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ABSTRACT 

The formation, survival, and growth of the primordial follicle pool in the 

mammalian ovary is a dynamic process. The complex interaction of these factors 

orchestrates the movement of primordial follicles into the growing pool or destines them 

for atresia. Central to the function of endocrine and paracrine signals is their ability to 

reach their target cell, via vascular delivery and/or diffusion. 

One of the most important local regulators of ovarian vascular physiology is 

Vascular Endothelial Growth Factor (VEGF). Along with stimulating 

neovascularization, VEGF also regulates vascular permeability. VEGF is present in high 

amounts within the ovary and its role in the later stages of follicle growth and corpus 

luteum function is becoming well established. Neutralization of VEGF activity with 

antibodies or a soluble form of the VEGF receptor disrupts follicular development and 

corpus luteum function. 

VEGF may also play an important role in the activation and development of 

primordial follicles. Data in the literature are mounting and suggest the presence and 

importance of VEGF in pre-antral follicles. As such, we hypothesized that neutralization 

of endogenous VEGF would inhibit initial follicle growth and perhaps disrupt 

maintenance of the primordial follicle pool. Our data indicate that systemic 
t. 

i i 



administration of VEGF peptide antibodies significantly decreased the number of 

primordial follicles in treated mice. This decrease was also seen in ovaries that received 

intrabursal injections of either peptide VEGF antibodies or commercially available VEGF 

antibodies. VEGF may have exerted its effects on primordial follicles through KDR, the 

receptor that is recognized for the biological activity of VEGF. These data suggest that 

VEGF plays a vital role in the maintenance of the primordial follicle pool. 

In addition to the aforementioned hypothesis, we were also interested in 

understanding VEGF mRNA expression at the level of the follicle. VEGF expression has 

been well characterized in latter stages of follicular development and in the corpus 

luteum. Data conceming the presence of VEGF in pre-antral follicles is controversial. 

To clarify the cellular sources of VEGF, we investigated objective quantification of 

mRNA expression. We performed laser capture microdissection (LCM) followed 

downstream by real-time PCR. This body of work establishes a reliable way to process 

and stain tissue without compromising mRNA integrity. These intact samples provide 

specific populations of cells through the use of LCM, and VEGF mRNA expression can 

be quantified in these specific populations using real-time PCR. 
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CHAPTER 1 

LITERATURE REVIEW: VASCULAR ENDOTHELIAL GROWTH FACTOR AND 
THE MAMMALIAN OVARY 
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Introduction: 

Follicular growth and development in the mammalian ovary is a dynamic 

evolution. A complex interaction of autocrine and paracrine factors is likely to 

coordinate the growth of a primordial follicle into the growing pool or destine it for 

atresia [1]. Some of the factors implicated in promoting the transition of primordial 

follicles to primary follicles are Kit Ligand (KL) [2], Bone Morphogenic Protein-4 

(BMP-4) [3], Growth Differentiation Factor - 9 (GDF-9) [4] and VEGF. KL, and BMP-4 

increase the number of primordial follicles in 4-day old rat ovaries in culture when 

compared to control [2]. This is a model system developed by M.K. Skinner. Kit Ligand 

is also referred to as stem cell factor due to its role in stem cell growth and development 

[5]. Mutations in the KL gene can lead to a variety of problems, including deficient 

gametogenesis [6] and arrest of follicular development at the primary stage [7, 8]. BMP-4 

not only to increases the number of primordial follicles in culture (see above) but, the 

neutralization of BMP-4 results in the apoptotic loss of oocytes within 14 days [3]. 

BMP-15 [9] and BMP-7 [10] have been implicated in primordial follicle development but 

their roles are not yet clearly defined. GDF-9 also plays a role in early follicular 

development. Injecting cloned cDNA into the ovaries of gilts increases primary, 

secondary, and tertiary follicle populations [11]. Conflicting data exist suggesting that 

culturing ovaries with GDF-9 does not have an effect on primordial follicles [12]. GDF-9 

knock-out mice have their follicular development arrested in the primary stage [13][14] 

Other factors have been implicated in primordial follicle development but may require 

further investigation. A variable that may be just as important as the factors themselves 

is the route of delivery these complex factors use to reach the "resting" follicular pool. 
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The most likely route of delivery is via the complex vasculature of the ovary. One of the 

key factors that has been implicated in angiogenesis of the ovary is Vascular Endothelial 

Growth Factor (VEGF). VEGF has an important role in the later stages of follicle growth 

and corpus luteum development, but its role in pre-antral follicular development is yet to 

be elucidated. 

Since its discovery, VEGF has been the target of intense investigation. It 

has been investigated for not only its physiologic actions on endothelial and non-

endothelial targets but also its pharmacological effects on various cancers. In addition to 

its well known effects on later stages of follicular development, VEGF may also play a 

key role in the growth and survival of pre-antral follicles. 

Angiogenesis: 

It is important to distinguish the terminology that refers to the growth and 

development of new blood vessels. Angiogenesis refers to the formation and 

differentiation of blood vessels [15]. Neovascularization is the formation and 

differentiation of blood vessels in abnormal quantity such as in pathologies of the retina 

and solid tumors [16]. Vasculogenesis is the formation and differentiation of the 

embryonic vascular system [17]. The diffusion of oxygen and nutrients and the removal 

of waste products is a necessary process for almost all cells and tissues. This process is 

accomplished via the vasculature in the body. Blood vessels are constantly being formed, 

redirected, and reorganized to meet the needs of the body. This process of formation and 

reorganization is called angiogenesis. There are 4 major steps that must be accomplished 

to complete both angiogenesis and neovascularization [18]. 1. Breaking through the 

basal lamina that envelopes existing blood vessels. 2. Migration of endothelial cells 
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toward a source signal. 3. Proliferation of endothelial cells. 4. Formation of tubes. 

VEGF has been identified as a primary growth factor that can induce all four steps. In 

the murine embryo, VEGF plays a vital role, the removal of even a single allele of the 

VEGF gene results in mortality between embryonic days 11 and 12 [19, 20]. Also the 

removal of the alleles coding for the VEGF receptors results in mortality between 

embryonic days 8.5 and 9.5 [21-23]. VEGF is also vital to solid tumor growth. Tumors 

that grow beyond 2mm need an adequate vascular supply to deliver oxygen and nutrients 

and remove waste products [24]. VEGF is a primary factor that tumors use to hijack 

existing vasculature and use it to further their own growth and development. 

VEGF Discovery and History: 

The discovery of VEGF centered around the vasculature associated with 

solid tumor growth. In 1939 Ide et al. observed the vasculature growth associated with a 

solid tumor transplanted into the ear of a rabbit [25]. This paper contained the first 

documented proposal of a factor responsible for neovascularization. Almost ten years 

later "factor X " was implicated in the neovascularization of retinal pathologies [26]. It 

was not until almost 1970 that the first experiments were conducted to check for the 

presence of a diffusible factor from solid tumors that could affect neovascualarization 

[27, 28]. These experiments suggested the existence of a diffusible factor that promoted 

blood vessel proliferation. Even before the discovery of VEGF, Judah Folkman [29] 

proposed that anti-angiogenics may be effective at treating cancer. This proposal began 

the chase to firmly identify a diffusible angiogenic factor. On the way to identifying 

VEGF, several groups were responsible for the discovery of related growth factors 

including Transforming Growth Factor - alpha(TGF-a), Transforming Growth Factor -
4 



Beta(TGF-p), acidic Fibroblast Growth Factor(aFGF), and basic Fibroblast Growth 

Factor(bFGF) [30-32]. None of these growth factors had all of the characteristics that 

made it likely for them to be the main stimulator of tumor angiogenesis. For example, 

some of these growth factors are sequestered in the cell membrane and are not adequately 

secreted [33]. Also, there was little or no change in tumor neovascularization when some 

of these factors were neutralized [34, 35]. 

In the 1980's two independent lines of research led to the same discovery. 

Senger et al [36] isolated a factor from rodent and human tumor cell lines that induced 

vascular leakage without doing endothelial cell damage and aptly named it Vascular 

Permiablilty Factor (VPF). It wasn't until 1990 that Senger purified and sequenced VPF 

[37]. Around the same time Ferrara and Henzel identified a diffusible factor from bovine 

pituitary cells that was a potent mitogen. [38]. This "second" factor was named Vascular 

Endothelial Growth Factor for its confined effects to endothelial cells. The cloning and 

sequencing ofboth these factors revealed that they were the same protein [39, 40]. At 

this point VEGF moved to being recognized as the main growth factor that is responsible 

for both physiological and pathological angiogenesis. 

VEGF General Information 

Since its discovery VEGF has become a well-documented angiogenic 

factor. VEGF has many central roles including: endothelial cell proliferation, migration, 

and survival; vascular permeability; angiogenesis in the lymphatic system; and 

embryonic angiogenesis. For a complete review see refs [41, 42]. 

Several VEGF gene families have been discovered and more are being discovered. 

Currently, VEGF consists of the following families; VEGF-A, VEGF-B, VEGF-C, 
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VEGF-D, VEGF-E, VEGF-F. Predominant among them in the human is the VEGF-A 

family. Herein VEGF will indicate VEGF-A. 

The human VEGF gene is organized into eight exons and seven introns 

located on chromosome 6p21.3 [43]. Altemative splicing of the VEGF gene results in a 

variety of isoforms including 121,145,165,189,206, each number indicating the number 

of amino acids in the isoform. Predominant among the isoforms is VEGF 165. It has 

been well established that VEGF 165 and VEGF 121 are the soluble isoforms most 

responsible for the biological activities of VEGF outside of the lymphatic system. VEGF 

165 is a 45kDa heparin binding homo-dimer [38]. VEGF 121 lacks the heparin affinity of 

165, which makes it a freely soluble protein, whereas 165 can be both soluble and 

sequestered in the extracellular matrix [44]. 

Hypoxia is the most potent upregulator of VEGF. Upstream of the code 

for the VEGF protein is a 28-base sequence which enhances transcription under hypoxic 

conditions. This transcription is mediated through Hypoxia-Inducible Factor 1 (HIF-

1)[45, 46]. HIF-1 has long been identified as a key mediator in the cellular hypoxic 

response. Hypoxia has also been suggested to stabilize the mRNA of VEGF in 

posttranscriptional modifications. Other growth factors also upregulate VEGF including 

but not limited to TGF-a, TGF-p, IGF-I, FGF, PDGF, and IL-6 [47-49]. 

VEGF isoforms bind with varying affinity to three different receptor 

tyrosine kinases aptly named VEGFR1 (flt-1), VEGFR2 (KDR, flk-1), and VEGFR3 (flt-

4). Al l three receptors contain 7 Ig-like domains in the extracellular domain and a single 

transmembrane region [50-52]. VEGFR3 binds VEGFC and VEGFD . VEGFR1 and 

VEGFR2 can be found on endothelial cells [53, 54] and was recently noted to be on 
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bone-marrow derived mononuclear phagocytes [55] . VEGFR1, named for being the first 

VEGF receptor to be discovered, has still evaded scientists as to what its specific function 

is. Conflicting research exists conceming this receptor. This conflict can be attributed to 

the cell type and stage of development in which the receptor is being studied. VEGFR1 

has been suggested to be a "decoy" receptor because of its lack of signaling strength [56]. 

This view is strengthened by the presence of a soluble form of the receptor sVEGFR-1. 

VEGFR1 does play a pivotal role in development, as a knockout of this receptor results in 

embryonic lethality [21, 22]. VEGFR2 is the biologically active receptor for VEGF. See 

Figure 1.1 for a schematic representation of the VEGF families and receptors. 

Figure 1.1 — Schematic of VEGF families and VEGF receptors. Circles represent Ig-
like domains. Adjacent ovals represent the VEGF homo-dimer. Rectangles are a 
representation of the tyrosine-kinase intracellular domain. Adapted from Ferrara N. End 
Rev 2004, 25 (4):581-611 
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Upon binding the homo-dimer of VEGF to the second and third Ig-like 

domains [57] of VEGFR2, the receptor undergoes dimerization and phyosphorylation of 

several tyrosine residues which results in proliferation, migration, permiability and 

increased survival of endothelial cells [41]. VEGF accomplishes the aforementioned 

through a variety of signaling pathways including phosphorylation of phospholipases, 

PLCy, P13-kinase, src family and several other signaling proteins [58-60]. The PLCy/PB 

kinase/Akt signaling pathway mediates both the anti-apoptotic effects of VEGF [61] and 

endothelial chemotaxis [62, 63]. The mitogenic properties of VEGF have been suggested 

to signal through the PLCy/PKC/Raf/MAP pathway [64]. See figure 1.2 (below) for a 

schematic representation of VEGFR2 binding. Figure 1.3 represents some of the 

signaling pathways of VEGFR2. 

Tyrosine | 

Figure 1.2 — Schematic of VEGF binding its receptor. A. VEGF and receptor labeled diagram. 
B. VEGF binds to its receptor causing receptor dimerization. C. Receptor Internalization. D. 
Phosphorylation of intracellular tyrosine kinase domains begins cell signaling cascades. 
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The actions of VEGF are numerous. VEGF is heavily involved in the angiogenic 

organization occurring during embryonic development, and a knockout of the VEGF 

gene or either one of the receptors results in embryonic lethality [19-23] . VEGF also 

plays a role in skeletal growth and in the transformation from cartilage to bone [65, 66]. 

In the adult, VEGF plays a smaller role in wound healing, adipose tissue formation [67] 

and the female reproductive tract. Most of the physiological effects of VEGF are 

mediated through endothelial targets. For example, VEGF induces endothelial 

proliferation, angiogenesis, vascular permeability, and increased survival. 

Figure 1.3 - Signaling pathways of VEGFR2 in an endothelial cell. Adapted 
from Sigma-Aldrich VEGF receptor signaling. Abbreviations can be found in 
table 1.1 
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Symbol Full Name 
Ca"" Calcium 
DAG Diacyl Glycerol 
Grb2 Growth factor receptor bound protein-2 
IPS Inositol Tri-Phosphate 

MAPK Mitogen Activated Protein Kinase 
MEK Map Kinase/Erk Kinase 
NO Nitric Oxide 

NOS Nitric Oxide Synthase 
p85 Protein 85 

pllO Protein 110 
PI3K Phosphatidylinositol 3-kinase 
PIP2 phosphatidylinositol 4,5 - bisphosphate 
PKB Protein Kinase B 
PKC Protein Kinase C 

PLC-Y Phospholipase C-gamma 
Raf MAPKKK 
Ras Rat Sarcoma 

Shp-1 Src homology 2 (SH2) domain containing protein tyrosine phosphotase -1 
Shp-2 Src homology 2 (SH2) domain containing protein tyrosine phosphotase -2 
Sos Son of Sevenless 

VEGF Vascular Enothelial Growth Factor Receptor 2 
VEGFR2 Vascular Endothelial Growth Factor 

Table 1.1 - Symbols and Full Names of Cell Signaling Molecules seen in Figure 1.3 

VEGF also plays a role in non-endothelial cells. VEGF has been shown to 

promote monocyte chemotaxis [55], induce colony formation in granulocyte-macrophage 

progenitor cells [68], enhance B cell generation [69], and may also play a role in the 

repopulation of hematopoetic stem cell populations after ablation [70]. 
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VEGF in the Ovary 

One of the most important local regulators of ovarian vascular physiology is 

VEGF [41, 71, 72]. As mentioned, along with stimulating neovascularization, VEGF 

also regulates vascular permeability. VEGF is present in high amounts within the ovary 

and its role in the later stages of follicle growth and corpus luteum function is becoming 

well established. VEGF production and increased blood vessel extension is associated 

with follicle activation [73]. VEGF is produced by the thecal and granulosa cells in the 

ovary [74-77] and granulosa cells secrete VEGF in response to stimulation by 

gonadotropins [74, 78-80]. After ovulation, luteal cells continue expression of VEGF 

[81, 82]. Neutralization of VEGF activity with antibodies [83] or a soluble form of the 

VEGF receptor [84]disrupts follicular/corpus luteum development and function [85-87]. 

In addition to its role in the later stages of follicle growth, VEGF may also play an 

important role in the activation and development of primordial follicles. Danforth et. al. 

[88], previously that VEGF administration increases the number of primary and small 

secondary follicles in the rodent ovary. This effect of VEGF is dose and time dependent. 

In addition, estrogen up-regulates VEGF expression in the rodent ovary. This up

regulation may be part of the mechanism by which estrogen supports follicular growth 

[88]. These data suggest a potential role for VEGF in primordial follicle activation. 

Neutralization of VEGF 

Before the discovery of VEGF the idea of neutralizing an angiogeneic 

factor had been heavily investigated. The neutralization of VEGF is becoming a popular 
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therapy when combating the vasculature of solid tumors and retinal neoangiogenesis. 

VEGF is upregulated in many human tumors [89]. In the early 90's several groups found 

that antibodies to VEGF inhibited the growth of tumors in-vivo [90]. These progressed 

to in-vivo studies and targeted both VEGF and its receptors. Most noteable of the anti-

VEGF antibodies is bevacizumab which has recently been approved by the FDA for the 

treatment of metastatic colorectal cancer [91]. 

VEGF antibodies quickly became a way to help evaluate the role of 

VEGF in the ovary. The temporal expression of VEGF in the ovary increases with 

follicle growth. There is evidence in the literature that shows immunohistochemical 

staining of VEGF in the primordial follicle population [92] [93]. As the follicle begins 

to develop its own vascular network in the secondary stage, both thecal and granulosa 

cells begin to express VEGF [94]. Expression of VEGF remains constant as the follicle 

goes through antral development [76, 95]. The amount of VEGF also increases markedly 

in the follicular fluid nearing ovulation [79]. Once a follicle enters the later stages of 

development, VEGF mRNA has been shown to be stimulated by gondadotropins in-vitro 

[78][80]. Neutralizing VEGF and or VEGFR2 at any stage of follicular disrupts follicle 

growth. Early follicular phase neutralization of VEGFR2 results in delayed follicular 

selection [83]. Mid-follicular phase neutralization also delayed follicular selection and 

delayed ovulation [96]. Late follicular phase neutralization not only delayed ovulation 

but also blocked the characteristic rise in estradiol [83]. This implies that VEGF has a 

crucial role in the late development of ovarian follicles. 

The changes to the ovarian vasculature during the formation of the corpus 

luteum are well documented [72, 81, 97] and it has long been accepted that these changes 
12 



are essential in order to maintain the corpus luteum for the normal ovarian cycle and 

pregnancy [76, 85, 86]. VEGF mRNA expression steadily increases from early to mid-

late development in the corpus luteum and then slowly declines towards the end of the 

life-span of the CL [98]. Furthermore when soluble VEGFR-1 (sFlt-1) receptor was 

administered to rats that underwent gonadotropin induced ovulation they experienced a 

dramatic decrease in ovarian weight [86]. VEGFR-2 also plays a critical role in the blood 

vessel survival in the corpus lutuem. Pauli et al [99] demonstrated a regression of luteal 

vessels followed by a drop in progesterone within 24hrs of an injection of anti-VEGFR2 

antibodies into pregnant mice. This resulted in the arrest of embryonic development. 

Summary 

In summary, since its discovery VEGF has been heavily pursued as the 

main protein responsible for angiogenesis and neovascularization. Although there are 

many factors that may play a role in neovascularization and angiogenesis, VEGF seems 

to play a central irreplaceable role, making it an attractive candidate to focus on when 

considering angiogenic pathologies. VEGF activity also exists outside of angiogenesis 

and VEGF is being implicated in several new roles in the body. VEGF is considered to 

be the primary mediator of angiogenesis during the late stages of folliculogenesis and 

corpus luteum development. Only recently has it been targeted as a potential candidate 

for mediating growth and development in the early stages of follicular development [88, 

92, 99]. The data following herein will address the role of that VEGF in pre-antral 

follicular development, and examine the cellular sources of VEGF within the ovary. 
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CHAPTER 2 

NEUTRALIZATION OF ENDOGENOUS VEGF DEPLETES PRIMORDIAL 

FOLLICLES IN THE MOUSE OVARY 



Abstract: 

The regulation of early follicular growth and development involves a complex 

interaction of autocrine, paracrine, and endocrine signals. The ability of these factors to 

regulate follicle growth may depend, in part, on the extent of vascular delivery to and 

perfusion of the ovary. Vascular endothelial growth factor A (VEGFA) is a major 

regulator of vascular physiology in the ovary. VEGFA is produced in numerous ovarian 

compartments, and likely plays a role in the regulation of all phases of follicular growth 

from preantral through preovulatory. The aim of the present study was to further evaluate 

the role of VEGF in early follicle growth by neutralization of endogenous VEGF or 

VEGF receptors. Adult mice were injected systemically or prepubertal mice were 

injected directly under the ovarian bursa with antibodies designed to neutralize VEGF or 

block interaction with its receptors in the ovary. Both systemic and intrabursal injections 

of VEGF antibody significantly reduced the number of primordial follicles within 1-3 

days after administration without affecting primary or secondary follicle numbers. 

Primordial follicle numbers were not different from control levels by 30 days after 

VEGFA antibody administration. Administration of antibodies to the kinase domain 

receptor (KDR) for VEGF but not the FMS-like tyrosine receptor (FLT1) for VEGF also 

results in a significant decrease in primordial follicles. These data suggest that VEGF 

plays a vital role in the maintenance and growth of the primordial follicle pool. 
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Introduction: 

The formation, survival, and growth of the preantral follicle pool in the 

mammalian ovary is a dynamic process regulated by a variety of autocrine, paracrine and 

endocrine signals [1]. The complex interaction of these factors may orchestrate the 

movement of primordial follicles into the growing pool or destine them for atresia. 

Central to the function of endocrine and paracrine signals is their ability to reach their 

target cell, via vascular delivery and/or diffusion. 

One of the most important local regulators of ovarian vascular physiology is 

Vascular Endothelial Growth Factor A (VEGFA) [2-4]. Along with stimulating 

neovascularization, VEGFA also regulates vascular permeability. VEGFA production 

and increased blood vessel extension is associated with follicle activation [5]. VEGFA is 

produced by the thecal and/or granulosa cells in the ovary [6-10] and granulosa cells 

secrete VEGFA in response to stimulation by gonadotropins [6, 11-13]. After ovulation, 

luteal cells continue expression of VEGFA [14,15]. Neutralization of VEGFA activity 

with antibodies [16] or a soluble form of the VEGF receptor [17] disrupts follicular 

development and corpus luteum function [18-20]. 

In addition to its role in the later stages of follicle growth, VEGFA may also play 

an important role in the activation and development of pre-antral follicles. Although 

immunohistochemical studies generally confirm that follicular VEGFA expression 

increases as follicles mature [21-23], several reports reveal expression of VEGF in 

preantral follicular compartments. VEGFA protein has been identified in the oocytes of 

human primordial [24,25] and human and rat primary [25,26] follicles. Kezele et al [27] 
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identified VEGFA as one of the important genes upregulated during primordial follicle 

development in the mouse. We have shown previously that VEGFA administration 

increases the number of primary and small secondary follicles in the rodent ovary [28]. 

Administration of VEGFA directly to the ovary results in an increase in preantral follicle 

numbers in a dose and time dependent manner. In addition, estrogen up-regulates 

VEGFA expression in the rodent ovary similar to its effects on early follicle growth [28]. 

These data suggest a potential role for VEGFA in primordial follicle activation. As such, 

we hypothesized that neutralization of endogenous VEGFA might alter initial follicle 

growth and perhaps disrupt maintenance of the primordial follicle pool. 

Materials and Methods: 

Production of VEGF Antibodies 

Antigen selection and generation was based on previous work in our laboratory 

with antibodies against HER2 [29]. In this approach an antigenic B-cell epitope of 

VEGFA (residues 127-144, common to VEGF A-G) was selected using Peptide 

Companion software (CSPS Pharmaceuticals Inc., San Diego, Ca). This peptide 

sequence is located in the carboxy terminal domain which is important for the mitogenic 

actions of VEGFA [30]. The B-cell epitope was co-linearly synthesized with a 

promiscuous T h epitope (Measles Virus Fusion Protein (MVF) 288-302), using a 4-

residue amino acid linker GPSL. Al l peptides were synthesized by solid phase peptide 

synthesis and were purified by semi preparative reversed phase HPLC as described 

previously [31]. The identity of the peptide MVF-VEGFA was confirmed by matrix-

assisted laser desorption/ionization time of flight mass spectroscopy. Schematic 

representation of peptide construct is provided in Figure 2.1. Throughout this manuscript, 
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we have utilized VEGFA to describe that specific isoform and elsewhere utilized VEGF 

when describing our data since our antibody will recognize various forms of VEGF (A, 

B, C, D, etc). 

B-cell epitope 
NH, K C E C R P K K D R A R Q E N P C G - N H 2 

G 

C 
C O O H L 

E V G E L R H V i V G K I L S L L K - C O O H 

T-cell epitope 

Figure 2.1 - Schematic representation of VEGF Chimeric Constructs. An antigenic B-
cell epitope of VEGF (residues 127-144) was co-linearly synthesized with a promiscuous 
T-Cell epitope (Measles Virus Fusion Protein (MVF) residues 288-302) using a 4 residue 
(GPSL) amino acid linker. This construct was injected into adult New Zealand rabbits to 
generate polyclonal antisera as described in Methods. 

Adult Female New Zealand White rabbits (Harlan, Indianapolis IN) received an initial 

injection of 1 mg/ml of MVF-VEGF A, dissolved in H2O with lOOpg of nor-MDP (iV-

acetylglucosamine-3 yl-acetyl- L-alanyl-D-isoglutamine). Montanide ISA-720 was used 

to emulsify the peptide solution. Booster injections (0.5mg/ml) were given twice, three 

weeks apart. Blood samples were collected prior to the first injection and once a week 

thereafter. VEGF antibodies were purified from heat inactivated serum using a protein A 

column (Pierce Rockford, II). Antibody titers were determined using an Enzyme-Linked 

Immunosorbent Assay as previously described [29]. Since MVF by itself is not 

immunogenic [29], we chose to utilize pre-immune serum from the same rabbits used for 

VEGF antibody generation as controls for our experiments. 
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All studies were approved by the Institutional Laboratory Animal care and Use 

Committee at The Ohio State University and were in accordance with the National 

Institutes of Health guide for the care and use of laboratory animals. 

VEGF Antibody Treatments 

Twenty-four adult (6-8 week old) female C57B1/6 mice (Harlan, Indianapolis IN) 

were injected IP with 55pg VEGF antibody in lOOpl PBS. Control mice received a 

corresponding amount of pre-immune serum IgG. Injections were given every three days 

for two weeks. Mice were euthanized at various time points and both ovaries were 

removed and fixed for tissue processing. Vaginal smears were obtained via vaginal 

lavage every day for 30 days, and evaluated for estrous cycle status [32]. 

For some experiments, VEGF antibody was administered under the bursa of the 

ovary as a previously described [28]. Pre-pubertal female C57B1/6 mice were 

anesthetized, and each ovary was injected under the bursa with 1 pl VEGF antibody or a 

corresponding amount of pre-immune rabbit IgG. Mice were euthanized at various time 

points (8h, 24h, 48h, 72h, 30d) and both ovaries were removed and prepared for 

histological analysis. We used adult mice for the systemic (longer-term) study to avoid 

the potential confounding effects of VEGFA neutralization on pubertal development. 

Prepubertal mice were utilized for the intrabursal experiments to provide a more 

homogeneous ovarian physiology and histological architecture. 

Tissue Processing 

Tissues were processed as previously described [28]. Briefly, ovaries were 

removed from fixative, dehydrated, and embedded in Paraplast before being sectioned 

(thickness 7pm) and stained with Lillies allochrome. To avoid counting a follicle more 
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than once, follicles were counted on every fif th section throughout the ovary 

(approximately 20-30 sections/ovary were counted) and only follicles containing an 

oocyte were counted. Primordial follicles were described as those having a small oocyte 

with a single layer of squamous granulosa cells. Primary follicles had an intact enlarged 

oocyte with a visible nucleus and a single layer of cuboidal granulosa cells. Secondary 

follicles had two or more layers of cuboidal granulosa cells. Secondary follicles were 

further classified as small i f they contained < 4 layers of granulosa cells and large i f they 

contained 4 or more layers of granulosa cells. 

Westem Blot Analvsis 

Westem blots characterizing VEGF antibodies were performed as described in 

[28]. Briefly, lOng of recombinant human (h) VEGFA, 50ng of recombinant mouse (m) 

VEGFA (R&D Systems Minneapolis, MN), and 5 pg pancreatic tumor lysate were 

electrophoresed on a 12% polyacrylamide gel and transferred to nitrocellulose. The 

pancreatic tumor was obtained from the Ripl-Tag2 transgenic mouse which 

spontaneously develops pancreatic tumors expressing VEGFA [33]. Nitrocellulose 

membranes were probed with commercially available rabbit polyclonal VEGFA antibody 

(A-20, Santa Cruz Biotechnologies), VEGF peptide antibody, or purified IgG from 

preimmune semm. Primary antibodies were diluted 1:500 and detected with goat anti 

rabbit IgG horseradish peroxidase-labeled secondary antibody (Santa Cruz 

Biotechnologies). 

Statistical Analysis 

Results are depicted as the mean + SEM. Potential differences in estrous cycle 

lengths and follicle numbers were analyzed by analysis of variance followed by a least-
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significant-difference test or by a paired Student's Mest when appropriate. A P value of 

less than 0.05 was considered to be significant for all analyses 

Results: 

Westem blotting experiments confirmed that our VEGF peptide antibodies 

recognized both mouse and human recombinant VEGFA proteins (Figure 2.2). 

32kDa—• 

23kDa—J 

Santa Cruz VEGF peptide Preimmune 
Antibody Antibody Serum IgG 

Figure 2.2 - Westem Blot of pancreatic tumor cell lysate, human (h)VEGF and 
mouse(m)VEGF using commercially available (Santa Cruz) and VEGF peptide antibodies. 
Purified IgG from preimmune serum was included as a negative control. 

It is unclear why the recombinant human VEGFA protein migrates slightly faster in our 

system than recombinant mouse VEGFA. In addition, these antibodies recognized a 

predominant 23 kDa band (presumably VEGFA 165) in pancreatic tumor lysate along with 

a slightly higher molecular weight protein (~ 32kDa) in this biological sample. 
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These data are similar to the results obtained with a commercially available antibody 

specific for VEGFA. Immunoblotting with purified IgG from preimmune serum revealed 

no specific binding to pure VEGFA proteins or tumor lysate. 

Figure 2.3 reveals the effects of VEGF neutralization following intraperitoneal 

antibody administration on preantral follicles in adult mice. 
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Figure 2.3 - Effect of systemic VEGF peptide antibody injection on preantral follicle 
survival. Adult mice (n=25) were injected twice/week for 2 weeks with 55 pg VEGF 
peptide antibody or purified IgG from preimmune serum and the ovaries were removed 
at various time points for quantitation of preantral follicle numbers as indicated in 
methods. Values are mean + SEM. * P<0.05 vs control, n=3 animals per time point 
except for 6 months in which 4 animals/group were utilized. 
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Within three days after a single VEGF peptide antibody injection, the number of 

primordial follicles was decreased by greater than 50%. Additional VEGF peptide 

antibody injections maintained but did not increase the destruction of primordial follicles 

seen after the first injection. In contrast, VEGFA antibodies had no effect on primary or 

secondary follicle numbers throughout the study. Six months after the initial injection 

(and 5.5 months after the last injection) primordial follicle numbers were not different 

from those observed in control mice. There were no significant changes in primordial 

follicles within either the control or VEGF antibody treatment groups in this experiment. 

Systemic VEGF neutralization also disrupted estrous cyclicity in these mice. 

Within three days following the initial antibody injection, mice began to display 

persistent vaginal comification; the interval between estrous vaginal smears was 

significantly reduced from 5.9 + 0.2 days before treatment to 1.7 + 0.2 days after VEGF 

antibody injection (p < 0.05, n=3/group). 

It is possible that systemic administration of VEGF antibody could have effects 

outside the ovary which could impact primordial follicle growth and survival. Therefore 

we investigated whether direct ovarian administration of VEGF peptide antibodies would 

affect primordial follicle numbers. VEGF peptide antibody was injected under the bursa 

of one ovary and a corresponding amount of pre-immune IgG was injected under the 

bursa of the contralateral ovary. Thus, the effects of neutralization of "ovarian" VEGF 

could be determined with each animal serving as its own control. Direct ovarian 

administration of VEGF peptide antibody resulted in a dose-dependent decrease in the 
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number of primordial follicle numbers compared to control (pre-immune IgG) ovaries, 

with a maximal effect at 5-25 \ig VEGF antibody (Figure 2.4, p<0.05, n=4-5/group). 
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Figure 2.4 - Dose-response effect of intrabursal VEGF antibodies on primordial follicle 
survival. Prepubertal mice were injected with 0.5-25 ^g VEGF antibodies under the bursa 
of one ovary. The contralateral ovary served as a control and was injected with purified IgG 
from pre-immune serum. The ovaries were removed 72 hours after injection and prepared 
for histology as described in methods. Values are Mean + SEM. *P<0.05 vs control, n=4 
animals per dose except for the 2.5|j,g dose in which 3 animals/group were used. 

We compared our VEGF peptide antibodies against a commercially available VEGF 

antibody preparation (AF-493-NA) from R&D Systems Inc (Figure 2.5). Both antibody 

preparations significantly depleted primordial follicles in the mouse ovary (p<0.05, n=4-

6/group). 
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Figure 2.5 - Effect of intrabursal injection of VEGF peptide antibodies (left 
panel, n=4) and commercially available VEGFA antibodies (right panel, n=6). 
Prepubertal mice were injected with 5 pg anti-VEGF antibody in 1 pl saline under 
the bursa of one ovary. The contralateral ovary received 5 pg pre-immune IgG in 1 
pl saline as control. Ovaries were removed 72 hours later and analyzed for 
primordial follicle numbers as described in methods. Values are mean + SEM. 

Similar to the results obtained with systemic antibody administration, intrabursal 

administration of VEGF antibodies had no effect on primary or secondary follicle 

numbers (data not shown). 

We also investigated the time course of primordial follicle destruction by VEGF 

antibody treatment (Figure 2.6). Intrabursal administration of VEGF peptide antibody 

resulted in a relatively rapid destruction of primordial follicles within 24hrs after 

injection. Follicle depletion was still evident at 3 days; however primordial follicle 

numbers were not different from control by 30 days after injection. 
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Figure 2.6 - Time course of primordial follicle destruction by VEGF peptide 
antibodies. Prepubertal mice were injected with 5 pg VEGF peptide antibody in 1 pl 
saline under the bursa of one ovary. The contralateral ovary received 5 pg pre-immune 
IgG in 1 pl saline as control. Ovaries were removed at specific time points and 
analyzed for primordial follicle numbers as described in methods. Values are the mean 
+ SD of n=2 at 8h, n=3 at 24h, n=2 at 48h, n=4 at 72h and n=4 at 30 days. Note: the 
error bar for the 24h time point in contained within the symbol. 

Since our antibody preparation binds VEGF directly it is not useful in determining which 

VEGF receptor (KDR or FLT1) might be important for primordial follicle growth and 

survival. Therefore we performed an additional experiment examining the effects of 

direct ovarian administration of commercially available antibodies that bind KDR 

(VEGFR2) or FLT1 (VEGFR1; R&D Systems Inc. Minneapolis, MN). Figure 2.7 

reveals that treatment with antibodies that bind KDR but not FLT1 results in a 

statistically significant depletion of primordial follicles similar to that observed with anti-

VEGF antibodies 
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Figure 2.7 - Effect of antibodies against FLT1 and KDR on primordial follicle 
survival. Prepubertal mice (n=5/group) were injected with 5 pg anti-FLTl or KDR 
antibody in 1 pl saline under the bursa of one ovary. The contralateral ovary received 
5 pg pre-immune IgG in 1 pl saline as control. Ovaries were removed 72 hours later 
and analyzed for primordial follicle numbers as described in methods. Values are 
mean + SEM. 

Discussion: 

The data presented herein provide the first evidence that endogenous VEGF is 

important for primordial follicle survival in the rodent ovary. Administration of 

antibodies directed against an antigenic peptide region of the VEGF molecule result in a 

rapid and profound loss of primordial follicles in the ovary. Similarly, antibodies which 

specifically block the KDR receptor also result in primordial follicle depletion. Direct 

ovarian administration of antibodies also depletes primordial follicles indicating that 

neutralization of ovarian VEGF, as opposed to peripheral neutralization, is key to 

primordial follicle destruction. 

The factors responsible for the formation, growth and survival of the primordial 

follicle pool are largely unknown. Although primordial follicle activation can occur in the 

absence of LH, FSH, or estrogen, it is clear that under normal physiological conditions, 
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primordial follicle growth occurs amid a rich milieu of endocrine, paracrine, and 

autocrine factors [reviewed in 34,35]. It is unknown i f or how these factors might interact 

to influence the primordial follicle population. We and others have hypothesized that that 

the availability of an adequate vascular supply to provide endocrine and paracrine signals 

may play a key role in the regulation of early follicle growth [1, 36]. The data presented 

herein on the importance of endogenous VEGF for primordial follicle survival are 

consistent with this hypothesis. 

Although the majority of research on the ovarian VEGF system has focused on 

the latter (antral) stages of follicle growth and corpus luteum function, previous data from 

our laboratory have suggested an important role for VEGFA in early follicle growth as 

well [28]. Administration of VEGFA directly to the rat ovary results in an increase in 

preantral follicle numbers in a dose and time dependent manner. In addition, estrogen up-

regulates VEGFA expression in the rodent ovary similar to its effects on early follicle 

growth [28]. VEGFA has also been shown to be localized in the granulosa and thecal 

cells of pre-antral follicles [21] as well as the oocytes of primordial and primary follicles 

[24,25] . These, along with our present data provide important evidence that the ovarian 

VEGF system may be a critical component of early follicle physiology in the rodent 

ovary. Interestingly however, in the present study VEGF neutralization only depleted 

primordial follicles; there were no differences in primary or secondary follicle numbers 

either after systemic or intrabursal antibody administration. This may reflect the 

especially labile nature of the primordial follicle pool; this population is exquisitely 

sensitive to radiation- or chemotherapy-induced follicle destruction. Altematively higher 
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doses or more prolonged exposure to neutralizing antibodies might be required for effects 

on primary and secondary follicles to be manifest. 

In addition to depleting primordial follicles in the ovary, systemic administration 

of VEGF peptide antibodies also disrupts estrous cyclicity in the mouse. Shortly after 

VEGF antibody administration, mice displayed persistent vaginal comification, similar to 

that observed in aging mice just prior to ovarian senescence [37]. Neutralization of 

endogenous VEGF has been demonstrated to inhibit ovulation [38] and it is possible that 

the presence of comified cells in the vaginal smears is due to continued estrogen 

production by unovulated antral follicles persisting in the ovary for a few days after 

antibody administration. Indeed, 4 of 6 VEGF antibody treated mice had not ovulated by 

seven days after systemic antibody administration whereas 6 of 6 control mice had 

ovulated. Altematively, systemic administration of VEGF antibodies might also alter 

uterine and vaginal function which might manifest in altered vaginal cytology. Other 

investigators have demonstrated effects of VEGF neutralization on uterine function in 

rodents [39,40]. 

The depletion of primordial follicles by VEGF neutralization is rapid, however 

over time this depletion of the follicular pool appears to abate. Primordial follicle 

numbers were decreased within 24 hours following intrabursal administration of VEGF 

peptide antibodies and remained below control levels for at least 3 days. Within thirty 

days the effect of VEGF neutralization was no longer apparent and primordial follicle 

numbers were not different from control. It is important to note however that the number 

of primordial follicles did not increase over time, either after systemic or intrabursal 

antibody administration. 
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It is unknown whether primordial follicle depletion following VEGF 

neutralization is due to a direct effect of VEGF on follicular units or is mediated via 

changes in the vascular compartment of the ovary. Certainly neutralization of endogenous 

VEGF would likely affect angiogenesis and vascular permeability as these are two of the 

primary effects of VEGFA in most tissues studied to date. It is perhaps less likely that 

changes in new vessel formation are involved since the effects of VEGF antibody 

treatment are observed within 24 hours, although neutralization of VEGF could result in 

endothelial cell apoptosis with resultant vascular compromise. We did not quantitate 

potential changes in angiogenesis in the present study. Changes in vascular permeability 

and, as such, delivery of important endocrine and paracrine modulators of early follicle 

growth may be a more important component of the effects observed. 

Altematively, increasing evidence suggests that VEGFA may have direct effects 

on non-vascular elements in a variety of tissues, including the ovary although many of 

these studies are somewhat limited. VEGFA and its receptors have tentatively been 

identified in granulosa cells, thecal cells, oocytes, and zona pellucida [21, 24-26, 41]. 

VEGFA has also been shown to directly stimulate granulosa cell function in vitro [22]. 

As such, it is possible that the effects of VEGFA on the preantral follicle might be 

mediated by direct actions on follicular components rather than indirectly via alterations 

in vascular physiology. 

Our data indicate that inhibition of VEGF binding to the KDR but not FLT1 

receptor is important for primordial follicle survival in the mouse ovary. Ovarian 

administration of antibodies to KDR resulted in significant depletion of primordial 

follicle numbers, whereas anti-FLTl antibodies did not. This is consistent with previous 
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data in the literature indicating that the KDR receptor is the primary mediator of VEGF 

action and that the FLT1 receptor might serve as a decoy for VEGF [3]. Indeed, 

Zimmerman et al, [42] demonstrated that antibodies against KDR delayed follicular 

selection and development in the Rhesus monkey. However, it should be noted that we 

only utilized one dose of VEGF receptor antibodies and it is possible that higher doses, 

longer treatment, or different FLT1 antibody preparations might also result in primordial 

follicle depletion similar to our results with KDR antibodies. 

A recent report by Johnson et al [43] proposed that the follicular pool is a 

dynamic rather than stagnant population. These authors suggest that a constant vascular 

influx of bone marrow-derived stem cells is required to maintain the primordial follicle 

population. VEGF neutralization might interfere with the delivery of stem cells to the 

ovary or disrupt new primordial follicle formation. Kezele et al [27] has shown that 

VEGF expression is up regulated during primordial follicle development. While the 

importance of bone marrow stem cell migration remains controversial, its potential role 

in the loss of primordial follicles following neutralization of endogenous VEGF warrants 

further investigation. 

We chose to develop our own antibodies against VEGF in order to have an ample 

supply to conduct long term in vivo studies, and to investigate potential applications of 

active immunotherapy for other (cancer) studies. In order to develop a pan-specific 

antibody capable of neutralizing the majority of VEGF isoforms, we chose a conserved 

peptide sequence found in the majority of VEGF species (VEGF A - G). Coupling 

antigenic regions of the VEGF molecule with a promiscuous T-cell epitope is a useful 

strategy for development of novel antigens for generation of polyclonal antibodies, and 
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for exploring active immunization for a variety of therapies. This approach resulted in 

specific VEGF antisera, comparable to commercially available sources. Although we 

have not determined the affinity of this particular antibody, other antibodies developed 

using this technology display affinities similar to traditional polyclonal antibodies 

generated against intact proteins [31, 44-45]. Our VEGF peptide antibody does detect an 

additional higher molecular weight protein in the pancreatic tumor cell lysate and the 

identity of this protein is unknown at present although its molecular weight is roughly 

consistent with that of VEGFAigg. It is noteworthy that our protein-A purified antibody 

preparation is much less pure than the affinity purified antibody preparation we used for 

comparison from Santa Cruz Biotechnologies, yet the specificities are remarkably 

similar. Indeed, the data obtained with commercially available antibodies to VEGFA and 

KDR were nearly identical to those obtained with our VEGF peptide antibodies 

suggesting that the effects on primordial follicles we observed were due to specific 

inhibition of VEGF interaction with its receptor in the ovary, and not due to non-specific 

toxic effects of the antibody preparation. Moreover the similar response to acute versus 

"long-term" antibody treatment argues against non-specific toxic effects on the ovary. 

Finally, the lack of effect on primary and secondary follicles suggests that specific 

neutralization of VEGF is responsible for primordial follicle destruction in the ovary. 

In summary, these studies provide compelling evidence that endogenous VEGF is 

essential for primordial follicle survival in the rodent. Disruption of VEGF interaction 

with its receptors results in a rapid and pronounced loss of primordial but not other 

preantral follicles in the ovary. 
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Along with previous studies supporting the role of VEGF in early follicle growth we 

conclude that the ovarian VEGF system is an integral component of early follicle growth 

and survival in the rodent ovary. 
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CHAPTER 3 

USING LASER CAPTURE MICRODISSECTION AND REAL-TIME PCR TO 

EVALUATE VEGF mRNA EXPRESSION IN THE OVARY 



Introduction: 

Evaluating the levels of VEGF in specific follicle populations in the ovary has 

proven to be difficult. The current literature has conflicting results on the VEGF levels of 

primordial, primary, and small secondary follicles. While it is the general consensus that 

these pre-antral populations do not express VEGF [1], there are data that support the 

viewpoint that these populations do express VEGF [2, 3]. One of the most common 

methods for evaluating VEGF expression is immunohistochemistry (IHC). IHC is useful 

in detecting proteins but can by highly variable across laboratories. IHC can also has 

limitations with sensitivity. These caveats are the rationale for our group to find a more 

reliable way to evaluate VEGF levels in the ovary. To clarify the cellular sources of 

VEGF, we investigated objective quantification of mRNA expression instead of 

subjective assessment of the presence of VEGF protein. Real-time PCR allowed us to 

quantify mRNA levels using flouresence resonance energy transfer (FRET) probes. The 

only hurdle to overcome would be isolating a pure cell population for evaluation. Laser 

Capture Microdissection is a recently developed technique that allows the isolation of 

specific cell populations for use in other down stream applications such as real time-PCR. 

Laser Capture Microdissection was developed in conjunction with the National 

Institutes of Health in the late 1990's. With the advancement of molecular analysis, 

specifically the evaluation of the mRNA, there was a call for more sophisticated ways of 

providing specific cellular samples. Molecular analysis can be limited by the quality of 

the sample to be tested when a specific, perhaps diseased, specimen is encased within 

healthy tissue. Several methods have attempted to isolate more specific populations of 

tissue such as, gross dissection of frozen blocks [4, 5], microdissection with manual tools 
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[6-9], touch preparation of frozen sections [10], and irradiation to get rid of unwanted 

genetic material [11]. Laser Capture Microdissection surpasses all these methods. LCM 

is done on a microscope stage, visualizing the tissue to be isolated through the 

microscope itself. LCM employs a transparent thermoplastic film that is stationed over 

the surface of a processed, sectioned specimen on a slide. A carbon dioxide laser is then 

pulsed through the thermoplastic film, adhering the film to the cells of interest. When the 

film is lifted the cells of interest are removed, while the extraneous parts of the specimen 

are left behind on the slide. The specimen on the film can then be processed for 

downstream applications. LCM can be used for both frozen and paraffin embedded 

specimens. A variety of staining protocols are also compatible with laser capture. The 

transparent films that adhere to the specimen are sterile and disposable, decreasing the 

likelihood of contamination of downstream applications. Currently there are several 

commercially available kits for use in laser capture with real time-PCR downstream. 

These kits contain a lysis buffer and columns for isolation and purification of genetic 

material. The objective of our work, done with laser capture microdissection, was to 

determine the expression of VEGF in specific cell populations of the ovary. 

Materials and Methods: 

Sample Preparation: 

Due to the large amount of archived tissue available in our lab, it was important 

to evaluate the suitability of using frozen and fixed tissues for LCM followed by real

time PCR. Sheep were selected as a model because an abundant supply of tissue was 

available. Also, identifying histological structures, especially primordial follicles, is 

easier in sheep versus rodent ovaries, due to the larger size of the sheep ovary. Ovaries 
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from both lambs and ewes were either dehydrated in alcohol and xylene and then 

embedded in paraffin (i.e., fixed) for sectioning or embedded in OCT compound and 

slowly frozen in a beaker of isopentane submerged in liquid nitrogen (i.e., frozen). Both 

fixed and frozen samples were sectioned and mounted on non-charged slides for laser 

capture microdissection and RNA analysis. 

Laser Capture Microdissection: 

Slides were visualized on the Arcturus PixCell I I . Adjustments were made for 

laser beam focus, power, and pulse. When the software was available pictures were 

taken before, after, and of the cap for each specimen. Specific cell populations were 

captured on Arcturus CapSure© Caps. These caps were placed directly onto a 

microcentrifuge tube for RNA isolation. Several experiments were conducted to validate 

the system and determine the number of cells needed to get reliable real-time PCR 

results. 

RNA Isolation: 

RNA was isolated through column purification with the Qiagen RNeasy© Mini 

kit and initial samples were analyzed for RNA integrity. The RNA underwent reverse 

transcription and was subsequently evaluated using real-time PCR. 

RNA Integrity Testing: 

RNA Integrity was evaluated at many steps in the process. Initial testing included 

scraping several sections into lysis buffer and isolating the RNA. Sample groups 

included, frozen, fixed, frozen stained, fixed stained, and frozen sections with prolonged 

exposure to room temperature. The integrity of the RNA in the samples was analyzed 

with the Agilent Bioanalyzer 2100. This machine employs capillary electrophoresis to 
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evaluate the 18S/28S ratio. As RNA degrades the 18S and 28S peaks decrease and 

additional, smaller, peaks begin to appear [12]. 

Selection of Normalizing Gene: 

Due to the variability in the number of cells captured during LCM per sample it is 

necessary to have a reference with which to normalize the gene of interest. 

Normalization eliminates confounding variables when looking at the expression of 

mRNA. 18S is a popular gene for normalization because it is both abundant and 

consistent across cell types. 

Plasmid Preparation for Standard Curve in RT-PCR. 

Plasmids for 18S and VEGF were generated using Invitrogen's TOPO TA 

cloning system. After incorporating our insert (VEGF 127-144), colonies were selected 

based on growth. Plasmids containing 18S inserts were donated by the Callugri lab and 

were incorporated into E. coli. Colonies with plasmids that contained VEGF or 18S 

inserts were grown up in LB broth and the plasmids were purified using Qiagen's Midi 

Kit©. Correct insertion was verified through sequencing. These plasmids were used to 

generate standard curves for use in quantifying the initial concentration of VEGF mRNA 

and 18S rRNA in LCM samples. The plasmids were again validated on initial samples by 

visualizing the final products on a gel. 

Primer Selection: 

VEGF primers and probe were selected to bind to all isoforms of VEGF in the 

VEGFA family. When working with a small sample size, it is advantageous to include as 

many isoforms of VEGF as possible. A l l isoforms of VEGFA share the first and second 

exon. Our VEGF primers and probe were designed to target the junction between exons 1 
53 



and 2. Since DNA contains an intron between these two exons, this eliminates the 

possibility of picking up genomic DNA contamination in our purified RNA samples. The 

VEGF primer and probe sequences are as follows: Forward -

GCCTTGCTGCTCTACCTTCA; Reverse - GGGTTTCTGCCCTCCTTCTG; Probe -

CATGCCAAGTGGTCCC. The forward VEGF primer targets exon 1, the reverse 

primer targets exon 2 and the probe spans the junction between these two exons. 18S 

primers were designed by Applied Biosciences and sold in a kit containing the forward 

and reverse primers as well as the probe. Sequences of these primers and probe are 

regarded as proprietary information. 

Real-Time PCR: 

FRET probes were employed for two reasons; increased sensitivity when 

compared to available Sybr-Green options at the time, and also ability to multiplex. 

FRET probes were used for both VEGF and 18S. Standard curves were generated using 

the plasmid preparations described above. The range of detection was determined in 

several experiments investigating the maximum dilution of plasmid that still produced a 

reliable standard in triplicate. After determining the minimum range of detection for the 

standard curve, the sample size was determined. Several experiments were conducted to 

determine the number of cells per sample needed for that sample to appear on a reliable 

part of our standard curve. 

Validation of Real-Time PCR 

Following the beginning runs of real-time PCR, amplified products were run on a 

TBE gel and checked for accurate weights. A no-RT control was run to ensure that there 
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was no contamination with genomic DNA. Both amplicons (18S and VEGF) were of a 

similar size <100bp. 

Results: 

Comparisons were made between fixed and frozen tissues. There is evidence in 

the literature that supports frozen samples have higher RNA yields than fixed samples 

[13]. Several staining procedures were evaluated including traditional H&E staining, 

modified Lillies Allochrome staining, and a commercial stain marketed for laser capture 

microdissection, Histogene©. Al l staining protocols were evaluated for their ease in 

identifying ovarian cell types including primordial follicles and their effect on mRNA 

integrity. Although the histogene provided the fewest amount of steps and the quickest 

time from thawing to capturing, it did not allow for a clear identification of follicular 

structures. The modified H&E staining was problematic when identifying specific 

ovarian structures. The granulosa and thecal cells of large antral follicles were easily 

identified with bright stain, but the small primordial follicles were obscured in the 

stroma. The modified Lillies allochrome staining provided the clearest ovarian histology 

and was used throughout subsequent experiments. 

RNA integrity was measured on both fixed and frozen specimens under several 

conditions. Figure 3.1 represents data from the Agilent Bioanalyzer 2100 indicating that 

frozen tissue maintains clear 28S and 18S peaks (A). Fixed tissue looses its clear 28S 

and 18S peaks due to degradation and this appears on the histogram as the combination 

of many smaller peaks (B). After determining that sample preparation would only 

include freezing the following conditions were examined; sheep frozen (C), frozen and 

stained(D), frozen, stained, and left at room temperature (250C) for lOhrs (E), 
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Figure 3.1 - Agilent Bioanalyzer 2100 data. Panel A is RNA from frozen sheep 
tissue. Panel B is RNA from fixed sheep tissue. Panel C is RNA from frozen, 
unstained, sheep tissue. Panel D is RNA from frozen, stained, sheep tissue. Panel E is 
RNA from frozen, stained, sheep tissue left at room temperature (250C) for lOhrs. The 
staining tested was a modified Lillie's Allochrome. 

Staining with the modified Lillie's Allochrome did not affect the RNA integrity of the 

sheep samples. Extended exposure to ambient temperatures caused moderate degradation 

of the RNA evident by the decrease in the 28S peak as well as the rise in baseline 

between the IBS and 28S peaks. Degradation was also characterized by an increase in the 

baseline to the left of the 18S peak. 

Figure 3.2 is a representation of the process of laser capture microdissection. A 

large antral follicle was identified under the microscope (A). The thecal cells were 

removed while leaving the granulosa cells behind (B). Finally the granulosa cells were 

removed from the same follicle (C). Each of these specific cell populations was isolated 

on a separate cap. 
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Figure 3.2 — Photographs of the process of Laser Capture Microdissection. Panel A is an 
intact large antral follicle. Panel B is the same follicle with the thecal cells removed. Panel C, 
again the same follicle with both the thecal and granulosa cells removed. 

After isolating RNA from the caps containing specific cell populations the 

genetic material is put into the downstream application real-time PCR. In order to 

quantify RNA from LCM samples standard curves had to be constructed and the 

minimum limits of detection tested. Figures 3.3 and 3.4 illustrate the use of 18S and 

VEGF plasmids to establish reliable standard curves as well as the limits of our standard 

curve detection. 
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Figure 3.3 - Limits of VEGF standard curve. Panel A illustrates a minimum 
reliable level of detection using our VEGF plasmid to set up a standard curve. 
Panel B represents the same VEGF plasmid standards diluted out until the 
triplicate standard becomes unreliable. 
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Figure 3.4 — Limits of 18S standard curve. Panel A illustrates a minimum 
reliable level of detection using our 18S plasmid to set up a standard curve. 
Panel B represents the same 18S plasmid standards diluted out until the 
triplicate standard becomes unreliable. 
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The minimum reliable standard we used to quantify the amount of VEGF in each 

LCM sample is 100 attograms for both 18S and VEGF. Any dilution beyond 100 

attograms becomes unreliable as evident by the splaying of the triplicate standard points. 

This was also true ofboth 18S and VEGF. Figure 3.5 is a comparison between the 

different amounts of VEGF mRNA we captured or had available, and where they 

appeared in relation to the reliable points on our standard curve. RNA from 30-500um 

sections appeared on an unreliable section of the standard curve. When RNA was 

isolated from at least 4 consecutive sections of granulosa or thecal cells from large antral 

follicles the sample appeared at a reliable point on our standard curve. As a positive 

control we used RNA isolated from a 7mg piece of C L . tissue. A l l 18S samples 

appeared on a reliable part of our standard curve (data not shown). 

Finally a small collection of data served as both a validation of our system as well 

as a preliminary look at VEGF mRNA in the ovary. Table 3.1 provides the results of an 

experiment in which the VEGF mRNA was assessed in the granulosa and thecal cells of 

large antral follicles. Al l values have been normalized to 18S. Preliminary results found 

ranges of VEGF mRNA expression in specific ovarian compartments consistent with the 

literature [14]. 
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Figure 3.5 - Concentration comparisons between three different RNA samples. The RNA 
captured from a corpus luteum section ranging in diameter from 30-500um, RNA from four 
consecutive sections of large antral granulosa or thecal cells, and the RNA isolated from a 
7mg piece of frozen corpus luteum tissue. 

Sample V E G F [attog] mRNA/lSS [picogl 
C L . (30-500um Not detectable 

sections) 
Thecal Cells 352.9 

Granulosa Cells 92.7± 24.5* (Range of 4 samples 44.4-152.9) 

Positive Control (7mg 6.25 x 104 

frozen C L . tissue) 

Table 3.1 - Relative amounts of VEGF mRNA collected from the thecal and granulosa cells of 
large antral follicles in sheep ovaries. * Mean ± Standard Error 
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Discussion: 

The work herein was done, largely to establish a set of new techniques. Initially, 

it was necessary to determine the amount of RNA needed from any one sample, so that 

the data point would appear on a reliable portion of the standard curve. The first 

experiments included taking a specimen rich in VEGF, the corpus luteum, and capturing 

different sizes of tissues ranging from 30um-500um. None of these samples provided 

enough VEGF RNA to appear on a reliable part of the standard curve. We gradually 

increased the amount of tissue we captured until it was determined that we had to take the 

same cells from at least four consecutive sections when isolating granulosa or thecal cells 

from large antral follicles. This number wil l have to increase greatly as smaller size 

follicles are investigated. Another variable that needs to be evaluated is the health of the 

follicles. LCM followed by real-time PCR would be a powerful tool for evaluating 

healthy and atretic follicles. Some guidelines need to be developed for identifying 

healthy, large antral follicles which could include a crisp border between the thecal and 

granulosa cells. Healthy granulosa cells should appear plump and round, not crenated or 

asymmetric, which would indicate atresia. The RNA from the healthy granulosa or thecal 

cells of four consecutive sections proved to be both intact and appearing at a reliable 

point on our standard curve. Preliminary data indicates that there is no significant 

difference between the VEGF mRNA expression in thecal and granulosa cells of large 

antral follicles. These results are similar to those in the literature [14]. Although LCM is 

one of the most accurate ways to collect specific cell types, the possibility of 

contamination still exists. The employment of cell specific markers for granulosa, thecal, 

and oocytes would be an objective way to ensure the purity of the cell population. 
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There is also some question as to the choice of normalizing gene. We have selected 18S 

which is a ribosomal RNA. The literature suggests that some commonly used 

normalizing genes such as GAPDH may have differing levels of expression throughout 

the estrous cycle [15]. Although we did not investigate the expression levels of 1 SS 

throughout the estrous cycle, 18S is often used to normalize the gene of interest, because 

it is abundant and consistent across cell types. 

As science moves in a molecular direction it is important to validate techniques 

that allow for a molecular view of specific, homogeneous, cell populations. The 

employment of laser capture microdissection and real-time PCR will allow this project to 

move forward confidently when looking at the effects of VEGF in specific cell 

populations in the ovary. 
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CHAPTER 4 

DISCUSSION 
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The previous work has demonstrated that VEGF plays an important role in 

primordial follicle growth and survival. The specific role of VEGF and the mechanism 

by which it affects primordial follicles remains to be elucidated. The implications of the 

role of VEGF in the mammalian ovary are discussed here. 

Role of VEGF in the mammalian ovary. 

Although it is widely accepted that VEGF is an important regulator of the later 

stages of follicle development and corpus luteum function, the data presented in this 

thesis and other data in the literature provide convincing evidence that VEGF is an 

important growth factor for preantral follicle development. It has been shown previously 

that VEGF administration increases the number of primary and small secondary follicles 

in the rodent ovary [1]. Administration of VEGF directly to the ovary results in an 

increase in preantral follicle numbers in a dose and time dependent manner. In addition, 

estrogen up-regulates VEGF expression in the rodent ovary similar to its effects on early 

follicle growth [1]. 

In addition to stimulating preantral follicle growth, VEGF is also an important 

survival factor for the primordial follicle pool. Administration of antibodies directed 

against an antigenic peptide region of the VEGF molecule resulted in a rapid and 

profound loss of primordial follicles in the ovary. Similarly, antibodies which 

specifically block the KDR receptor also resulted in primordial follicle depletion. Direct 

ovarian administration of antibodies also depleted primordial follicles indicating that 

neutralization of ovarian VEGF, as opposed to peripheral neutralization, is key to 

primordial follicle destruction. 
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In addition to the destruction of primordial follicles, neutralization of endogenous 

VEGF also results in a rapid and pronounced increase in apoptosis in the ovary. Data 

from our laboratory and others [2] indicate that the pro-apoptotic protein BAX is rapidly 

up-regulated in the ovary following neutralization of endogenous VEGF. Similarly the 

anti-apoptotic protein BCL2 is rapidly decreased following neutralization of ovarian 

VEGF [2]. 

Localization of VEGF in the mammalian ovary 

Although immunohistochemical studies generally confirm that follicular VEGFA 

expression increases as follicles mature [3-5], several reports reveal expression of VEGF 

in preantral follicular compartments. VEGF has been shown to be localized in the 

granulosa and thecal cells of pre-antral follicles [3] as well as the oocytes of primordial 

and primary follicles [6,7] .In the rat ovary, VEGF is highly expressed in the zona 

pellucida of selected secondary follicles [8]. Kezele et al [9] identified VEGFA as one of 

the important genes upregulated during primordial follicle development in the mouse. 

However, despite these recent studies suggesting preantral expression of VEGF, the 

majority of published studies indicate weak to absent VEGF expression in this follicular 

pool. The discrepancy likely resides in the techniques utilized to identify VEGF 

expression in the ovary. Almost all published studies to date have relied on 

immunohistochemisrty to localize VEGF in the ovary. This technique is exquisitely 

susceptible to subtle differences in antibody preparation and laboratory technique. As 

such, we chose to utilize a more objective and quantitative approach to identifying VEGF 

expression in the ovary. 
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Laser capture microdissection is proving to be a very useful way to identify and 

isolate specific cell populations. LCM coupled with real-time PCR provides a very 

powerful combination of specificity and sensitivity for evaluating the expression of 

VEGF in specific ovarian populations. The techniques developed herein are very useful 

for evaluating specific cell population within the heterogeneous ovarian architecture. We 

began our studies with larger antral follicles, because the structures of large antral 

follicles are easily identified and provided the optimal structures with which to establish 

and validate our laser capture and PCR protocols. With respect to LCM, we have 

optimized the system with respect to tissue preparation, staining protocols, RNA stability, 

and laser parameters including laser pulse duration, and strength. As such we have been 

able to successfully isolate specific cell types (granulosa, theca, and luteal cells) as well 

as individual oocytes. Furthermore we have identified minimal cellular requirements for 

subsequent real time PCR analysis. Similarly, optimal conditions for real time PCR of 

VEGF in these samples have been identified and the assay has been extensively validated 

with respect to sensitivity, specificity, and efficiency. With the techniques and validation 

in hand, future experiments will be developed towards evaluating the expression of 

VEGF (and its receptors) in pre-antral follicle populations which are perhaps the most 

relevant structures with respect to identifying the role of VEGF on preantral follicle 

growth and survival. 

Mechanisms of action of VEGF in the mammalian ovary. 

VEGF could increase the number of preantral follicles in the rat ovary by a 

variety of mechanisms. Enhanced vascularity or vascular permeability near developing 

follicles could increase the delivery of endocrine or paracrine factors, such as growth 
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factors, steroids, gonadotropins, or more generally oxygen and nutrients to the developing 

follicles. Increased delivery of folliculotrophic substances could result in an increase in 

the rate of follicular recruitment from the primordial pool (increased follicular growth), 

or an inhibition of follicular atresia. 

In addition to its role as a potent inducer of angiogenesis, VEGF is also a direct 

mitogen for endothelial and tumor cells [10]. VEGF may be acting directly to provide a 

stimulus to primordial follicles that would allow them to progress into subsequent stages 

of follicular growth. Altematively, VEGF could stimulate the production of factors that 

promote follicle survival. As previously discussed, VEGF down regulates BAX an 

apoptotic protein and up-regulates the production of Bcl-2 [11], a pro-survival factor that 

blocks the effects of BAX. Neutralization of VEGF could therefore not only remove a 

proliferation signal but also prevent the production of pro-survival factors. This 

combination could contribute to the destmction of the primordial follicle population. 

Another possibility to explain the loss of primordial follicles is the effect of 

VEGF neutralization on the vasculature of the ovary. Although the primordial follicle 

population is generally sequestered away from the larger vessels in the ovary, primordial 

follicles must receive nutrients and oxygen and eliminate waste in association with the 

vasculature. Neutralizing VEGF would likely cause a dismption of the blood vessels 

within the ovarian stroma. This dismption could lead to a decrease in vasculature 

associated with the primordial follicles, in tum decreasing the amount of nutrients, 

oxygen, and growth factors the primordial follicles receive. However, alterations in 

vascularity would likely take longer than 24hrs, which is the time frame in which a rapid 

decline in the number of primordial follicles occurs. Altematively, neutralization of 
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endogenous VEGF could result in a disruption of vascular permeability which is a much 

more rapid response to VEGF inhibition. Decreasing the permeability of existing 

vasculature would result in a loss of nutrients and growth factors to the primordial 

follicles which could result in primordial follicle apoptosis and atresia. 

In contrast to acting via alterations in the ovarian vasculature, VEGF could have 

direct effects on non-vascular elements in the mammalian ovary. Recent evidence 

suggests that VEGF may have direct mitogenic effects on granulosa cells in vitro and 

could directly stimulate follicular growth in the rat ovary [12]. VEGFR1 mRNA and 

protein is expressed in granulosa cells in cows and VEGF is cytoprotective in the 

extravascular compartment of the bovine follicle [13]. 

Finally, recent evidence from Johnson et al. [14, 15] suggests that there is a 

renewable population of stem cells perhaps originating in the bone marrow. This 

population migrates to the ovary where it continually renews the primordial follicle 

population. Although these new data are controversial, one could speculate that VEGF 

could modulate these "stem cells" either in the bone marrow, ovary, or both and that 

neutralization of VEGF may cause either a direct or indirect depletion in this sensitive 

population. 

In summary, the work presented herein provides compelling evidence that VEGF 

is an important regulator of preantral follicle growth and survival. Not only does VEGF 

stimulate preantral follicle growth [1] but neutralization of endogenous VEGF results in a 

rapid and profound destruction of the primordial follicle pool. In addition, to explore the 

ovarian physiology of VEGF we have developed techniques that will be important in 

evaluating the expression of VEGF and it's receptors in ovarian cell populations. Laser 
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capture Microdissection and real time-PCR are uniquely suited to identify the specific 

ovarian cells expressing VEGF and its cognate receptors in the heterogeneous 

mammalian ovarian architecture. These studies will provide real insight into the 

physiology and molecular biology of the ovarian VEGF system. 
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