed, 17 genes underwent A5SS splicing, 11 MXE 

splicing, whilst 3 genes were found in the A3SS and RI groups.  

3.3.2 Analysis of known spliced genes in the bovine ovary. 
 

To further interrogate the splicing analysis, genes associated with follicular 

function (e.g. LHCGR, FSHR and VEGFA) and known to undergo alternative 

splicing were manually searched for excluding any dietary influence. FSHR was 

shown to undergo SE, MXE, A5SS and A3SS splicing but was unaffected by diet.  

No LHCGR or VEGFA splicing events were observed.  
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Table 3.2 Differentially spliced genes and their Ensembl IDs that were common 
to both 11CP vs 13HP and 12 CP vs. 13HP analyses (Novel genes are denoted by 
the Ensembl ID only). 

  

Splice type

ENSBTAG00000006529 PDSS1 ENSBTAG00000008065 CDPF1 ENSBTAG00000006245 MORG1

ENSBTAG00000019219 SH2B1 ENSBTAG00000019971 CDC16 ENSBTAG00000004268 TRAPPC5

ENSBTAG00000007779 GTF3C3 ENSBTAG00000027453 RNF4 ENSBTAG00000018067 S100PBP

ENSBTAG00000007566 CEP170 ENSBTAG00000002663 BCAS3 ENSBTAG00000011571 ACIN1

ENSBTAG00000006638 BCL2L12 ENSBTAG00000025485 --- ENSBTAG00000001506 HTT

ENSBTAG00000015521 GEMIN6 ENSBTAG00000005213 ZWILCH

ENSBTAG00000038190 SMAP1 ENSBTAG00000008755 MARCH7 ENSBTAG00000009547 ZDHHC4

ENSBTAG00000032902 SLC11A2 ENSBTAG00000000808 COX14 ENSBTAG00000008695 TCF3

ENSBTAG00000021943 NFYC ENSBTAG00000015798 UCKL1 ENSBTAG00000004145 ANO4

ENSBTAG00000008110 IFT20 ENSBTAG00000027321 CCDC18

RI ENSBTAG00000009694 PUS10 ENSBTAG00000013688 PGF ENSBTAG00000004999 KIAA1551

SE ENSBTAG00000047434 TSNAX ENSBTAG00000012658 TMA16 ENSBTAG00000004873 CCNL2

ENSBTAG00000005726HNRNPA2B1 ENSBTAG00000009275 MTRF1L ENSBTAG00000014598 BPTF

ENSBTAG00000018000 --- ENSBTAG00000013483 TAF1A ENSBTAG00000005753 PARP6

ENSBTAG00000003788 RCC1 ENSBTAG00000019182 TIA1 ENSBTAG00000002515 DNAAF3

ENSBTAG00000006025 AHSA2 ENSBTAG00000003340 HDDC2 ENSBTAG00000006070 RANBP3

ENSBTAG00000035226 TOR1AIP1 ENSBTAG00000017550 CSNK1G3 ENSBTAG00000011425 PTPRA

ENSBTAG00000008362 CTDSP1 ENSBTAG00000002279 LUC7L3 ENSBTAG00000008771 MYEF2

ENSBTAG00000006071 CTTN ENSBTAG00000000687 WDR51B ENSBTAG00000007817 BRCC3

ENSBTAG00000005092 ROR2 ENSBTAG00000003516 TM2D2 ENSBTAG00000002735C25H16ORF13

ENSBTAG00000003017 TTC38 ENSBTAG00000001352 SDCCAG3 ENSBTAG00000017123 ZNF354B

ENSBTAG00000004722 THUMPD2 ENSBTAG00000014786 PBRM1 ENSBTAG00000008110 IFT20

ENSBTAG00000019193 SETD5 ENSBTAG00000001164 ACAD10 ENSBTAG00000014458 MROH1

ENSBTAG00000025485 --- ENSBTAG00000031439 CDC14A ENSBTAG00000015611 TBC1D9B

ENSBTAG00000015310 SLC25A36 ENSBTAG00000000869 RNF219 ENSBTAG00000011471 CARS2

ENSBTAG00000003087 DCUN1D5 ENSBTAG00000019436SLC39A13 ENSBTAG00000012077 C26H10ORF6

ENSBTAG00000011017 ABI2 ENSBTAG00000014451 YEATS2 ENSBTAG00000016924 CAP2

ENSBTAG00000015521 GEMIN6 ENSBTAG00000046514 ASMTL ENSBTAG00000017543 XRCC6BP1

ENSBTAG00000005745 HPSE ENSBTAG00000002625 MAP3K7 ENSBTAG00000009109 CASD1

ENSBTAG00000010210 SUV39H2 ENSBTAG00000008321 RNF8 ENSBTAG00000010743 FASTKD1

ENSBTAG00000004495 UBA5 ENSBTAG00000019373 CAPRIN2 ENSBTAG00000019139 PHF3

ENSBTAG00000010613 --- ENSBTAG00000030174 ACOX1 ENSBTAG00000015312 LTBR

ENSBTAG00000038434 ATRX ENSBTAG00000004517 TARBP1 ENSBTAG00000012501 FTO

ENSBTAG00000032493 FAM134C ENSBTAG00000012387 PAM ENSBTAG00000020066 ZW10

ENSBTAG00000020164 BAZ1A ENSBTAG00000012955 TRUB1 ENSBTAG00000025788 MPV17L2

ENSBTAG00000010105 TMEM20 ENSBTAG00000039117FAM179B ENSBTAG00000019496 CDKN3

ENSBTAG00000010533 HMGXB4 ENSBTAG00000017750 RHBDD3 ENSBTAG00000019954 ABHD2

ENSBTAG00000008510 FBXO42 ENSBTAG00000021164 SLMAP ENSBTAG00000011401 PDZD8

ENSBTAG00000011589 CDC14B ENSBTAG00000013277 CCDC22 ENSBTAG00000010450 WIZ

ENSBTAG00000016297 CCNYL1 ENSBTAG00000018671DCUN1D2 ENSBTAG00000017999 TNRC6A

ENSBTAG00000005221 WNK1 ENSBTAG00000019771 PALM ENSBTAG00000031231 IRF1

ENSBTAG00000020059 GEN1 ENSBTAG00000007476 BTRC ENSBTAG00000030962 EEFSEC

ENSBTAG00000014680 ZBTB49 ENSBTAG00000016895 NIPA2 ENSBTAG00000032521 PLEKHH2

A3SS ENSBTAG00000017755 EWSR1 ENSBTAG00000019139 PHF3 ENSBTAG00000013483 TAF1A

Ensembl ID and Gene Symbol

A5SS

MXE
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3.3.3 Gene ontology. 
 

The most signficant number of GO terms and those with the highest number of 

associated genes came from the A5SS and SE types, whilst no significant GO 

terms were observed following analysis of the RI and A3SS common gene lists 

(Table 3.3). The GO terms with the highest number of input genes per category 

were the transcription regulating ISWI complex (33.3%), and the related NURF 

complex (33.3%), acyl-CoA dehydrogenase activity (13.3%) and protein K11-

linked ubiquitination (7.7%). The most highly significant GO terms were  protein 

K11-linked ubiquitination (p=0.0155) and  regulation of cell cycle process 

(p=0.0155). Interestingly, a large number of GO terms linked to the cell cycle 

and mitosis,  and organelle fission were observed. These findings could indicate 

that the HP diet effected the splicing (and hence function) of genes involved in 

the regulation of the cell cycle and mitosis of granulosa cells. A surprising 

finding was that in the MXE splicing category, GO terms related to immune 

system development, haemopoiesis, haematopoietic or lymphoid organ 

development and 2 categories relating to erythrocytes were observed.  
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Table 3.3 Gene ontology (GO) analysis of the common gene lists for each type 
of alternative splicing. 

 

  

Splice 

type
Gene ontology term Category Set size

Input 

genes in 

set (%)

Adjusted 

P-value

GO:0070979 protein K11-linked ubiquitination BP 26 2 (7.69%) 0.0155

GO:0010564 regulation of cell  cycle process BP 430 4 (0.93%) 0.0155

GO:0022402 cell  cycle process BP 1062 5 (0.47%) 0.0232

GO:0000279 M phase BP 539 4 (0.74%) 0.0232

GO:0007049 cell  cycle BP 1393 5 (0.36%) 0.0255

GO:0051726 regulation of cell  cycle BP 734 4 (0.54%) 0.0255

GO:0000278 mitotic cell  cycle BP 780 4 (0.51%) 0.0255

GO:0048285 organelle fission BP 392 3 (0.77%) 0.0255

GO:0007067 mitosis BP 368 3 (0.82%) 0.0255

GO:0006996 organelle organization BP 2113 6 (0.28%) 0.0255

GO:0043226 organelle CC 10651 13 (0.12%) 0.0256

GO:0016604 nuclear body CC 274 3 (1.09%) 0.0256

GO:0043229 intracellular organelle CC 10636 13 (0.12%) 0.0256

GO:0044451 nucleoplasm part CC 820 4 (0.49%) 0.0256

GO:0005654 nucleoplasm CC 1478 5 (0.34%) 0.0266

GO:0005829 cytosol CC 2372 6 (0.25%) 0.0323

GO:0032991 macromolecular complex CC 3864 7 (0.18%) 0.0482

GO:0043233 organelle lumen CC 3340 6 (0.18%) 0.0482

GO:0044424 intracellular part CC 12237 13 (0.11%) 0.0482

GO:0005813 centrosome CC 376 2 (0.53%) 0.0482

GO:0030097 hemopoiesis BP 498 3 (0.60%) 0.0464

GO:0002520 immune system development BP 564 3 (0.53%) 0.0464

GO:0034101 erythrocyte homeostasis BP 94 2 (2.13%) 0.0464

GO:0030218 erythrocyte differentiation BP 87 2 (2.30%) 0.0464

GO:0048534 hematopoietic or lymphoid organ 

development

BP 532 3 (0.56%) 0.0464

GO:0006338 chromatin remodelling BP 97 5 (5.15%) 0.0389

GO:0004722 protein serine/threonine 

phosphatase activity

MF 48 3 (6.24%) 0.0438

GO:0008138 protein tyrosine/serine/threonine 

phosphatase activity

MF 45 3 (6.67%) 0.0438

GO:0004721 phosphoprotein phosphatase 

activity

MF 173 5 (2.89%) 0.0438

GO:0004725 protein tyrosine phosphatase 

activity

MF 103 4 (3.88%) 0.0438

GO:0003995 acyl-CoA dehydrogenase activity MF 15 2 (13.33%) 0.0494

GO:0003723 RNA binding MF 854 11 (1.29%) 0.0498

GO:0031010 ISWI complex CC 6 2 (33.33%) 0.0138

GO:0016589 NURF complex CC 6 2 (33.33%) 0.0138

A5SS

MXE

SE

BP=Biological process CC=Cellular component MF=Molecular function
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3.3.4 Functional analysis and identification of resultant genes. 
 

The geneMANIA network for all the genes that were differentially alternatively 

spliced are presented in Fig 3.1. The majority of the interactions were physical 

(83%) but there were also genetic (7.8%), shared protein domains (6.2%) and 

pathway (3.4%) interactions. The gene nodes with numerous interactions were 

HTT, ZW10 and MAP3K7. The five most highly weighted resultant genes were 

KNTC1, TSN, CANX, TRPT1 and GEMIN7. 
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Fig 3.1 GeneMANIA network analysis for all the differentially spliced genes. 
Input genes are located centrally with resultant genes forming the outer circle 
(limited to 50). Different interactions are shown as follows: physical 
interactions (red line), pathways (blue line), genetic interactions (light green 
line), shared protein domains (dark green line). The line thickness relates to its 
weighting. Red boxes=key nodes. Blue boxes=most heavily weighted resultant 
genes. 
  

HTTZW10 

MAP3K7 

KNTC1 

TSN CANX 
TRPT1 

GEMIN7 



122 
 

3.3.5 Functional analysis and identification of resultant genes [selected GO 

terms]. 
 

In the RNA binding gene list (n=11), the majority of the interactions were 

shared protein domains (79%), with the remaining consisting of genetic 

interactions (21%) (Fig 3.2A).  The majority of these interactions were between 

the input genes and their resultant genes. However, there was a genetic 

interaction between the input genes TARBP1, HNRNPA2B1 and EEFSEC. In the 

resultant genes, two genes encoded proteins with methyltransferase activity, 

namely RNMTL1 and MRM1. In the regulation of cell cycle  gene list (n=14), the 

majority of the interactions were physical (90%), with shared protein domains 

(9%) and pathway (1.6%) interactions (Fig 3.2B) also detected. The genes ZW10, 

CDC16 and CDKN3 had multiple interactions with other input and resultant 

genes.   
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Fig 3.2 GeneMANIA network analysis for differentially spliced genes in the (A) 
RNA binding and (B) regulation of cell cycle GO terms. Input genes are located 
centrally (dashed grey circles) with resultant genes forming the outer circle 
(limited to 20). Different interactions are shown as follows: physical 
interactions (red line), pathways (blue line), genetic interactions (light green 
line), shared protein domains (dark green line). The line thickness relates to its 
weighting. 

A 

B 
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In the protein phosphatase activity category gene list (n=5), the vast majority 

of the interactions were physical (92%), with the remaining consisting of 

pathway (6.9%), genetic (2.4%) and shared protein domains (1.1%) interactions 

(Fig 3.3A). There appeared to be two principal networks, one surrounding CTD 

small phosphatase 1 (CTDSP1) and the other incorporating protein tyrosine 

phosphatase receptor type A (PTPRA), cyclin-dependent kinase inhibitor 3 

(CDKN3), cell division cyclin 14A (CDC14A) and CDC14B genes. In the resultant 

genes, there were a number that are known regulators of granulosa cell 

function such as insulin receptor (INSR), members of SMAD family, cyclin-

dependent kinase (CDK) members and androgen receptor (AR). In the network 

for the immune system development (n=3) gene list, most of the interactions 

were physical (90%) with transcription factor 3 (TCF3) forming a central node 

(Fig 3.3B). Interestingly, inhibitor of DNA binding 1 (ID1) and ID2 physically 

interact with TCF3 and are regulated by members of the TGFB superfmaily 

(Hogg et al. 2010).  
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Fig 3.3 GeneMANIA network analysis for differentially spliced genes in the (A) 
protein phosphatase and (B) immune system development GO terms. Input 
genes are located within nodes (dashed grey circles) with resultant genes (solid 
grey circles) surrounding them. Different interactions are shown as follows: 
physical interactions (red line), pathways (blue line), genetic interactions (light 
green line), shared protein domains (dark green line). The majority of the 
interactions were “shared protein domains” (bright green) in (A), while physical 
interactions were predominant in (B). The line thickness relates to its 
weighting. 
 

A 

B 
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3.3.6 Further analysis into genes of interest. 
 

Following these investigations, four genes (BCAS3, HPSE, IRF1, and PGF) were 

identified as of particular interest due to their association with angiogenesis. 

GeneMANIA network analysis revealed numerous physical interactions (90%) 

but that the four gene nodes were relatively independent. It was evident that 

PGF can physically interact with several other key angiogenic proteins including 

FLT1, NRP1, NRP2 and VEGFA. 

 

Fig 3.4 GeneMANIA network analysis for four genes of interest: IRF1, HPSE, 
BCAS3 and PGF. Input genes are located within nodes (dashed grey circles) with 
resultant genes (solid grey circles) surrounding them. Different interactions are 
shown as follows: physical interactions (red line), pathways (blue line), genetic 
interactions (light green line), shared protein domains (dark green line). The 
line thickness relates to its weighting. 
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3.3.7 GO analysis for the genes of interest geneMANIA network. 
 

GO analysis revealed that the GO term with the smallest adjusted P-value was 

VEGFR signalling. There were a number of GO terms relating to the stimulation 

of endothelial cell function. Additional GO terms affected included PDGFR 

signalling pathway and leukocyte chemotaxis (Table 3.4) 

 
Table 3.4 The top 10 GO terms from the geneMANIA network analysis of the 
genes of interest. 

 

  



128 
 

3.3.8 Sashimi plots and amino acid sequences for genes of interest. 
 

3.3.8.1 BCAS3. 
 

The high protein diet altered the A5SS splicing of the BCAS3 gene. The two 

control samples showed identical splicing locations for exon 1 of the BCAS3 

gene whilst the high protein sample underwent splicing at an alternate 5’ 

location, downstream of the control samples splice site (Fig 3.5A). A5SS splicing 

inserted a short 18 nucleotide sequence after the end of exon 1, this was 

located in the 5’ UTR (Fig 3.5B). 

 
Fig 3.5 Sashimi plot and mRNA sequence showing A5SS splicing of BCAS3. 
Exon alignment read densities are shown as vertical coloured bars, with each 
sample colour coded (Red = 11CP, Blue = 12CP and green = 13HP). Exons are 
shown as horizontal blue bars along the bottom of the plot, which correspond 
to the exon location in the bovine reference genome, arrow shows exon 
direction. Splice junction reads are drawn as arcs between exons, the arc width 
and number displayed show the number of reads that align to the splice site. 
(A) A5SS splicing of exon 1 in the BCAS3 gene is evident in the high protein 
sample. Red box=splicing event location. (B) A short 18 nucleotide sequence 
was inserted following splicing. 
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3.3.8.2 IRF1. 
 

The HP diet effected the splicing of IRF1, the exon skipped was exon 9, which 

was frequently skipped in the control samples, whilst exon 9 was included more 

often, with very few splice junction reads in the HP sample (Fig 3.6A). The HP 

sample showed significantly fewer skipped exon splicing events (3 events) 

compared to the controls (41 and 54 events). Skipping of exon 9 resulted in 

formation of a premature stop codon in control mRNA, this formed a truncated 

amino acid (aa) sequence (Fig 3.6B), which was considerably shorter (76aa). 

The N-terminal is associated with IRF transcription factor and DNA binding 

activity, but the function of the C-terminal is unknown. 

 
Fig.3.6 Sashimi plot and amino acid sequence showing a skipped exon in the 

IRF1 gene. Exon alignment read densities are shown as vertical coloured bars, 

with each sample colour coded (Red = 11CP, Blue = 12CP and green = 13HP). 

Exons are shown as horizontal blue bars along the bottom of the plot, which 

correspond to the exon location in the bovine reference genome, arrow shows 

exon direction. Splice junction reads are drawn as arcs between exons, the arc 

width and number displayed show the number of reads that align to the splice 

site. (A) Exon 9 was skipped in controls, but not the high protein sample. Red 

box=skipped exon. (B) Formation of a premature stop codon in controls. 
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3.3.8.3 PGF. 
 

The HP diet resulted in the retention of a portion of an intron, which is removed 

in control samples. The intronic portion retained is located between exons 5 

and 6 according to the reference bovine genome (Fig 3.7A). The retained intron 

results in the formation of a premature stop codon shortly after exon 5, causing 

a truncated amino acid sequence by 8aa (Fig 3.7B). 

 
Fig 3.7 Sashimi plot and amino acid sequence showing a retained intron in the 

PGF gene. Exon alignment read densities are shown as vertical coloured bars, 

with each sample colour coded (Red = 11CP, Blue = 12CP and green = 13HP). 

Exons are shown as horizontal blue bars along the bottom of the plot, which 

correspond to the exon location in the bovine reference genome, arrow shows 

exon direction. In this instance the reference genome is seemingly incorrect so 

a blue bar denoting an exon is missing. Splice junction reads are drawn as arcs 

between exons, the arc width and number displayed show the number of reads 

that align to the splice site. (A) A portion of the intron between exons 5 and 6 

is retained in the HP sample. (B) RI splicing results in insertion of a premature 

stop codon in the HP sample. Striped blue bar=location of putative exon 6. 
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3.3.8.4 HPSE. 
 

In the HP diet sample, exon 4 of the HPSE gene was frequently skipped, in 

comparison to the controls where this exon was usually read. This is evident in 

the Sashimi plot in (Fig 3.8A) where a thick arc is present that runs between 

exons 3 and 5 in the HP sample, whilst in the controls this arc is much thinner 

or absent. Skipping of exon 4 results in the formation of a premature stop 

codon in the high protein sample, causing a truncated amino acid sequence by 

458aa (Fig 3.8B). This would result in the exclusion of the glycoside hydrolase 

catalytic domain (161-372aa). 

 
Fig 3.8 Sashimi plot and amino acid sequence showing a skipped exon in the 

HPSE gene. Exon alignment read densities are shown as vertical coloured bars, 

with each sample colour coded (Red = 11CP, Blue = 12CP and green = 13HP). 

Exons are shown as horizontal blue bars along the bottom of the plot, which 

correspond to the exon location in the bovine reference genome, arrow shows 

exon direction. Splice junction reads are drawn as arcs between exons, the arc 

width and number displayed show the number of reads that align to the splice 

site. (A) Exon 4 was skipped in the HP diet sample, but not the controls, red 

box=skipped exon. (B) Formation of a premature stop codon due to the skipped 

exon. 
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3.4 Discussion. 
 

Alternatively spliced genes in bovine granulosa cells. 

The discovery that a high protein diet influences the alternative splicing of 

genes expressed by bovine granulosa cells builds upon the findings of Edwards 

(2016) who observed from a different bioinformatic approach on the same data 

set that a high protein diet altered the expression of 26 genes including STAR 

and fibronectin.  

The finding that SE splicing was the most common splicing event in bovine 

granulosa cells is in agreement with Sugnet et al. (2004) who observed that this 

splicing type accounts for 40% of alternative splicing events in mice and 

humans. Whilst this splicing produces a shorter amino acid chain, the overall 

effect of skipping an exon on a proteins’ function depends upon the function 

of the missing exon or impact on overall tertiary structure. However, this shows 

that a high protein diet affected SE splicing in a large number of genes in bovine 

granulosa cells by either increasing or reducing the number of SE events. The 

finding that 5 genes in the common gene list underwent 2 types of alternative 

splicing and that numerous genes under went multiple types of splicing was 

unsurprising since several alternative splicing events can occur simulatenously 

in the same gene. Furthermore, this accounts for the fact that many proteins 

exist as multiple isoforms (Human Genome Sequencing 2004, Chen et al. 2012, 

Roy et al. 2013). 
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Analysis of genes known to be spliced in the bovine ovary. 

The current study showed that the FSHR gene underwent SE, MXE, A5SS and 

A3SS splicing in the granulosa cells of medium follicles, although this was not 

influenced by diet. It is supported by Rajapaksha et al. (1996) who 

demonstrated that FSHR undergoes alternative splicing in luteinising bovine 

granulosa cells. Whilst FSHR splicing has been suggested to play a role in the 

loss of FSH sensivity during luteal formation, it is unclear what role of FSHR 

splicing has in medium sized follicles (Rajapaksha et al. 1996).  In rats a 

reduction in FSH binding to granulosa cells resulted in follicle atresia (Peluso & 

Steger 1978). Based on this, the FSHR splicing observed in bovine granulosa 

cells could be a mechanism to fine-regulate granulosa cell growth. 

Alternatively, it might be involved in regulating follicle atresia as a consequence 

of reduced FSH binding or signalling. For example, if FSHR splicing resulted in 

the generation of non-functional FSHR isoforms then FSH signalling would be 

reduced and could result in follicle atresia. Further analysis of the FSHR splice 

variants is required to determine the possible effect of each type of alternative 

splicing on FSHR function, as well as exact quantification of the splice variant 

expression by qPCR  in the granulosa cells of follicles of different stages and 

sizes. 

The non-detection of LHCGR splicing was expected since expression of LHCGR 

mRNA is absent from granulosa cells until they achieve dominance (Xu et al. 

1995). However, the non-detection of VEGFA splicing was surpising as VEGFA 

isoform expression is documented in bovine  granulosa and luteal cells (Shimizu 

& Miyamoto 2007, Rosales-Torres et al. 2010, Guzmán et al. 2015). It is 
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essential that qPCR using isoform-specific primers is performed to confirm this. 

A possible explanation for the absence of VEGFA in this study is that the 

granulosa cell layer is avascular, therefore VEGFA expression is likely to be 

minimal in this region. Furthermore, the absence of VEGFA may be important 

in providing a gradient for EC migration in later stages of follicular 

development. 

Gene ontology. 

Intepretation of the GO analysis shows that the most statistically significant 

terms and the best represented terms were associated with cell division. 

Protein K11-linked ubiquitination and regulation of cell cycle process were the 

terms with the lowest P-values. Suggesting that a high protein diet affects the 

A5SS splicing of genes involved in regulating processes within the cell cycle, 

with protein ubiquitination identified as an essential cell cycle regulatory 

process (Wickliffe et al. 2011). Other significant GO terms of particular note in 

the A5SS and SE groups were mitosis, organelle fission, organelle organization 

and chromatin remodelling, all of which are processes that are key to the cell 

cycle and cellular division. The GO terms with the greatest number of input 

genes were ISWI complex, NURF complex and acyl-CoA dehydrogenase activity, 

all of which were in the SE group and linked to the cell cycle. NURF is a protein 

complex that contains ISWI which is involved chromatin transcription 

(Badenhorst et al. 2002). Whilst the term acyl-CoA dehydrogenase activity is 

associated with metabolism, where acyl-CoA dehydrogenase has a key role in 

the β-oxidation of fatty acids, which is a significant source of energy (Sherratt 

1988, Stankovich et al. 1999). Together these observations suggest that a high 
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protein diet effects the splicing of genes involved in the energy intensive 

process of cell division. Further investigations to determine the functional 

effect of the splicing of genes involved in these processes is crucial as granulosa 

cells in medium follicles undergo rapid growth, therefore any alternative 

splicing events that effect genes involved in this process could limit follicle 

development.  

The GO terms of the MXE group show that the genes are involved in an 

altogether different set of processes with GO terms relating to erythrocytes, 

immune system development and hematopoiesis observed. These findings 

were related to the same 3 genes and were unexpected. The importance of 

immune regulation in granulosa cells is an area that has limited researched. 

Interestingly, haemoglobin gene and protein expression has been documented 

in both mouse and human granulosa cells, with expression in mice influenced 

by hormone administration (Kind et al. 2013, Brown et al. 2015). Whilst the role 

of haemoglobin in granulosa cells requires further investigation, the findings of 

Brown et al. (2015) may explain why GO terms relating to hemopoiesis and 

erythrocyte homeostasis were observed.  

Functional analysis and identification of resultant genes.  

The network shows that the majority of the spliced and resultant genes are 

involved in similar processes, with most of the proteins encoded by the genes 

physically interacting with several other proteins. However, given the low 

percentage of pathway interactions the  genes are likely involved in similar or 

closely related processes, rather then being part of the same pathway.  
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Of the nodes with the greatest number of interactions, ZW10 and HTT are 

involved in mitotic spindle orientation and the mitotic spindle-assembly 

checkpoint, respectively (Basto et al. 2000, Godin et al. 2010). MAP3K7 is a 

protein kinsase involved in regulating the effect of TGFB and is important in the 

response of cells to environmental stress (Shirakabe et al. 1997, Edlund et al. 

2003). The finding that MAP3K7 splicing is influenced by a high protein diet is 

intriguing and would suggest that granulosa cells are responding to the diet as 

an environmental stress. Furthermore, TGFB inhibited ovarian angiogenesis 

and steroidogenesis, therefore splicing of MAP3K7 could affect ovarian 

function (Thompson 2014). The highest weighted resultant genes are involved 

in cell division, DNA binding, protein folding and splicing. This demonstrates 

that the high protein diet could have  widespread effects on granulosa cell 

function. 

RNA binding 

The interactions in the RNA binding gene list were predominantly shared 

protein domains. This shows that the high protein diet influences the splicing 

of genes that share a similar structure and function to several resulant genes 

involved in RNA binding. Demonstrating that the spliced and resultant genes 

encode proteins with similar RNA binding capabilities.  

Furthemore, the presence of genetic interactions between three input genes 

shows that the high protein diet was influencing the splicing of several closely 

related genes, with splicing of one of these genes having the potential to effect 

the function of the others. TARBP1, HNRNPA2B1 and EEFSEC are involved in 

RNA methylation, RNA splicing and selenoprotein translation, respectively 
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(Fagegaltier et al. 2000, Wu et al. 2008, Alarcon et al. 2015). Splicing of these 

genetically linked genes as a result of the high protein diet could have 

widespread effects on protein production in granulosa cells. Similarly, the two 

closely related resultant genes RNMTL1 and MRM1 play a role in the 

modification of the mitochondrial ribosome, therefore their interaction with 

spliced genes could effect mitochondrial function in granulosa cells (Lee & 

Bogenhagen 2014, Rorbach et al. 2014).  

Regulation of cell cycle. 

The most prevalent type of interaction between the regulation of cell cycle 

genes was physical, suggesting that they are involved in similar or closely linked 

processes. Of the genes with multiple interactions, ZW10 encodes a mitotic 

checkpoint protein (Chan et al. 2000). CDC16 encodes a ubiquitin ligase which 

forms part of the anaphase promoting complex/cyclosome which governs the 

transition from metaphase to anaphase (Tugendreich et al. 1995). While, 

CDKN3 is a tumour suppressor which regulates the G1 to S phase transition 

(Nalepa et al. 2013). Many of the spliced genes encode proteins which 

physically interact with numerous other resultant genes linked to the cell cycle, 

therefore the diet-induced changes in splicing of a few genes has the potential 

to affect numerous cell cycle processes. This in turn could adversely impact 

upon granulosa cell growth and differentiation, and ultimately impair follicular 

development.  
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Protein phosphatase activity. 

CTDSP1 forms one of the two principal networks observed in the protein 

phosphatase activity GO term and encodes a protein that downregulates RNA 

polymerase II transcription (Yeo et al. 2003). Furthermore, CTDSP1 is involved 

in the regulation of  SMAD2/3 signalling, and is shown to physically interact 

with several of the SMAD family resultant genes in the network. The SMAD2/3 

pathway is activated by TGFB and plays a key role in numerous ovarian 

processes which are vital to fertility (Sapkota et al. 2006, Li et al. 2008). 

Therefore splicing of CTDSP1 may severely impact upon granulosa cell function 

and subsequent fertility. 

The other principal network is composed of input genes mainly associated with 

the cell cycle, further demonstrating that the high protein diet may affect 

granulosa cell growth by splicing genes involved in cell division. Interestingly, 

several of the resultant genes are important regulators of granulosa cell 

function, which further supports the notion that the high protein diet may have 

a major effect on granulosa cell growth, function and hence fertility by causing 

alternative splicing of key regulatory genes. 

Immune system development. 

TCF3 was a central node, connected to resultant genes by predominantly 

physical interactions. TCF3 undergoes alternative splicing and encodes a 

member of the E protein transcription factor family that is fundamental for 

lymphopoesis (e.g. it regulates B and T cell development) (Bain et al. 1994). The 

physical interaction of TCF3 with ID1, ID2 and indirectly with TGFB superfamily 
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members is particularly interesting. Thus there are a large number of cellular 

processes that splicing of TCF3 could effect through it’s link to TGFB. However, 

the importance of TCF3 splicing and its influence on lymphopoesis in relation 

to granulosa cell function remains unclear. 

Genes of interest GeneMANIA network analysis. 

The majority of the resultant genes were observed to be indirectly involved in 

angiogenesis. This is likely due to the low number of genes in this group and 

the presence of PGF, which had numerous interactions. PGF is a pro-angiogenic 

factor that functions predominantly through interaction with VEGFA and 

VEGFRs (Carmeliet et al. 2001). Given the low number of genes in the network, 

it is important that the findings of this analysis are not over interpreted.  

Notably, variants of VEGFA and NRP were present as resultant genes, both of 

which are involved in the regulation of angiogenesis as a factor and receptor, 

respectively (Ferrara et al. 2003, Herzog et al. 2011). FLT1 had the largest node 

of any of the suggested new genes, it encodes a VEGFR and is fundamental in 

the regulation of angiogenesis (Shibuya 2001b, Herzog et al. 2011). 

Consequently, it is linked to multiple genes in the network. Given the pro-

angiogenic effects and the large number of resultant genes it interacts with, 

splicing of PGF as a result of the high protein diet could have potentially 

widespread effects on ovarian angiogenesis and function.  

GO analysis of genes of interest. 

The most notable results observed in the GO analysis were the terms VEGFR 

signalling pathway, PDGFR signalling pathway, positive regulation of 
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endothelial cell proliferation, positive regulation of EC migration and response 

to external stimulus. These findings suggest that the splicing of these genes of 

interest due to the high protein diet is likely to have a consequence upon 

subsequent follicular angiogenesis. However, given that VEGFA and VEGFR 

splicing were not observed in this investigation it is difficult to infer the exact 

effect that splicing is having. This would require further characterisation of the 

effect of splicing on each gene of interest, determining the most prevalent 

isoforms of each gene through qPCR and further investigation into the 

importance of each gene in ovarian angiogenesis. 

Genes of interest Sashimi plot and amino acid sequence interpretation. 

BCAS3. 

Microtubule associated cell migration factor, BCAS3, underwent A5SS 

alternative splicing. This resulted in an alteration in the length of the first exon, 

with the high protein diet sample having a longer exon in comparison to the 

control samples. In this instance A5SS splicing occurred in an exon that forms 

part of the 5’ UTR. 

The function of  BCAS3 in the cow has not been investigated, however in 

humans it has a role in angiogenesis, specifically EC migration (Jain et al. 2012). 

Additionally, BCAS3 is activated by oestrogen, as well as acting as a co-activator 

of oestrogen receptor alpha (Gururaj et al. 2007). Further investigations are 

required to determine if changes to the 5’ UTR result in alterations in the BCAS3 

protein formation and function.  
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Interferon regulatory factor 1 (IRF1). 

Interestingly, IRF1 was the only gene that was in the commonly spliced gene 

list and also present in the list of genes significantly altered by the high protein 

diet (Edwards 2016). In this case, IRF1 expression was reduced by the high 

protein diet. Alternative splicing analysis of IRF1 gene showed that exon 9 was 

frequently skipped in control samples, while in the high protein diet sample  

exon 9 was often included. Further analysis showed that skipping exon 9 

inserted a premature stop codon. A premature stop codon would result in the 

formation of a truncated protein. Interestingly this occurred in the control 

samples. While in the HP sample, exon 9 was commonly retained producing a 

longer peptide sequence. These findings are supported by Lee et al. (2006), 

who observed in cancerous human cervical tissue that skipping of exon 9 in the 

IRF1 gene resulted in the formation of a truncated IRF1 protein. This study also 

showed that SE splice variants were more highly expressed in cancerous than 

normal tissue, with the variants capable of reducing the transcriptional activity 

of full length IRF1. Full length IRF1  inhibited VEGFA mediated angiogenesis 

through interaction with KDR and downregulation of VEGFA. However, the IRF1 

variant missing exon 9 did not downregulate VEGFA (Lee et al. 2008).  These 

results suggest the skipping of exon 9 could reduce the effect of IRF1, hence 

promoting angiogenesis. Whilst the high protein diet encoding the full length 

IRF1 would potentially increase the activity of IRF1 and inhibit angiogenesis. 

However, quantification of which isoform is most prevalent in the control and 

high protein samples by qPCR is required.  Alongside investigations into the 



142 
 

effect of the IRF1 isoforms in the ovary to determine the exact effect of this 

alternative splicing. 

Placental growth factor (PGF). 

Analysis of RI splicing in the PGF gene showed the presence of a partially RI 

between exons 5 and 6 in the high protein sample. This alternative splicing 

event leads to the generation of a slightly premature stop codon, resulting in 

the formation of a truncated protein. This alternative splicing event has been 

discovered in the human PGF gene, where an additional exon that corresponds 

to the location of the RI in the high protein sample is evident. It is therefore 

likely that the annotation of the bovine reference genome is incorrect at this 

location and there is in fact another exon present at this location. In the human 

isoforms of PGF this exon has been linked to heparin binding (Cao et al. 1997). 

The formation of a stop codon as a result of alternative splicing would result in 

changes to the heparin binding  properties of the PGF protein. PGF is a pro-

angiogenic factor that binds exclusively to FLT1, therefore splicing in this region 

could affect the PGFs ability to promote angiogenesis (De Falco 2012). 

Heparanase (HPSE). 

The high protein diet induced skipping of exon 4 in the HPSE gene, with further 

analysis showing this inserted a premature stop codon in exon 5 and markedly 

shortened the peptide sequence. Skipping of exon 4 in the HPSE gene has been 

reported in another species, with the shortened product of the alternatively 

spliced HPSE lacking enzymatic activity (Bertolesi et al. 2008).  
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HPSE encodes an endoglycosidase, which breaks down heparan sulphate 

resulting in the formation of biologically active fragments (Pikas et al. 1998, 

Parish et al. 2001, Vlodavsky & Friedmann 2001). The breakdown of heparan 

sulphate is a vitally important process in the remodelling of the ECM (Zetser et 

al. 2006). Heparanase upregulated VEGFA expression and increased the 

adhesion of ECs to the ECM. The latter process occurred independently of 

heparanase enzyme activity, demonstrating that heparanase likely has an 

important role in angiogenesis (Goldshmidt et al. 2003, Zetser et al. 2006). The 

skipping of exon 4 may result in the formation of an inactive heparanase 

isoform that affects VEGFA expression.  

Of particular relevance to the bovine ovary, LH upregulated HPSE in granulosa 

cells during the pre-ovulatory stage, suggesting that HPSE could contribute to 

the ECM degradation required for the rupturing of the follicle during ovulation 

(Klipper et al. 2009). Therefore, if the spliced HPSE lacks enzyme activity, it is 

possible that the high protein diet may impair ovulation of the follicle, as well 

as reducing subsequent angiogenesis. Further work would involve determining 

the effect that skipping exon 4 has on the activity of heparanase, by isolating 

the spliced protein and determing it’s enzymatic activity.  

Conclusion. 

In conclusion, this chapter shows for the first time that a high protein diet 

causes the alternative splicing of numerous genes in granulosa cells. Many of 

the spliced genes are involved in processes relating to cell growth such as the 

regulation of the cell cycle and mitosis. This demonstrates that a high protein 
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diet could alter granulosa cell growth through alternative splicing, showing  

that dietary changes have the potential to impact upon bovine fertility. 

Furthermore, several of the spliced genes were linked to angiogenesis. Analysis 

of these genes showed that alternative splicing resulted in the formation of 

truncated proteins encoded by these genes. This could change the function of 

the proteins or cause them to be non-functional, suggesting that a high protein 

diet may alter angiogenesis in the ovary. This could have negative 

repercussions for the establishment and maintenance of pregnancy. 

 Further analysis is required to determine the effects of alternative splicing 

caused by dietary intervention on the function of many of the proteins encoded 

by spliced genes. However, the results of the current study provide a 

mechanistic insight into how a high protein diet causes the alternative splicing 

of numerous granulosa cell genes, that may alter granulosa cell growth, 

angiogenesis and ovarian function. Furthermore, it is plausible that a high 

protein diet will induce the splicing of genes in other cell types, which could 

alter not only reproductive success but also other key processes, such as the 

growth and immunity of the cows on this diet. However, analysis of alternative 

splicing in other cell types is required to investigate this. These findings 

demonstrate that the perception that feeding a high protein diet is beneficial 

to productivity may be incorrect, suggesting that further analysis of the impact 

of dietary alterations is required. 
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Chapter 4. Future directions. 
 

The current study found that VEGFA and PEDF are expressed throughout luteal 

development, however VEGFA164b expression was minimal at all stages of luteal 

development. PEDF but not THBS1, inhibited early luteal angiogenesis, whilst 

luteal progesterone production was unaffected by both factors. A high protein 

diet induced the splicing of 127 common genes in granulosa cell samples, the 

most prevalent type of splicing event was SE splicing. The most significant and 

well represented genes were linked to mitosis and the regulation of the cell 

cycle. Spliced genes were shown to interact with multiple resultant proteins 

that were involved in a variety of cellular processes. Further analysis of genes 

of interest showed that the high protein diet induced splicing events that 

altered the amino acid sequence of the genes, with 3 out of the 4 genes 

developing a premature stop codon. 

In the marmoset VEGF165b expression accounts for nearly 100% of VEGFA 

protein in ovaries without CL, before its expression is downregulated during CL 

development (Qiu et al. 2012). Therefore, determining the spatial and temporal 

expression of VEGFA and VEGFA164b in follicles at different stages of 

development would show if VEGFA164b is present in the bovine ovary prior to 

CL formation. Furthermore, this would establish if this inhibitory factor’s 

expression is dynamic and if its downregulation is a pre-requisite to CL 

development. This could be achieved by using similar immunohistochemistry 

and Western blotting techniques to those used in the current study. Similarly, 

quantifying PEDF expression in the bovine follicle would also be beneficial. 



146 
 

In the current study the effect of PEDF was dose dependent, with the lower 

dose inhibiting angiogenesis, whilst the high dose had no effect. Performing 

further luteal cultures using a 1ng/ml PEDF treatment would show if the 

inhibitory effects are present at an even lower dose. It has been reported that 

the ratio of PEDF and VEGF is important in cell survival, therefore altering the 

concentration of VEGF added to the culture media would establish if the 

balance of these two factors influences luteal angiogenesis (Pollina et al. 2008). 

Performing dual immunohistochemistry for caspase 3 and an EC marker would 

reveal if PEDF is inhibiting angiogenesis by inducing EC apoptosis. Similarly, 

staining for FLT1 and FGFR2 would show which receptors PEDF was eliciting its 

effect through. Characterisation of anti-angiogenic factors in the bovine ovary 

could also be performed, with 2-ME and VASH1 both warranting further 

investigation. 

A future aim of the alternative splicing investigation would be to determine the 

effect of alternative splicing on the amino acid sequence of a greater number 

of genes. Similarly, determining the effect that the altered amino acid 

sequences have on protein function would provide a valuable insight into the 

effect of the high protein diet on granulosa cell function. Furthermore, 

following the recognition of alternatively spliced genes it would be beneficial 

to establish the effect of the high protein diet on the expression of the spliced 

genes, as well as determining which splice variant is most prevalent, which 

could be performed using qPCR. The focus of another future study would be to 

determine how a high protein diet alters the expression and alternative splicing 

of granulosa cell genes, throughout follicular development. This could be 



147 
 

achieved by repeating the current study using granulosa cell samples acquired 

from follicles at different stages of development. 
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6. Appendix. 

 

6.1. 10mM citrate buffer. 

• Stock A citric acid buffer: 4.2g citric acid in 200ml dH2O. 

• Stock B citrate buffer: 14.7g sodium citrate in 500ml dH2O. 

• 10 mM citrate buffer: 16ml stock A, 84ml stock B and 900ml dH2O. pH 

checked to pH 6.0 

 

6.2. Sample buffer. 

• 25ul of β-mecaptoethanol was added to 475ul of Laemmli buffer (Bio-

Rad). 

 

6.3. Stripping buffer. 

• 7.5 g glycine 

• 0.5 g SDS 

• 5 ml Tween20 

• 450ml RO water 

• Adjust pH to 2.2 

• Bring volume up to 500ml with RO water 

 

6.4. Endothelial cell media. 

 

Endothelial cell media (ECM-basic). 

The following was added to 500ml EBM-2 bottle: 

• 5ml of 500ng/ml LH 

• 5ml of 100x ITS (Sigma) 

• 5ml of 100x Penicillin and Streptomycin (Sigma) 

 

Endothelial cell media complete (ECM-complete). 

To 500ml of ECM basic added the following as per manufacturer’s instructions:  

• 500µl hEGF 

• 500µl GA-1000 

• 500µl heparin 

• 500µl LR3-IGF-1 

• 500µl ascorbic acid 

• 200µl hydrocortisone 

• 10% v/v FBS (Fetal bovine serum) 
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ECM-complete supplemented with FGF2 and VEGFA. 

To ECM-complete add: 

• 100µl (1µg/ml) hVEGFA per 100ml  

• 400µl (250ng/ml) FGF2 per 100ml 

 

6.5. ELISA buffer (0.1M Phosphate buffered saline containing 0.1% BSA, pH 7). 

• Add 2 PBS tablets to 1L of dH2O. 

• Add 1g of bovine serum albumin. 

• Check pH and alter as necessary. 

6.6. Coating buffer (Sodium bicarbonate buffer 0.05M, pH 9.6). 

• 1.59g Na2CO3 

• 2.93g NaHCO3 

Make up to 1L with distilled water, check pH and alter if necessary. 

6.7. ELISA block buffer (PBS + 1% BSA). 

• Dissolve 1 PBS tablet in 500ml of dH2O, add 5g BSA. 


