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ABSTRACT 

THROMBOSPONDIN EXPRESSION LOCALIZED 
TO GRANITLOSA CELLS iN TE33 BOVINE OVARY 

Jennifer Elizabeth Bond 
University of Guelph, 1997 

Co-Advisors: 
Dr. P. A. Gentry, Dr. J. LaMarre 

Thrombospondin is a 450 kDa glycoprotein first identified as a secretory product 

of thrombin-stimulated platelets. Recently, components of the thrombin-generating 

pathway of hemostasis have been identified in follicular fluid. Endogenously synthesized 

thrombospondin is found in the extracellular matrix of hormone responsive cens, such as 

bovine adrenocorticai cells, and has been demonstrated to be influentid in regulating their 

morphology. 

Western blot analysis of follicular fluid and granulosa ce11 Iysates, isolated h m  

bovine ovaries collected at slaughter, detected the presence of thrombospondin. Northem 

blot analysis of total RNA fiom granulosa cells demonstrated that thrombospondin I and 

thrombospondin 2 mRNA is present at highest levels in the early stages of follicular 

organization. These studies reveal that thrombospondin is produced by granulosa cells 

and secreted into the surrounding follicular fluid in decreasing concentrations as the 

follicle size increases, supporting a potential role for thrombospondin in bovine follicular 

develo pment . 
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INTRODUCTION 

Within the mammalian ovary, the follicle constitutes a micro-environment designed 

to satis@ a primary fùnction of releasing an oocyte capable of being fertilized by sperm. 

This environment is formed during folliculogenesis by three concentric layers of cells 

surrounded by a colIagenous outer membrane, the tunica albuginea. The innermost ce1 

layer is the granuiosa layer. The granulosa cells surround the oocyte and provide nutrients 

for its growth and development. This oocyte projects into the antx-um of the foilicle which 

is fiiled with follicular fluid containing a number of proteins that are denved from 

transudates of plasma as well as some that are locaiiy produced. The granulosa ceils are 

bordered on one side by the theca interna and on the other side by the follicular fluid-med 

antmm. The avascular granulosa layer and the vascularized theca layer are separated by a 

thin basernent membrane. The theca externa surrounds the theca interna and is the 

outermost cellular layer (Kastelic, 1994; Roy, 1994). 

The mechanisms that initiate and control the growth and development of the 

follicle have yet to be fulIy elucidated. Luteinizing hormone (LH) and foliicle stimulating 

hormone (FSH) are two pituitary hormones whose actions have been correlated to both 

the initiation of foUiculogenesis and the modulation of steroid production by the theca and 

granuIosa ceIls dunng follicular development, ovulation and formation of the corpus 

luteum (Garverick and Smith, 1 993). Other potent modulators of growth, differentiation 

and steroidogenesis in non-reproductive tissues have been localized in the ovary. These 

modulators inchde transforrning growth factor+ (TGF-P) (Foumet et al., 1996), ifisulin- 

Iike growth factor (IGF) @orrington et al., 1987; Geisthovei et., al., 1990) and epidermal 



growth factor (EGF) (Fujinaga et al., 1992; Mamo et al., 1993). The presence of these 

modulators suggests the necessity for growth regulation in the ovary. 

As follicular growth reaches its peak and the t h e  for follicular rupture approaches, 

the oocyte, surrounded by a few layers of granulosa cells, cailed cumulus cells, or 

cumulus oophoms, dissociates from the rest of the granulosa layer. The compact layers of 

theca cells near the apex of the follicle undergo deterioration, including dissolution of the 

extracellular ground substances and fragmentation of collagen fibers. These changes 

eventually result in rupture of the preowlatory follicle waU and the release of the oocyte 

(Ny et al., 1993). After ovulation the ruptured follicle remodels into a hormone-secreting 

corpus luteum which involves differentiation of theca and granulosa cells into luteal cells 

(Ny et al., 1993). Various theories have been presented to account for the process of 

ovulation, however, the current hypothesis that ovulation is comparable to an 

inflammatory reaction is supported by the observation that many potent nonsteroidai anti- 

inflammatory agents will inhibit ovulation (Espey, 1994). It is postulated that increased 

quantities of eicosanoids found within the follicle, just prior to ovulation, mediate 

proteolytic degradation of the follicle wall, while anti-inflammatory agents exert their 

antiovulatory effects by inhibiting synthesis of one or more ovarian eicosanoids (Espey, 

1994). This proteolytic theory is supported by the presence of a well-defined fibrinolytic 

system, including plasminogen and tissue plasminogen activator (PA), within the follicular 

fluid (Ny et ai., 1993). Thrombospondin (TSP) can form vimolecular complexes with 

both plasminogen and tPA. The resulting complex is considerably more efficient in the 

generation of plasmin in the absence of fibnn than the unbound proteins (Lawler, 1995). 

The fibrinolytic pathway, which is aiso important in hemostasis, consists of a series of 



activation reactions during which plasminogen activaton convert plasminogen to plasmin. 

Plasmin is a broad spectnim proteinase capable of activating procollagenases as well as 

degrading a wide range of extracellular matrix @CM) molecules (Ny et al., 1993). The 

fibrinolytic system within follicular fluid is thought to have an important role in the 

processes of both foiiicular development and ovulation (Peliicer et al., 1988; Ny et al., 

1993; Espey, 1994). 

The proteins present in follicular fluid are highly similar in type to those found in 

plasma. This is reflected not only by the presence of the plasminogen-plasmin system but 

also by cornponents of the tissue factor pathway of thrombin generation (Yamada and 

Gentry, 1995). Thrombospondins are a family of proteins recognized as extracellular 

matrix molecules (Dreyfus and Lahav, 1988) and hypothesized to be modulators of the 

plasminogen-plasrnin system (Bachmann, 1987), as well as the platelet response to 

thrombin activation (Baenziger et al., 1972). Since components of ail of the plasrnin and 

thrombin pathways are found in the follicle, thrombospondins may be present in follicular 

fluid where they rnay have an effect on local growth regulation in the ovary. 

The purpose of this study was to determine which, if any, of the family of 

thrombospondins are present in bovine follicular fluid. This area of research has the 

potential to iden* an entirely novel role for thrombospondin that dEers from its 

currently recognized one of an extracellular matrix rnolecule in the control of follicular 

growth and dedopment. 



REVEW OF LITERATC'RE 

FoUicular Development within the Bovine Ovary 

Folliculonenesis 

The mammalian ovary is a system in which rapid growth, fiinctional changes and 

atresia (follicular regression and death) are choreographed to satis@ a primary fùnction of 

releasing an oocyte capable of being fertilized by sperm. Undiierentiated cells, termed 

oogonia, arise fiom primordial germ cells within the ovary. As development continues, 

these oogonia differentiate into oocytes and become arrested in the diplotene stage of 

meiosis. SirnuItaneously they become enclosed by a single layer of flatteneci, squarnous 

epithelid ceïs sometimes referred to as the "pre-granulosa layer". Dunng the lifetirne of 

the femaIe the primordial follicles in this finite pool will respond to hormones and a host of 

locally produced peptide factors crucial to coordinated growth and differentiation of 

follicular cells leading to folliculogenesis and ovulation as well as follicular regression and 

death (Roy, 1 994). 

In response to undetermined signals within the ovary, the pre-granulosa cells begin 

to differentiate into a layer of cuboidal ceUs surrounded by a compact mass of interstitial 

cells. When at Ieast three layers of granulosa cells are formed, two definitive theca layers 

differentiate fiom the surrounding stroma (Roy, 1994). These two layers are cdled the 

theca interna, which lies closest to the granulosa ce11 layer and is separated fiom it only by 

a thin basement membrane, and the theca externa which is surrounded by ovarian stroma1 

cells. The avascular granulosa layer continues to proliferate within the pre-antral foUicIe 

and rnicrovilli fiom adjacent cells abut as gap junctions on the oocyte plasma membrane 

just pnor to the formation of the zona pellucida, a glycoprotein coat surrounding the 

4 



oocyte (Roy, 1994). Simultaneously, fl uid-filled spaces form withh the granulosa ce11 

layer. These spaces codesce to form a large antrum containing foliicular fluid encircling 

the oocyte. 

While hormones are stili considered to be the primary stimuli for follicular 

development, it is ciear that the actions of these hormones at the cellular level involve a 

host of peptide factors which are produced locally by different follicular ce11 types and 

which are powerful modulators of gonadotropin actions. The temporal and spatiai 

expression of the genes of these modulators, the synthesis of active factors, their 

interactions, and the dynarnics of their receptors on the follicular ceII surface may be the 

ultimate determinants of cellular events which are crucial to coordinated growth and 

differentiation of follicular cells leading to folliculogenesis and ovulation (Roy, 1994). 

After ovulation occurs, the granulosa and theca layers are remodeled to form the 

corpus luteum. The basernent membrane breaks down and the vasdature infiltrates the 

previously avascular granulosa Iayers. The theca layers begin to proliferate and, in doing 

so, they dissociate fiom one another. The changes that occur in the steroidogenic 

properties of the theca and granulosa ceIls are associated with their differentiation into 

active lutein tissue. The function of this newly formed corpus luteum is to produce 

progesterone for the maintenance of pregnancy (Espey, 1994). If pregnancy does not 

occur, the corpus luteum regresses and a new cycle of folliculogenesis can begin. 

The M o q h o l o ~  of the GranuIosa Ce11 

In the primordial follicle, a single ce11 layer surrounds the oocyte. These cells aise 

frorn the rete ovarii and, to a lesser extent, the surface epithelium. They resemble 
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flattened, squamous epithelium and are the precursors of the granulosa celis (Richards, 

1980). In the more mature antral follicle, the granulosa layer is £ive to seven cells thick 

except at a random site where two or three additional cells layers form a pedestai (termed 

the cumulus oophoms) which supports the oocyte. The celis that lie closer to the 

basement membrane are termed mural granulosa cells and in contrast to the rapidly 

proliferating cumulus ceus they are primarily differentiated cells (Espey, 1994) The 

granulosa cells are cuboidal in shape and, as the follicles grow, the mitochondria, 

endoplasmic reticulum, free ribosomes and lipid droplets gradually increase while the 

number of mitotic figures decreases reflecting the granulosa cell's changing roie fiom one 

of proliferation to one characteristic of steroidogenesis (Roy, 1994). The morphology of 

the granulosa cells or follicular epithelium suggests a structure that is highly permeable to 

water and dissolved substances. In contrast to so called "tight" epithelia, occlusive 

junctions are not found between cells, although other junctional complexes exist for 

maintainhg structural integrity and intercellular communication (Gosden et al., 1988). 

The Developrnent of the Granulosa Ceil Laver 

Once foilicular development is initiated within the primordial foliicle, the single 

layer of flattened, squamous epithelium surrounding the oocyte begins to proliferate 

rapidly. This growth is accompanied by a morphologicd change in the granulosa celfs. 

The granulosa cells of growing follicles are typically polygonal although the outer layer is 

columnar and rests on a delicate basement membrane (Gosden et al., 1988). They become 

cuboidal and eventually columnar in shape. Microvilli fiom adjacent granulosa cells form 

gap junctions on the oocyte plasma membrane before the formation of the zona pellucida 
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occurs. Comparative cytochemical studies on the origin of this giycoprotein coat suggest 

that it may be formed by secretions fiom both the oocyte and the granulosa ceU layers 

(Roy, 1994). A network of gap junctions also unites the granulosa cell layer into a 

functional syncytium. It is thought that nutritional and electrical coupiing provided by this 

syncytium might permit the granulosa cells to influence oocyte metabolism and vice versa 

(Espey, 1994). Bidiectional ionic coupling and transfer of smd molecules between the 

cumulus and the oocyte occurs which allows inhibition ofmeiotic resumption in the 

oocyte cells (Tonetta and diZierga, 1989). It is hypothesized that a certain factor, oocyte 

meiosis inhibitor, is produced by the granuiosa ceils and exerts its inhibitory action not 

directly in the oocyte, but through the mediation of cumulus. The inhibitory action of this 

factor depends on the concentration of granulosa cells producing it as well as the size of 

the follicle (Tonetta and diZierga, 1989). Granulosa ceUs produced by small folticles 

appear to be more effective at inhibiting the resumption of meiosis than the p u I o s a  cells 

of medium or large. As the granulosa cells proliferate severd fluid-fiIted spaces appear 

among them. These spaces coalesce to form a fluid-filled antrurn in the center of the 

follicle which compresses the granulosa ceiis onto the basement membrane. This 

arrangement allows the pedestai of cumulus cells to surround the oocyte which is 

protected fiom h m  by its extension into the foHicular fluid-filled antrum of the follicle 

(Findlay, 1994). 

The Development and Vascularization of the Theca Ce11 Laver 

The theca ce11 layer forms at various stages in fokular development depending on 

the particular species. It has been suggested that even though interstitiai ceiis organize 
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themselves around the follicles at early stages of development, a tight association between 

these cells and a follicular basement membrane may not occur until follicles attain a certain 

stage of maturity in response to gonadotropins (Roy, 1994). In the bovine, definitive 

thecal layers difFerentiate when the follicle contains at least three layers of granulosa ceus. 

As foüicular growth continues, the thecal layer subdivides into the theca interna and the 

theca externa. The theca interna is two to six ceUs thick and is the metabolically active 

layer within the follicle. This layer is the most vascuiarized and receives the majonty of 

the blood supply. The cytoplasm in this ce11 layer contains mitochondria and lipid droplets 

dispersed within smooth endoplasmic reticulum characteristic of steroid-secreting cells 

Fspey, 1994). The theca externa which lies between the theca interna and the 

surrounding ovarian stroma is the colIagenous conneetive tissue layer. The fibroblast-like 

cells found here comprise a layer approximately five to seven cells deep (Espey, 1994). 

The theca externa layer is oflen indistinguishable fiom the tunica albuginea, a dense tissue 

consisting of fibroblasts and collagen fibers that surrounds the developing follicle. During 

folliculogenesis, blood capillaries invade the theca layer and grow towards the granulosa. 

This blood supply is contained hIly within the theca layers, however, as it does not 

penetrate the basement membrane (Espey and Lipner, 1994). The development of the 

theca layer is, therefore, essential to folliculogenesis as it is this layer that provides the 

oocyte and its surroundmg granulosa cells with the nutrients and substrates required for 

follicular growth and steroid production. 



Interrelationships between the Granulosa and the Theca Ce11 Laver 

The production of steroids by interacting ovarian celis has led to the development 

of the "two-cell, two-gonadotropin" model of hormone production. This model proposes 

that foilicle-stimulating hormone and luteinizing hormone together influence the 

production of androgens, progestins and estrogens through the cooperative efforts of the 

granulosa and the theca cells (Findlay, 1994). 

Follictilar steroidogenesis depends on plasma lipoproteins which carry cholesterol 

and cholesterol-esters (Roy, 1994). Low-density lipoproteins bind to plasma membrane 

receptors on cells of the theca interna and enter the ce11 via receptor-mediated 

endocytosis. Formation of endocytotic vesicles results in hydrolysis of the protein core of 

the lipoproteins and release of the unesterified cholesterol which is stored as cholesterol in 

lipid droplets (Roy, 1994). Theca cells contain al1 the enzymes necessary for the 

production of androgens, primarily androstenedione, but express very little of the enzyme, 

aromatase, crucial for the conversion of androgens to estradiol (Kotsuji and Tominaga, 

1994). Compared to granulosa cells, theca cells do, however, possess a large number of 

LH receptors on their ce11 surface (Fhdlay, 1994). LH increases steroid precursor uptake 

and maintains high levels of steroidogenic enzyme activity in the theca cells by activation 

of these membrane receptors (Findlay, 1994). Once the androgens have been synthesized, 

they are relocated across the basement membrane to the granulosa layer. 

Granulosa cells contain the enzymes required, primarily aromatase, for the 

conversion of androgens to estradiol. This aromatase activity is likely maintained, if not 

upregulated, by FSH as there are abundant receptors for this hormone on the surface of 

granulosa cells and few, if any, on theca cells (Fortune, 1986). Also, the action of this 
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enzyme can be induced by FSH in vitro (Donhgton et al., 1983). As the follicle grows 

and becornes preovulatory there is a change in theca ce11 fiinction and responsiveness to 

LH due to an increase in LH receptors. This precedes an increase in follicular estradiol 

synthesis which is caused by an increase in androgen synthesis by the theca cells. Estradiol 

induces a burst of proliferation of granulosa cells which is sustained until there is a surge 

of LH which irnmediately precedes ovulation (Garverick and Smith, 1993). Estradiol aiso 

enhances the granulosa cells' response to FSH which stimulates differentiation and the 

appearance of LH receptors on the surface of the cells (Garverick and Smith, 1993). 

Therefore, the synthesis of steroids by theca and granulosa is controlled by the actions of 

LH. 

It is also hypothesized that granulosa and theca ceils modulate their own growth 

and development. The granulosa cells that lie closest to the oocyte, and therefore farthest 

from the presumptive theca cells in the primordial follicle, are primarily proliferative (Roy, 

1994). Those cells situated closer to the basement membrane are more dflerentiated. In 

1994, Roy hypothesized that the interaction of the granulosa cells with the interstitial layer 

induces its dzerentiation into theca cells and, likewise perhaps, the developing theca 

induces further granulosa ce11 differentiation. 

Recent research has identified a wide range of proteins, including integrins and 

signaling molecules, which are produced or are active within the ovary. These include 

thrornbin, tissue plasrninogen activator and fibronectin (FN) (Forbes, 1996; Skinner et al., 

1985; Reinthaller et al., 1990; Zhao and Luck, 1995; Gentry et al., 1996). It is possible 

that a protein or signahg molecule produced by one cell type may have an autocrine 



effect or perhaps it could cross the basement membrane and exert a paracnne effect on 

another ce11 type within the foliicle. 

Protein Profile of the Follicular Fiuid 

The constituents of foliicular fluid are very important as this fluid provides not only 

a protective environment for the developing oocyte but it dso plays a role in oocyte 

development and ovulation (Lobb and Dorrington, 1987). It has been wideIy recognized 

that follicular fluid is composed of proteins, such as albumin, which are derived fiom 

transudates of plasma white other proteins are produced and secreted Iocally by one or 

more follicular cells (Wise, 1987, Gentry et al., 1996). The dominant foIlicIe cornpletes its 

developmental program in an environment in which other foliicles becorne atretic, even 

though ail the follicles are exposed to the same leveI of gonadotropins in the circulation 

(Roche, 1996). Consequentiy, the hypothesis has developed that the dominant follicle 

acquires eminence by developing autocrine and paracrine mechanisms of local control 

through the secretion of proteins synthesized by celis in the follicle (Lobb and Domngton, 

1987). 

Components of the fibrinolytic system and the tissue factor pathway of thrombin 

generation within follicular fluid are thought to play an important roie in the processes of 

both follicular development and ovulation (Peilicer et al., 1988; Ny et ai., 1993; Forbes, 

1996). The presence of factors integral to the tissue factor pathway of the thrombin 

generation system and the plasrninogen-plasmin in follicular fluid reflects the high degree 

of similarity between the protein composition of tbis ffuid and pIasrna (Yamada and 

Gentry, 1995; Reinthaller et al., 1990). These molecules include tissue plasminogen 
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activator, plasminogen, factor X and prothrombin (Reinthder et ai., 1990; Yamada and 

Gentry, 1995; Forbes, 1996). Extracellular matrix molecules associated with cell 

adhesion, proliferation, differentiation and ce11 migration such as fibronectin and 

vitronectin (VN) are also present in plasma and foilicular fluid (Lobb and Domngton, 

1987; Reinthaller et al., 1990; Lehwdd-Van Voorst, 1993 ; Preissner and Jeme, 199 1 ; 

Peter et ai., 1995; Zhao and Luck, 1995; Gentry et al., 1996). 

One family of important extracellular matrix molecules associated with ceil 

adhesion and ce11 spreading in bovine adrenocortical ceils is the thrombospondin (TSP) 

family (Pellerin et al., 1994). This protein family is also found in plasma following release 

ftom thrornbin stimulated circulating platelets (Baenziger et al., 1972). Thrombin has 

recently been shown to be present in bovine ovarian follicular fluid at al1 stages of 

follicular development (Forbes, 1996). It is possible that one of the intrafollicular 

functions of thrombin is to initiate local TSP release which then acts locally on the 

follicular cells as it does with the adrenocortical cells. 

Throm bospondin 

The Generation and Localkation of Thrombospondin 

The first rnember of the thrombospondin family was reported in 1972 by Baenziger 

and CO-workers. A glycoprotein of human platelets was observed to be released into the 

incubation medium upon treatment with thrombin. Membrane-bound and released fonns 

of the thrombin-sensitive protein showed no significant dEerence in molecular weight or 

amino acid and carbohydrate composition suggesting that release does not involve 

proteolysis of the thrombin-sensitive protein itself by thrombin (Baenziger et al., 1972). 
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Thrombospondin accounts for approximately 5% of the total protein in the particdate 

fraction of human platelets and represents about 20 to 30% of the protein found in the 

supernatant after thrombin treatment (Baenziger et al., 1972). Within the vasculature, 

circulating human platelets are stimulated by various agonists such as thrombin. These 

agonists interact with specific receptors and activate phospholipase C. This enzyme 

catalyzes the cleavage of phosphatidyl inositol biphosphate (PIPù to inositol triphosphate 

(IP3), which mobilizes calcium (ca23 from the dense tubular system to activate myosin 

light chain kinase (MLCK) and phospholipase A2 (PLA2). Phospholipase Az releases 

arachidonic acid nom phospholipids which, following a series of enzymatic reactions, is 

converted to thromboxane Az. The other product of PIPZ cleavage is diacylglycerol 

@AG), which stimulates protein kinase C (PKC) to phosphorylate the intracellular protein 

P47 to P47-PO4. The end products of these three pathways each stimulate the secretion 

of products of the dense alpha and lysosomal granules (Colman et al., 1993). It is possible 

that thrombin activation leads to thrombospondin secretion from granules in the bovine 

platelet mode1 via one or al1 of these known pathways. Endogenously synthesized 

thrombospondin is found in the extracellular rnatrix of bovine aortic endothelial cells, 

smooth muscle cells, epithelial cells and fibroblasts (Dreyfus and Lahav, 1988; Majack et 

al., 1986; Bomstein and Sage, 1994). It is also synthesized and secreted by bovine 

adrenocortical cells upon stimulation by adrenocorticotropic hormone (Pellerin et al., 

1993). In vivo, TSP has been localized to basement membranes, vesse1 waüs and other 

interstitial tissues (Bomstein and Sage, 1994). 



The Stnicture of Thrombospondin 

Thrombospondui was originally discovered to be a bonded trimer of three identical 

chains with a monomer molecular mass of about 140,000 Da (Bomstein and Sage, 1994). 

It is now recognized that this original TSP is the founding member of a s m d  family of 

related proteins. To date five members of the family have been identified (Figure 1). 

Thrombospondin 1 and TSP2 are similar in overail structure but differ in their location and 

level of expression as well as their action on surroundhg cells. Thrombospondin 3, TSP4 

and TSPSKOMP are sirnilar to each other in structure and differ from TSP1 and TSPZ by 

the absence of several of the domains present in the larger TSP's. Thrombospondin 1 and 

TSPZ exist in both the heterotrimeric and homotrimeric form (Lawler, 1995). 

Thrombospondin 4 and TSPSKOMP are pentarners and since the individual monomers of 

TSP3 are very simiiar to those of TSP4 and TSPSKOMP it is likely that TSP3 is 

pentarneric as well (Bomstein and Sage, 1994). 

Thrombospondin S/COMP has been previously identified as cartilage oligomeric matrix 

protein in articular cartilage but otherwise very little is known about the smaller TSP's 

(Bornstein and Sage, 1994). Individual monomers that make up the more complex 

molecules are composed of several modules. Thrornbospondin 1 and TSP2 are cornposed 

of an amino (NHÎ) terminal globular domain, an interchain disuEde hot  formed by two 

closely spaced cysteines, a region homologous to the al chah of type 1 procoiiagen, three 

type I (TSP or properdin) repeats, three type II (EGF-like) repeats, seven type III (ca2'- 

binding) repeats the last of which contains an arginine-glycine-aspartic acid (RGD) 

sequence which allows binding to integrins and a carboxy (COOH) terminal domain. 



Figure 1 : The structure of thrombospondin 1 and thrombospondin 2 in cornparison with 
that of thrombospondin 3, thrombospondin 4 and thrombospondin 5 (cartilage 
oligomeric rnatrix protein). 
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Thrombospondin 3, TSP4 and TSPSICOMP lack the procollagen homology region and 

type 1 repeats. They also contain four type II repeats rather than three (Bomstein, 1992). 

The Functions of Thrombospondin 

Thrombospondin has been implicated in modulation of a number of processes, 

including aggregation of platelets, angiogenesis, formation and lysis of extracellular 

matrices, adhesion and migration of ceUs and growth promotion and development (Jaffe et 

al., 1982; Lahav, 1993). 

Platelets activated by thrombin change shape from disks to spheres and aggregate. 

During this sequence of activation platelets develop a membrane-bound lectin activity, 

which is expressed d e r  the secretion of their intracellular granule contents. This lectin 

activity seems to be important in modulating platelet aggregation by binding to specific 

fibrinogen receptors on other platelets (Lahav, 1993). Thrombospondin has been shown 

to be the endogenous lectin of platelets (JaEe et al., 1982). Antibodies to TSP, especially 

the COOH-terminal domain, inhibit human platelet aggregation (Mosher, 1990). 

Aggregated TSP has the potential to agglutinate cells, for example, platelets (Mosher, 

1990). This action of TSP is mediated by the m-terminai domains. These domains are 

clustered and probably function as a single unit in a protameric TSP molecule (Mosher, 

1990). In this marner TSP plays an important role in the consolidation of hemostatic 

plugs within the vasculature (Lahav, 1993). 

Thrombospondin 1 is thought to be a potent angiogenesis inhibitor for several 

reasons. It destabilizes focal contacts produced by endothelial cells in culture, it inhibits 

endothelial ceil proliferation, it binds to several components of the extracellular matrix that 
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modulate endothelial ce11 behaviour, it modulates the motility of endotheiial cells and it 

mitigates effects of known endothelid c d  rnitogens and rnotility factors (Lahav, 1993; 

Lamszus et al., 1996). The central region of the TSP molecule is thought to be 

responsible for most of the antiangiogenic activity because this fiagrnent btocked 

deoxyribonucleic acid @NA) synthesis and migration in capillary endothelial cells in the 

presence of basic fibroblast growth factor (bFGF), an endothelial ce11 growth factor 

(Lahav, 1993). 

Thrornbospondin is described as a mitogen-inducible matrk glycoprotein with 

autocrine growth-regulating properties (Majack et al., 1986). There are a number of 

molecules in the extracellular rnatrix to which TSP rnay bind, including proteoglycans, 

fibronectin, type V and other collagens and osteonectin (Mosher, 1990). Formation of a 

TSP-rich extracellular matrix in response to platelet-derïved growth factor rnay facilitate 

smooth muscle ceIl growth in an autocrine fashion by i) aliowing or optimizing the smooth 

muscle ce11 response to epidermal growth factor as a progression factor or ii) allowing 

neighboring, TSP-sensitized cells to respond to epidermal growth factor alone (Majack et 

ai., 1986). In addition to srnooth muscle cells, thrombospondin is incorporated into the 

extracellular matrix of fibroblasts and endothelial cells (Dreyfus and Lahav, 1988). In the 

absence of fibrin, TSP accelerates plasminogen activation by tissue plasminogen activator 

(Bachmann, 1987). This effect of TSP rnight be well suited for matnx breakdown related 

to ceIl migration, allowing celis to round up and tissue remodeiing in the extravascular 

spaces. 

Thrombospondin has been described as an adhesive protein involved in ceI1-ceIl 

and cell-matrix interactions (Lahav, 1993). The adhesion of TSP to various ceUs and 
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Proteinases, Extraceiiular Matrix and Signaling Molecules in the Follicie 

Thrombin Generation and its relationship to Thrombosuondin 

Thrombin is a serine proteinase required in the nomai progression of hemostasis. 

Thrombin can be generated by either of the two hemostatic pathways, the intrinsic 

(contact activation) pathway, or the extrinsic (tissue factor) pathway. The hemostatic 

pathways may each be seen as a series of reactions in which inactive zymogens are 

converted to active zymogens. Many of the factors necessary for the tissue factor 

pathway, unlike the contact activation pathway of thrombin generation, have been 

localized to marnrnalian follicular fluid (Yarnada and Gentry, 1995). In the vasculature, 

injury or stimulation by an agonist initiates this pathway and results in the exposure of 

proteins to tissue factor, which rapidIy forms a complex with factor VII and allows factor 

VII to be activated. Factor ViIa in turn activates factor X. Factor Xa, in combination 

with Factor V, phospholipids and calcium, cleaves the inactive zymogen prothrombin at 

two intrarnolecular sites forming the active zymogen thrombin (Grand et ai., 1996). 

Prothrombin is primarily synthesized in the liver, followed by glycosylation, secretion into 

the circulation and subsequent post-translational modification (Bar-Shavit et ai., 1992). 

Investigations into tissue specific expression of prothrombin have revealed it to be 

expressed in vanous non-hepatic tissues including smooth muscle and neural tissue 

(Henrikson, 1992; Bar-Shavit et al., 1992). In addition to its classical role in activating 

blood platelets, as demonstrated by their secretion of intracellular contents and 

aggregation, awareness of thrombin as a potent activator of other cellular events is 

emerging (Darrow et ai., 1996). Thrornbin has been shown to degrade various 

constituents of the extracellular matrix, to induce ceilular responses such as proiiferation 
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and chernotaxis, to inhibit neurite outgrowth from neuronal ceUs and to act as a mitogen 

for fibroblasts, astrocytes, macrop hage-like cells and smooth muscle cells (B ar-S havit et 

al., 1992). Thus thrombin may have a role in many physiologie and pathologie processes 

such as iflammation, tissue remodelin& atherosclerosis and neurodegenerative disease 

(Bar-Shavit et al., 1992). Once thrombin is generated it bhds to its receptor and activates 

these various cellular events via proteolytic cleavage of its seven transmembrane receptor 

rather than by classical ligand (protein) binding (Coughlii et al., 1992). In human platelets 

this activation of the thrombin receptor stimulates secretion of thrombospondin (Baenziger 

et al., 1972). The thrombin receptor has been localized to ovarian celk in the mammalian 

follicle (Forbes, 1996). Aiso, factors of the extrinsic pathway of thrombin generation have 

been shown to be present in the follicular fluid of mammdian ovaries (Yamada and 

Gentry, 1995; Zûrbes, 1996). Thus one of the cellular events mediated by thrombin may 

be secretion of TSP 60m one or more ovarian cell types. 

Thrombospondin as an Extracellular Matrk Molecule 

Thrornbospondin is synthesized by several ce11 types in culture and incorporated 

into the extracellular matrix of these cells (Dreyfus and Lahav, 1988). Thrombospondin 

has been detected in most interstitial spaces through in vitro studies and its presence in 

these locations is thought to be developmentally controlled (Dreyfus and Lahav, 1988). In 

cultures of bovine aortic endothelial cells it was observed that both the pattern and 

distribution of TSP in the matrix changed with ce11 density and length of tirne in culture 

(Dreyfus and Lahav, 1988). Thrombospondin started as a completely amorphous dense 

Iayer of protein when the cells were sparse. The organization of this protein layer changed 
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to well organized fibrils when the cells had become confluent for a while. The relative 

amounts of TSP secreted into the medium, retained by the cells and deposited into the 

extracellular matrix did not vary. A decreased ce11 density results in an increase in 

thrombospondin in the extracellular matnx but no fibrillogenesis occurs. Therefore, 

something other than these factors must account for the appearance of fibrillar arrays of 

TSP. Thrombospondin binds to several purified constituents of the ECM including 

fibronectin, Von Willebrand factor, collagen, heparin and sulfated glycolipids (Dreyfus and 

Lahav, 1988). The appearance and pattern of the TSP fibrils coaligns with that of FN 

fibers, which becomes manifested at or closely after the cells reach confluence. It is 

possible that a formed FN matrix is a necessary prerequisite for the formation of a TSP 

matrk but not a sufficient one. Myoblasts do not synthesize TSP in culture though they 

do secrete a FN and collagen-nch matnx (Dreyfus and Lahav, 1988). Furthemore, they 

do not incorporate exogenous TSP into the fibronectin-rich rnatrix. Therefore, TSP 

production by the matrix-forming cells is required for the incorporation of this protein into 

the ECM. 

Thrombospondin has been implicated in growth regulation in an autocrine fashion 

(Majack et al., 1986). Platelet derived growth factor (PDGF), at concentrations 

suboptimal for mitogenesis, induces synthesis of TSP in smooth muscle ceiis in a rapid and 

transient fashion (Majack et al., 1986) . This induction occurs in a dose-dependent manner 

and is unique to PDGF. Induction is inhibited by actinomycin D suggesting regulation at 

the transcriptionai level. After synthesis, thrombospondin is rapidly secreted and 

incorporated into the extracellular matrk. The elaboration of a TSP-rich extracellular 

matrix may occur concomitantly with the entry of smooth muscle cells into the ce11 cycle, 
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supporting a previous suggestion that one function of rnitogens may be to direct the 

production of a growth-supportive extracetlular matrix (Majack et ai., 1986). A TSP-rich 

matrix rnay be facilitative to, or required for smooth muscle celi growth. Thrombospondin 

uicreases the sensitivity of smooth muscle cells to e p i d e d  growth factor (a potent 

mitogen for epidermal cells) (Majack et al., 1986). The formation of a TSP-rich 

extracellular matrix in response to PDGF may facilitate smooth muscle celi growth in an 

autocrine fashion by either allowing or optimizing the smooth muscle ce11 response to 

epidermal growth factor as a progression factor or allowing neighbouring, TSP-sensitized 

cells to respond to epidermal growth factor aione (Majack et al., 1986). 

Thrombospondin may play a role in the maintenance and ceIl dserentiation in 

vitro (Furman et al., 1986). The effect of bovine corneaI extracellular matrix on 

gonadotropin-primed rat granulosa ceiis was examined by studying the rate of attachment 

to culture dishes, the modulation of ce11 morphoiogy, the specific binding of human 

chorionic gonadotropin (hCG) to luteinizing hormone (LH)/human chorionic 

gonadotropin (hCG) receptors, cyclic adenosine monophosphate (CAMP) response to 

hCG stimulation and basal and hCG stirnulated pragesterclne production (Furman et al., 

1986). The attachrnent of the granulosa cells occurred significantly earlier on ECM as 

compared to uncoated dishes. The gradosa  celis were epitheloid and organized in 

multilayer aggregates, closely resembling their organization in the intact wall of the 

ovarian follicle on the ECM. On the uncoated dishes the granulosa cells formed a 

monolayer of markedly flattened celis. There was a two-fold increase in the number of 

LWhCG receptors on the ECM probably due to de novo synthesis and there was a parallel 

increase in CAMP responsiveness to hCG stimulation. As welI, the ceils cultured on the 



ECM showed a marked elevation in progesterone production even in the absence of 

gonadotropin stimulation whereas ceils grown on uncoated dishes alrnost completely lost 

their ability to produce progesterone both in the presence and absence of hCG. These 

results indicate that the extracellular matnx plays a substantial role in the maintenance and 

further propagation of granulosa ce11 differentiation (Furman et al., 1986). 

Modulation of Fibrinolysis b~ Thrombospondin 

The fibrùiolytic system within the ovary is thought to have an important role in 

processes of both follicular development and ovulation (Pellicer et al., 1988; Ny et al., 

1993; Espey, 1994). The fibrinolytic pathway, which is also important in hemostasis, 

consists of a series of activation reactions dunng which plasminogen activators convert 

plasminogen to plasmin. Plasrnin is a broad spectrum proteinase capable of activating 

procollagenases as well as degrading a wide range of extracellular matri molecules (Ny et 

al., 1993). In the absence of fibrin thrombospondin enhances the generation of plasmin 

through its interactions with various proteins of the fibrinolytic system when it is 

incorporated into the extracellular rnatrix (Mosher et al., 1992). Thrombospondin has 

been demonstrated to form birnolecular complexes with plasminogen and plasmin (Mosher 

et al., 1992; Bachrnann, 1987). Activation of plasminogen by tissue plasminogen activator 

is facilitated by these interactions and most of the plasmin generated remains bound to the 

complex and is thereby not inactivated by a*-antiplasmin (Mosher et al., 1992; Bachrnann, 

1987). Thrombospondin can also form a complex with urokinase plasminogen activator 

(uP A). The TSP-uP A cornplex has plasrninogen-activating activity equivalent to fluid- 

phase uPA but is protected fiom inhibition by plasminogen activator inhibitor-1 (Mosher 
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et al., 1992). In the presence of fibrin, TSP, which has been incorporated into the 

extracellular matrix, significantly inhibits the generation of plasmin by tPA in a manner that 

is calcium dependent (Hogg et al., 1992). The adsorbed TSP does not, however, inhibit 

the activity of previously generated plasmin (Silverstein et al., 1984). The complex 

formation of fluid-phase plasminogen with TSP incorporated into the ECM is specifc and 

seems to be mediated by a specific region of the kringle structure of plasminogen (Depoli 

et al., 1989). This complex formation is saturable and inhibited by excess fluid-phase TSP 

(Silverstein et al., 1984). Thrombospondin in plasma inhibits fibrinolysis and disrupts the 

activity of plasmin but not its generation (Mosher et al., 1992). Thrombospondin which 

has been incorporated into the extracellular matrix as well as fluid-phase thrombospondin 

appears to be an important modulator of the plasmin-plasminogen system in the 

vasculature. Although the fibrinolytic system has been viewed primarily as a system 

responsible for dissolving blood dots in the vasculature, it is now clear that the same 

components are involved in many other processes that require extracellular proteolysis 

such as ovulation (Ny et ai., 1993). Several constituents of the fibnnolytic system have 

been found in the bovine ovary including tPA (Yarnada et al., 1 W6), however, the role of 

thrombospondin in modulating fibrinolysis in this mode1 remains to be determined. 



RATIONALE 

Thrombospondiis are a group of proteins that, so far, have only been found in a 

lirnited number of ce11 types, such as, adrenocorticd ceiis (Pellerin et al., 1993). These 

proteins demonstrate an ability to span the boundaries between matrix molecules, growth 

regulatory peptides and proteins involved in hemostasis. Because moIecu1es in each of 

these categories can be detected in the rnammdian ovary (Dreyfbs et al., 1992) and appear 

to play a role in growth regulation within this tissue (Forbes, 1996), it is postulated that 

TSP will aiso be located within the bovine ovary and found to participate in the regulation 

of cellular growth. 

Several of the thrombospondins are hypothesized to be involved in the acute 

idammatory response mechanism and tissue remodeling in the vasculature (BaenPger et 

al., 1972). Mammalian ovulation exhibits some of the characteristics of an acute 

inflarnrnatory reaction in the ovary (Espey, 1994), particulady in relation to the extensive 

remodeling of granulosa and thecal cells that occurs &er ovulation. It is, therefore, 

possible that TSP is involved in the regulation of these processes in the bovine ovary. 

In the circulating platelet one of the potent stimulants of TSP release is the 

proteinase, thrombin (Baenziger et al., 1972). It has been shown recently that thrombin is 

present in bovine ovarian follicular fluid at ail stages of foiiicular deveIopment (Forbes, 

1996). It is possible, therefore, that one of the intrafollicular fiinctions of thrombin is to 

initiate local TSP release. SeveraI factors integrai to the tissue factor pathway of thrombin 

generation have been discovered in bovine follicular fluid, e.g., factors VI1 and X and 

prothrombin, (Yamada and Gentry. 1995; Forbes, 1996). It has been widely recognized 

that bovine follicular fluid is composed of proteins such as albumin which are derived from 



transudates of plasma while other proteins are produced and secreted locally by one or 

more follicular cells (Yamada and Gentry, 1995). 

Based on the structural comptexity of the thrombospondins that have been 

characterized to date, it is likely that they are proteins locally produced within the foIlicle. 

Both TSP I and TSP2 are widely characterized as 450 kDa trirneric molecules. These 

proteins exist in both the homotrimeric and heterotrimeric form and are highly 

glycosylated (Bomstein, 1992). Individual monomers of TSP3, TSP4 and TSPS/COMP 

(cartilage oligomeric matrix molecule) are similar in structural arrangement but are 

somewhat smaller in size as they lack two domains comrnon to TSPI and TSP2 

(Bornstein, 1992). Thrombospondin 5iCOMP has a pentarneric structure as does TSP4 

(Lawler, 1986; Bornstein and Sage, 1994). The oligomeric structure of TSP3 is not 

known but this protein could also exist as a pentamer (Bornstein and Sage, 1994). 

Considering the size and structural complexity of the TSP family, it is likely that, rather 

than being derived from transudates fiom plasma, one or more of these proteins are localIy 

synthesized and secreted into the folIicular fluid. 

There appears to be a commonality between granuiosa cells and adrenocortical 

celis in the bovine model. They both modify the growth and shape of neighbouring cells 

by producing various proteins in response to hormonal stimuli @refis et ai., 1992; 

Pellerin et d., 1994). It has been show that the expression of two distinct members of 

the thrombospondin family with a high degree of homology are oppositely regulated by 

adrenocorticotrophic hormone in adrenocortical cells (Lafeuiiiade et al., 1996). This 

observation suggests that these two members of the TSP family exert distinct biological 

functions in the adrenal cortex. Since bovine granulosa cells are also in an environment of 
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high hormonal stimulation it is possible that TSPl and TSP2 are oppositely regulated by 

one or more of these hormones and have distinct effects on growth regdation within the 

foliicle. 

The bovine mode1 was selected as most appropriate for this study because it more 

closely resembles the human subject than do the rat or mouse models. The bovine mode1 

does, however, have some disadvantages. Unlike the mouse and rat models there is not as 

close a homology between human and bovine proteins. In addition, the bovine 

reproductive system has not been extensively studied as the rat or the mouse and therefore 

some of the materiafs used in this project had to be prepared before specific experiments 

could be performed. 

Based on ernerging information on the ability of ovarian follicular ceils to 

synthesize specifk proteins, it is hypothesized that at least one form of TSP would likely 

be present. Ln order to investigate this hypothesis it was first necessary to develop 

laboratory techniques to identfi which, if any, ovarian cells synthesize and/or secrete 

TSP. 



MATERIALS AND ~ T E I O D S  

Preparation of foiiicular muid and ce11 lysates 

Collection of Ovaries 

Ovaries were obtained fiom a local abattoir fiom Holstein cows with unknown 

reproductive histones. The ovaries were transported fiom the slaughterhouse in an 

insulated container at approximately 37°C in lOmM phosphate buffered saline (PBS), at a 

pH of 7.2. 

The ovaries were rinsed in 70% ethanol. Ovaries were selected and separated 

based on the size of follicle(s) and transferred to beakers contauùng sterile PBS at 4 ' ~ .  

Follicles of a diameter of greater than 1 .O cm were classified as large follicles, those with a 

diameter of between 0.5 and 1 .O cm were considered to be medium sized and those 

follicles having a diameter of less than 0.5 cm were termed small. The follicular fluid was 

aspirated fiom the follicles using a 25 gauge needle with a 1 ml tuberculin syringe. The 

aspirated fluid fkom each follicle was then divided into two aliquots of approximately 500 

pl each and centrifuged at 13,000 x g for 10 minutes. The supernatant was stored in 1.5 

ml Eppendorf tubes at -70'~. 

Isolation of Granulosa Cells 

The ovaries were prepared and grouped in the same manner as for the preparation 

of follicular fluid. The follicles were slashed with a scalpel blade in one direction and 



irnrnersed in Dulbecco's modified essential medium containing Ham's F- 12 in a 1 : 1 ratio 

@MEM:F 12) (Appendix V) supplemented with 1% fungizone (Appendi V) ,2% 

gentamycin (Appendix V), 1% heparin (Hepaiean, 10,000 U / d )  (Appendii V) and 2% 

penfstrep (1 0,000 U/mI penicW10,OOO pg/d streptomycin) (Appendix V) at a 

temperature of 4 ' ~ .  While h e r s e d  in the supplemented medium, the ovary was gently 

squeezed to reIease the granulosa ceiis. The medium was then transferred to a 50 ml tube 

and centrifuged at 250 x g for 5 minutes. The supernatant was removed and 

contaminating red blood cells lysed by the addition of 4.5 ml of sterile water followed by 

500 pl of 9% w/v sodium chloride. The suspension was centrifuged for 3 minutes at 250 

x g to pellet the granulosa cells. The ce11 pellets were transferred to individual cryoviais 

and snap fiozen by immersion for 10 seconds in liquid nitrogen. The cells were then 

stored at -70'~. 

Preuaration of Granulosa Cell Lvsates 

After isolation from bovine ovaries as previously described, the granulosa cells 

were incubated at room temperature in 500 pl of lysis buffer (Appendix 1) for 1 hour. The 

samples were then spun at 23,000 x g for 10 minutes. The resulting supernatant was 

aiiquoted in 1.5 ml Eppendorf tubes and stored at -70°c. 

.n cows maintain 

Preparation of Bovine Platelet Lvsates 

Blood was collected from normal, mature Holstei ied at the 

Ponsonby Research Station, University of Guelph, under the guidelines of the Canadian 

Council on Animal Care. BIood was drawn by puncture of the extemal jugular vein with 
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an 18 gauge needle attached to a 60 ml plastic syringe to which the anticoagulant sodium 

citrate (3.8%), had been added at a 1 :9 ratio of anticoagulant to blood. The citrated blood 

was transferred to polypropylene tubes and centrifuged at 17ûxg for 15 minutes at 22°C 

and the upper two thirds of platelet rich plasma (PRP) was removed. Platelet poor plasma 

(PPP) was obtained by recentrifuging the remaining blood at 2500xg for 15 minutes at 

4°C. The PPP was removed and the platelet pellet remaining was incubated in lysis buffer 

for 2 hours at room temperature. The solution was transferred to a microcentrifuge tube 

and spun at 250xg for IO minutes. The platelet lysate was aspirated and stored at -60" 

until fùrther use. 

Protein Assay 

The protein content of follicular fluid samples and granulosa ce11 lysates was 

determined by both the ~io-radm and the Lowry Protein Assay. Al1 samples were 

assayed in quadruplicate. 

~ i o - ~ a d ~  Method 

Dye reagent (Appendix V) was prepared by diluting the concentrated dye reagent 

four-fold with double distilled water. Ten dilutions of a protein standard (bovine serum 

albumin) were prepared. A 250-fold dilution of follicular fluid obtained fiom the small, 

medium and large follicles was made. A 50-fold dilution of the granulosa ce11 lysates 

obtained from small, medium and large-sized follicles as weii as bovine platelet lysates 

were prepared. A 10 pl aliquot of each preparation was pipetted into separate microtiter 

plate wells and 200 jd of diluted dye reagent was added to each well. Each sample was 
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mked by pipetting and aiiowed to incubate for at Ieast 5 minutes at room temperature. 

M e r  incubation, the absorbance of the samples was measured at a wavelength of 540 m 

using a microplate reader. 

Lowry Method 

Protein standards of bovine serurn albumin in the concentration range 0-1 .O mglml 

and dilutions of the protein samples were each prepared as descnbed for the ~ i o - ~ a d ~  

assay. To 20 pi of each sarnple, 200 pl of working solution (Appendix 1) was added and 

the samples were incubated for 10 minutes at room temperature. M e r  incubation, 20 p1 

of Folin's Reagent (Appendix V) was added to each sample and incubated for 30 minutes, 

again at room temperature. The absorbance was read at 690 nm using a microplate 

reader. 

Western Blot Analysis 

Electrop horesis 

Protein samples (20 pg for follicular fluid, 5 pg for granulosa ce11 lysates and 2 pg 

for platelet lysates) were subjected to discontinuous SDS-PAGE (Laernrnli, 1970) utilizing 

a 3% to 8% acrylamide gradient separating gel (Appendix 1) for thrombospondin 

detection, and a 3% stacking gel (Appendix 1). Pure human thrombospondin (0.54 pg), 

obtained frorn Dr. Steven L. Gonias at the University of Vrginia, was mn as a positive 

control. The gel was run at 100 V for 2 hours in Tris-glycine buffer (Appendix 1). The 

proteins were then transferred for approxirnately 18 hours to a polyvinylidene difluoride 



(PVDF) membrane (Appendix V) at 300 mA in Towbin's transfer b a e r  (Appendix 1) for 

at least two hours. The membrane was rinsed twice in Tris-buffered saline (TBS) 

(Appendix 1) and blocked using TBS containing 1% w/v blocking reagent (Appendix V) 

and 1% vlv sheep senim for 1 hour with rocking. The membrane was then incubated with 

a monoclonal primary antibody, anti-human thrombospondin, (Appendix II) for 1 hour. 

Ail incubations and rinses were performed at room temperature with rocking. Following 

two, 10-minute washes with TBS + 1% v/v Tween-20 (Appendix V) (TBST) and two, 10 

minute washes with TBS containing 0.5% wlv blocking reagent, a secondary antibody, 

anti-mouse IgG POD, (Appendix II) was introduced and incubated for 1 hour. The 

membrane was washed four times in TBST for 15 minutes each in preparation for protein 

detection. 

Protein detection by enzyme-linked cherniluminescence ECL)  

The membrane was transferred from the wash buffer to a piece of acetate folded in 

half width-wise. Detection reagent (Appendix V), containing luminol and hydrogen 

peroxide, was added to the membrane. The acetate was folded down to completely cover 

the membrane and the membrane was incubated for 30 seconds at room temperature. 

During incubation, paper towel was used to evenly distribute the detection reagent over 

the surface of the membrane by gently wiping the exterior of the acetate. Once the 

incubation penod had elapsed paper towel was used to squeeze excess detection reagent 

and bubbles from the membrane. The membrane was inserted into a fiim cassette with the 

protein side up. Several different sheets of x-ray film were loaded ont0 the membrane for 

various exposure times to obtain maximal definition of bands with minimal background. 



Sub-Cloning of thrombospondin 1 and thrombospondin 2 cDNA 

Elution 

Ten pg of Thrombospondin-1 (TSP I) cDNA, blotted on a piece of filter paper, 

was obtained from Dr. Rasheeda Zafar (Wayne State University, Dept. of Physiology, 

Detroit, MI). A sirnilar quantity of Thrombospondin-2 (TSPL) cDNA was obtained from 

Dr. Jean-Jacques Feige (Institut National de la Sante et de la Recherche Medicale, 

Grenoble, France). The DNA supplied was eiuted fiom the filter paper in an Eppendorf 

tube with 50 pl TE buffer (pH 7.9) by incubating for 5 minutes at 3 7 ' ~  and then rocking 

on ice for one hour. The filters were rinsed with the TE buffer by pipetting up and down 

over the filter. The eluted DNA in TE buEer was transferred to a fresh Eppendorf tube 

and stored at 

Heat Shock Transformation of E. Coli 

The eluted DNA in TE buffer (5N) was added, by repetitive pipetting, to an 

Eppendorf tube containing 200 pi of competent XL1 Blue E. Coli that was taken from 

-70 '~  and just thawed. The mixture was incubated for 30 minutes on ice, then exactly 2 

minutes at 3 7 ' ~  followed by another 2 minutes on ice. SOC medium (Appendix III), 

warmed to 3 7 ' ~  was added to the mixture in a quantity of 800 pl and the solution was 

agitated in a shaker waterbath at 3 7 ' ~  for 30 minutes. The LB Agar plates, supplemented 

with tetracycline (Appendix V) and ampicillin (Appendix V) , were warmed to 37'~. 

After shaking, 100 pl of the solution was spread on the plate and incubated at 3 7 O ~  



overnight. The remainder of the solution was stored at -20'~. A single colony was 

picked by touching it with the end of a sterile toothpick. The toothpick was swirled in 50 

ml of LB broth that had been w m e d  to 37'~ and supplemented with tetracycline and 

ampicillin. The broth was then shaken oveniight in a 37'~ shaker waterbath. 

Midi~rep 

The plasrnid DNA was isolated fkom the E. Coli using a Flexi-prep kit (Appendix 

V). The resulting pellet was resuspended in 500 pl sterile water and stored at -20'~. 

Insert Purification 

Approximately 20 pg total TSP 1 DNA insert was cut from its original vector, 

pGEM, using the restriction enzyme ECO RI (Appendix V). An equal amount of TSP2 

DNA insert was cut h m  its original vector, pUC18, using the restriction enzymes Hind 

III (Appendix V) and Xba 1 (Appendix V). The restriction enzyme products were then 

run on a 1.2 % w/v agarose (Appendix V) gel for 30 minutes at 100 volts. The DNA 

inserts of interest were purified using a QIAEX II kit (Appendix V) for DNA extraction 

fiom agarose gels. 

Ligation 

The two individual pieces of DNA were ligated into separate pBIuescript KS 

vectors by adding the DIVA to T4 Iigase (Appendix V), linearized pBluescript KS, ligation 

L.~fKer (Appendix V) and sterile water and incubating for 1.5 hours at room temperature. 



Verification of plasrnid and insert orientation 

Plasmids containing TSPl and TSP2 inserts, in the amount of 600 pl each, were 

anafyzed using dye tenninator cycle sequencing. The resulting analysis was compared to 

the known sequence for pBluescript and TSPl and TSPZ. In this way the plasmid and the 

orientation of the insert were verified. 

Northern Blot Analysis 

Isolation of Ribonucleic Acid IRNA) 

The isolation of RNA from the various ovarian tissues was achieved using TRIzo 

reagent (Appendix V). The fieshiy isolated granulosa cells (previously described) were 

lysed in the 50 ml tube in which they were isolated by directly adding 2 ml of TRIzol 

reagent and passing the lysate several times through a pipette. The lysate was then divided 

between two Eppendorftubes in 1 ml aliquots and incubated for 5 minutes at room 

temperature to allow dissociation of the nucleoprotein complexes. To each tube 200 pl of 

chioroform (Appendix V) was added, the tube securely capped and shaken vigorously for 

15 seconds. The resulting suspension was incubated at room temperature for 3 minutes 

foliowed by centrifiigation at 12,000 x g for 15 minutes at room temperature. Mer  

centrifiigation, the suspension separated into two phases, with the RNA in the upper 

colourless phase. This upper phase was transferred to a fiesh Eppendorf tube and 500 pl 

of isopropyl alcohol (Zpropanol) (Appendix V) was added. The sample was incubated 

ovemight at -20°c to precipitate the RNA. The sarnples were then centrifùged at 12,000 

x g for 10 minutes at room temperature. The supernatant was gently removed and the 

RNA peliet washed with 1 ml of 75% v/v ethanol. The sample was mixed by vortexing 



and centrifùged at 7,500 x g for 5 minutes at room temperature. The supernatant was 

removed with a drawn pipette, the pellet was allowed to dry for 3-5 minutes and 

redissolved in 10-50 pl of DEPC-A water (Appendix m) depending on the size of the 

pellet. The concentration of the RNA preparation was detemined by the absorbance at 

260 nm using a spectrophotometer. The purity was determined by the ratio of 

O.D.26do.D.280. Ml sampfes had a ratio greater than 1 S. 

Electrouhoresis 

Agarose mixture for Northem Blot Analysis was prepared by adding 0.8 g of 

agarase powder to 62.5 ml of DEPC-A water in a 100 mI beaker. The agarose mixture 

was rnicrowaved on medium power until bubbles were observed. The mixture was swirled 

and heated in the microwave until no particles were visible on swirling. The beaker was 

allowed to incubate at room temperature for 15 minutes to aIIow cooling. In the fume 

hood, 20 ml of 5X MOPS (Appendix III) and 17.5 mi of 37% vlv formaldehyde 

(Appendix V) was added to the agarose mixture. M e r  swirling, the mixture was poured 

into the gel casting apparatus and allowed to solidi@ for 30 minutes. The RNA samp1es 

(20 pg) were loaded ont0 the gel and run at 30 volts for 6 hours in 1X MOPS. The gel 

was allowed to soak in 0.05N NaOH for 15 minutes to hydrolyze the RNA and thus 

improve the transfer (this is particularly important for larger RNA messages). The gel was 

then rinsed in 10X SSC (Appendix III) and a photograph was taken under ultraviolet light. 

The RNA was transferred to a nylon membrane (Appendix V) for a period of at Ieast 12 

hours by capillary transfer. 



Preparation of the DNA Template 

The respective inserts were cut fiom the pBluescript KS vector using the 

previously rnentioned restriction enzymes. The restriction enzyme products were again 

run on a 1.2% w/v agarose gel for 30 minutes at 100 volts. The inserts were then purified 

using electrophoresis to isolate the template DNA from the agarose gel. The template 

DNA was resuspended in approximately 150 pl steriie &O. The concentration of the 

DNA preparation was calculated by measuring its absorbante at a wavelength of 260 nm 

using a spectrophotometer. 

Preparation of Radioactive Probe 

A solution containing 50 ng of template DNA (preparation previously descnbed) in 

a final volume of 45 pl was prepared ushg DEPC-A water. The DNA solution was 

denatured by heating in a boiling waterbath for 5 minutes and chilling quickly on ice. The 

DNA solution and 5 pl of [ a 3 2 ~ ] d ~ ~ ~  (Appendix V) were added to 5p1 of Rediprime 

(Appendix V) solution and then incubated for 10 minutes at 37'~ .  To stop the 

incorporation of radioactive nucleotide, 2p1 of 0.2 M EDTA (pH 8.0) (Appendix III) was 

added to the radioactive mixture. The unincorporated [a3*p]dc~p was rernoved fiom the 

preparation and simultaneousiy the totai volume of the preparation was increased by 

passing the radioactive probe through a Quick Spin Column (Appendix V) containing 1.5 

ml of Sephadex G-50 (Appendix m) (Appendix V) followed directly by 300 pl of TEN 

buffer (Appendix III). The radioactivity of a lpl aliquot of the eluted DNA was 

determined using a liquid scintillation counter (Appendix V). Hybridization solution was 



prepared by combining 125 pl of 10% SDS, 250 pI of 50 X Denhardt's solution 

(Appendix III), 0.75 ml of 20 X SSC, 10 pl of fish sperm DNA (10 mg/ml), 1.25 ml 

formarnide and 1 15 pl of DEPC-A water. The radioactive probe was then added to the 

2.5 ml of hybridization solution in a 50 mi tube, boiled for 10 minutes and transferred to 

an ice bath. 

Detection of Ribonucleic Acid 

After transfer of the RNA to the nylon membrane was completed, the membrane 

was crosslinked using a W Crosslinlcer (Appendix V) and rinsed in 5 X SSPE (Appendix 

III). The membrane was wrapped around an RNAse-free pipette and inserted into a small 

hybridization tube and probed immediately. Altematively, for some expenments, the 

membrane was sealed in saran wrap and stored at - 20 '~  for later hybndizations. A pre- 

hybridization solution was prepared by combining 125 PI of 10% SDS, 250 p1 of 50 X 

Denhardt's solution, 0.75 ml of 20 X SSC, 10 pl of fish spem DNA (10 mg/ml), 1.25 ml 

formarnide and 1 15 pl of DEPC-A water. This pre-hybridization solution was added to 

the hybridization tube containing the membrane and the tube was incubated at 3 7 ' ~  with 

rotation for at least half an hour. 

Once the radioactive probe was prepared, the pre-hybridization solution was 

removed fiom the hybridization tube and the probe solution was added. The membrane 

was incubated ovemight at 4 2 ' ~ .  The probe solution was removed fiom the hybridization 

tube and severai wash solutions were added in succession. The membrane was washed at 

4 2 ' ~  with 1% SDS in 0.1 X SSC, the wash solution was then changed to 0.5% SDS in 

0.1 X SSC at 4 2 ' ~  followed by 0.5% SDS in 0.1 X SSC at 5 5 ' ~  and finaily 0.1 % SDS in 
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0.1 X SSC at SS~C. Each wash lasted 20 minutes and was followed by a check for 

membrane radioactivity levels using a Geiger counter. The membrane was rinsed in 5 X 

SSPE and wrapped in saran wrap before loading onto the Phosphoirnager. The membrane 

was incubated with an unexposed imaging screen for 4 hours at room temperature before 

the screen was scanned for radioactive exposure. 

In Situ Hybridization Analysis 

Isolation and Fixation of Follicles 

Ovaries were collected as previously described. Large and medium-sized follicles 

were cut Rom ovaries and their follicular fluid aspirated. Sections of ovaries containing 

small follicles were also cut and again the follicular fluid was aspirated. The follicles and 

ovarian sections were fixed in 4% paraformaldehyde (PFA) (Appendix III) (Appendix V) 

in PBS ovemight at 4 ' ~ .  The following morning, they were immersed in PBS for 30 

minutes at 4 ' ~  and then switched to 0.85% w/v NaCl also at 4 ' ~  for 30 minutes. The 

sarnple fixation continued with immersion in 0.85% NaCl in ethanol(1: l) followed by two 

incubations with 70% ethanol v/v, the first at room temperature for 15 minutes and the 

second also at room temperature for 30 minutes. The simples were then fixed in paraffin 

wax for approximately 8 hours using an RMC 1 53 0 Paraffin Tissue Processor. The 

paraffin-saturated follicles were then embedded into blocks of paraffin for cutting. 



Specirnen Mounting 

Ribbons of 5 pm sections were cut on the microtome with a sharp dewaxed M e .  

These sections were lifted ont0 clean, uncharged microscope slides (Appendix V). A 

smaii amount of 30% ethanol was run undemeath the sections. The microscope siide was 

then irnmersed in DEPC-A treated water at a temperature of approxirnately 4 5 ' ~ .  The 

sections were aiiowed to expand as they floated off the microscope slide. The sections 

were collected fiom the waterbath on charged, superfiosted slides (Appendix V). The 

sections were sealed ont0 the slides in a hybridization oven at 5 5 ' ~  ovemight. 

Preparation of Template DNA 

Two aliquots of plasmid (purifïed as previously described) containing TSPl insert 

and two aliquots of plasrnid containing TSP2 insert (also punfied as previously described) 

were taken frorn their original solutions. The plasmid DNA containing the TSP 1 insert 

was Iinearized with ACC 1 restriction enzyme (Appendix V). The second aiiquot of 

plasmid DNA containing the TSP 1 insert was linearized with ECO RI restriction enzyme. 

Likewise the two aliquots of plasmid DNA containing the TSP2 were linearized, one with 

Hind IiI and the other with Xba 1. 

Pre~aration of the Riboprobe 

Each of the four linearized templates described above were added to individual 

mixtures of 5X transcription buffer (Appendix V), IOOmM DTT (Appendix V), RNAsin 

ribonulease inhibitor (Appendix V), ATP (Appendix V), GTP (Appendix V), CTP 



(Appendix V), [U~~P]UTP (50 pCi) (Appendix V), T3 or TT polymerase (Appendix V) 

(depending on whether the sense, or antisense strand was desired) and nuclease-fke water 

(Appendix V) to a total volume of 20 pl. These four individual solutions were vortexed 

and incubated for two hours at 37 '~.  Yeast RNA (Appendix V) as weii as DNAse 

(Appendix V) was added to the solution and it was incubated for a further 10 minutes at 

37'~. The volume of each solution was increased to 100 pi with the addition of DEPC-A 

water. The incorporation of radioactivity was measured by spotting 10 pi of each sohtion 

twice on two separate Whatman DE-8 1 filters (Appendix V). One of the two filters 

containing identical spottings was washed in approximately 200 cd of 0.5 M sodium 

phosphate for at least 30 minutes while shaking gently on a rocker. The fiiters were 

allowed to air dry and they were then covered with scintillation fluid and counted using a 

scintillation counter. The percentage of radioactive incorporation was measured by 

dividing the counts per minute obtained fiom the washed filter by the counts per minute 

obtained fiom the unwashed filter. The 80 pl of each solution remaining was pwified 

using phenoVchloroforrn and dowed to  precipitate ovemight in ethanol at -20'~. The 

solutions were then spun down at 13,000 x g for 20 minutes at - 2 0 ' ~  and the supernatant 

was removed. The remaining pellet was dned and resuspended in 50 mM DTT for a stock 

of 5 @pl. 

Pretreatment of Sections 

The slide sections were pretreated before hybridization with the riboprobe 

(procedure described above) with several solutions which had al1 been treated with DEPC- 



A. First the slides were immersed in xylene for 15 minutes followed by a succession of 

ethanol bath of decreasing concentrations (100%, 90%, 85%, 70%) for 2 minutes each. 

The slides were then treated with 0.85% sodium chloride for 5 minutes followed by 

another 5 minute immersion in 4% paraformaldehyde made up in PBS. The sections were 

then rinsed in PBS for 20 minutes and treated with 20 pg/ml proteinase K in 50 mM Tris, 

5 rnM EDTA for 7.5 minutes. The excess proteinase K was drained o f  and washed for 5 

minutes with PBS. The slides were then bathed in 4% paraformaldehyde made up in PBS 

for 10 minutes and rinsed in PBS for 5 minutes. The slide sections were then immersed in 

sterile H20 for 10 seconds before being bathed in 0.1 M Triethanolamine (TEA) pH 8.0 

on a magnetic stirrer. WhiIe being stirred, acetic anhydride (to 0.25%) was added to the 

TEA. This procedure was repeated twice for 10 minutes each tirne. The slides were then 

rinsed in PBS for 5 minutes, treated with 0.85% sodium chloride for 5 minutes and 

dehydrated back through the ethanol senes used at the beginning of the pretreatment for 1 

minute each. The slides were then immersed twice, for 5 minutes each, in 100% ethano1 

and allowed to air dry before being used the same day for hybridizations. 

Hvbridization 

The probe (5 ng/pl in DTT) was diluted in hybridization buEer (Appendix III) to a 

concentration of 0.3 n@pVkB. The hybrïdization buffer with the probe added was then 

heated at 8 0 ' ~  for 2 minutes, cooled to room temperature on ice and added in a volume 

of 20 pl per section. Coverslips were placed on top of the slides ensuring that there were 

no air bubbles present. The slides were placed horizontally in a Tupperware plastic 



container which included a tissue soaked in 50% formamide/SX SSC. The slides were 

incubated at 5 5 ' ~  overnight. 

Washes 

After incubation the slides were washed for 30 minutes at 55'~ in 5X SSC 

ensuring that the coverslips fell off at this stage. The slides were then transferred to a bath 

containing 50% formamidd2X SSC for 20 minutes at 65'~. Three washes ofNTE (pH 

7.5) (Appendix III) at 3 7 OC for 1 0 minutes each followed. The slides were then 

immersed in another NTE bath this time containing 40 pg/ml N a s e  A for 30 minutes at 

37'~ .  A fourth bath of NTE for 15 minutes at 3 7 ' ~  followed. The slides were again left 

in 50% fomamidd2X SSC for 20 minutes at 6 5 ' ~ .  They were then rinsed in 2X SSC 

three times for 10 minutes each at room temperature followed by three rinses of 0.1% 

SSC for 10 minutes each at room temperature. The slides were then dipped in baths of 

increasing concentrations of ethano1 (70%, 85%, 90%) in 0.3 M ammonium acetate 

(Appendix III) for 1 minutes per bath at room temperature. Finally the slides were dipped 

twice in 100% ethanol for 5 minutes each at roorn temperature. The slides were then air 

dried and subjected to autoradiography. 

Autoradioeraphy 

In the dark room a water bath was kept between 42 and 45 '~ .  A quantity of 30 

ml &O was heated in a graduated cylinder. Likewise, 15 mi NTB-2 (Appendix V) pre- 

aliquoted emulsion was heated. The liquid emulsion was carefully poured into a copeland 

jar also in the waterbath. The water was gently added to the emulsion in the Copeland jar. 
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A few blank slides were dipped in the emulsiodwater mix to remove any air bubbles. The 

slides with the sections were dipped and then allowed to dry for 30 minutes on a slide 

dryer. Once dry, the slides were placed in a dark slide box containing dryeriteTM 

(Appendix V), completely wrapped in foil, taped, labeled and left at -20'~ for 10 days. 

Siide Development and Staininq 

In the dark room the slides were dipped for 3 minutes in Kodak D-19 Developer 

(Appendix V). They were then transfened to tap water for I minute and finally to Kodak 

fixer for 5 minutes. The lights were then turned on and the slides were lefi under running 

tap water for 10 minutes. The slides were briefly imrnersed in Harris hematoxylin and then 

the excess stah was thoroughly rinsed with tap water. The slides were then dipped in acid 

alcohol for 4 seconds and were washed in increasing concentrations of ethanol(70%, 

85%, 90%, 100%) for 1 minute each. Finally the slides were imrnersed twice in xylene for 

1 minute each. Permount was placed on the sections and covered with a coverslip 

(Appendix V) which was angled to prevent the formation of air bubbles. Once the 

permount had dried the slides were exarnined using both light and dark field microscopy. 

HematoxyIin and Eosin Stain 

Follicles were isolated, fixed, embedded and mounted as described above. Then 

the slide sections were deparaffinized by washing twice with xylene and twice with 100% 

ethanol for 10 minutes each followed by a 5 minute wash with 90% ethanol and finally 

with 70% ethanol. The sections were then hydrated with running tap water for 5 minutes. 

They were then stained with Harris Hematoxylin for 2 minutes and washed in running 
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water for 5 minutes. The sections were destained with 0.5% hydrochlonc acid in 70% 

ethanol for a few seconds before immersing in 70% ethanol with a drop of ammonia 

added. The slides were then transferred to 70% ethanol for 2 minutes and then 

counterstained with alcoholic eosin for 15 to 20 seconds. The tissue was placed in 95% 

ethanol three times for 3 minutes each. The tissue was then transfemed to 100% ethanol 

for 3 minutes. Finally the slides were immersed in xylene twice for 3 minutes each. The 

sections were then mounted in pennount using coversIips. 

Densitometric Analysis 

Three replicates of the TSPI Northem Blots and three replicates of the TSP2 

Northern Blots were performed. AU TSP mRNA Ievels in granulosa cells isoIated fiom 

smdl, medium and large follicles were calculated based on 7s mRNA levels using 

densitometric analysis (Molecular Analyst Program, Bio-Rad Laboratones, Richmond, 

CA). The intensities were determined relative to that for TSP mRNA fiom granulosa cells 

isolated From small follicles. Statistical analysis (one way ANOVA followed by Ieast 

significant difference) was carried out using the SigmaStat program (JandeI Scientific, San 

Raphael, CA). Al1 Western Blots were reproduced in triplkate and the thrombospondin 

protein levels both in follicular fiuid and granulosa ceii lysates were converted to 

percentages of the thrombospondin detected in bovine platelet lysates. 



Total Protein Assays 

In order to reiiably quanti@ the relative amounts of thrombospondin in each of the 

sarnples using Western Blot analysis, the concentration of total protein in each sample was 

determined using both a Lowry and a ~ i o - r a d ~ ~  total protein assay. Results fkom these 

assays were averaged and the means used to standardize total protein loaded for each 

sample (Table 1). 

Table I Concentration of total protein in bovine follicular fluid and granulosa ce11 
lysates isolated f?om small, medium and large follicles. 

Total protein Total protein Total prote 
Sample as determined by as determined by concentratic 

the Lowry method; the ~io-radm assay; Mean f SEM 
Mean + SEM (a) Mean k SEM (a) 

Follicular fluid (smail 50.04 i 4-44 52.35 + 2.3 1 5 1.20 k 2.: 
follicles) 
Follicular fluid 30.38 t 4.66 26.92 f 2.34 28.65 k 2.: 
(medium follicles) 
Follicular fluid (large 1 17.90 + 17.77 87.47 + 5.21 102.68 + 10 
follicles) 
Granulosa cell 5.39 f 0.25 3.85 k 0.30 4.62 + 0.3, 
1 ysates 
(smail follicles) 
Granulosa ceII 
lysates 
(medium lysates) 
Granulosa ce11 
l y sates 
(large follicles) 
Bovine platelet 27.71 11.01 29.48 + 1.93 28.60 f 1 .O 
lysates - 

number of replicates foi each sample in each assay = 4 
follicular fluid is a pool of n 2 5 follicles for each of the three follicle sizes 
SEM = Standard error of the mean 



Western Blot Aualysis 

In order to detect the presence of TSP in bovine follicular fluid, the fluid fiom at 

least 5 follicles of each size was isolated fkom smd,  medium and large foiiicles, pooled 

and subjected to SDS-PAGE on a gel. Afier eIectrophoresis the gel was transferred to a 

PVDF membrane and incubated with antibodies wtiich recognize TSP 1 and possibly 

TSP2. Figure 2 is representative of a completed Western Biot in which protein sarnples 

were prepared in a 1 : 1 volume ratio with gel-loading buffer (Appendix I), and rm on a 

denaturing, non-reduced 3%-8% gradient gel prior to membrane transfer. Lanes 1, 2 and 

3 contained 20 pg of follicular Buid protein fiorn srnaII, medium and large follides 

respectively. As a positive control, lane 4 contained 0.54 pg of pure human TSP which 

confims the position of the resulting bands. Lme 5 contained 2.0 vg of lysed bovine 

platelet supernatant. The bovine platelet lysates were inciuded to confirm that the human 

anti-thrombospondin antibody would cross react with the bovine form of the protein. 

Non-reduced gels were utilized in the anaiysis to keep the trimeric molecular 

structure intact and thus preserve the epitope recognized by the TSP antibodies. In lanes 

1,2,3,4 and 5, (Figure 2) TSP migrated at a moIecular weight of approximately 450 kDa 

under the non-reducing conditions. Densitometric analysis, based on the results fiom both 

the Lowry and ~ i o - ~ a d ~  total protein assays, demonstrates that TSP is found in a high 

concentration relative to total protein in small follicles and decreases in medium and large 

sized follicles (Figure 3). Relative to the total protein applied to the gel, the amount of 

TSP in the follicular from small follicles appeared considerably pater than the TSP 

content in medium or large follicles. However, because of the variation between the 



Figure 2: A representative Western Blot for thrombospondin in bovine follicular fluid. 
Lane 1 : follicular fluid fiom small follicles; Lane 2: follicular fiuid fiom medium 
follicles; Lane 3: follicular fluid fiom large follicles; Lane 4: purified human TSP; 
Lane 5: lysed bovine platelet supernatant- 





Small Medium Large 

Foliicle Size 

Figure 3 : Densitometric analysis for thrombospondin in follicular fluid. Samples represent 
follicular fluid pools where n 5 5 follicles for each of the three follicle sizes. The 
data are presented relative to a constant amount of total protein in each of the 
three sarnple pools and are the mean of three separate experirnents. Error bars 
represent standard errors. The mean thrombospondin content in foilicular fluid 
of small folhcles = 1 .O0 f 0.77, medium follicles = 0.09 t 0.07 and large foliicles 
= 0.02 3- 0.0 1. 



different pools of smal1 follicles, there was no significant difference between the mean 

values of the small and medium follicles nor the small and large follicles (p > 0.05). To 

confirm the possibility that secretion of TSP was From the ovarian granulosa cells, the 

experiment was repeated with granulosa ceii lysates (Figure 4). Ce11 lysates £?om pools of 

grandosa cells from small, medium and large follicles were prepared (n 1 5 follicles of 

each of the three sizes). Lanes 42 and 3 contained 5 pg of total protein isolated fkom 

granulosa cells of small, medium and large sized follicles. Lane 4 contained 0.54 pg of 

pure human TSP and lane 5 contained total protein isolated fiom bovine platelet lysates. 

As in the previous experirnents, the protein detected through Western Blotting 

migrated at a position corresponding to a molecular weight of 450 kDa. The results of 

densitometnc analysis are shown in Figure 5. Again, relative to the total protein applied 

to the gel, the amount of TSP in the Iysates fiom s m d  follicles appeared significantly 

greater than the TSP content in medium or large follicles. However, variation between the 

different pools of small follicles does not allow the exclusion of the possibility that the 

difference seen is due to random sampling variability. This analysis leads to the conclusion 

that the concentration of TSP is inversely correlated with follicular development, a result 

which correlates well with the analysis obtained for Western Blots using follicular fluid 

samples. 

Northern Blot Analysis 

In order to confirm that TSP is indeed produced by ovarian granulosa ceUs and not 

merely sequestered by them, total RNA was isolated tiom granulosa ceils of small, 

medium and large size follicles and subjected to Northern Blot analysis. Figure 6 
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Figure 4: A representative Western Blot anaiysis for thrombospondin in bovine grandosa 
ce11 lysates. Lane 1 : granulosa lysates fiom srnaIl follides; Lane 2: granulosa 
lysates fiom medium follicles; Lane 3 : granulosa lysates fiom large follides; 
Lane 4: pufied human TSF; Lane 5; intracellular contents frorn lysed bovine 
platelet supernatant. 
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Figure 5 : Densitometric analysis for thrombospondin in granulosa ceUs. Samples represent 
granulosa celi lysate pools where n L 5 follicles for each of the three follicle 
sizes. The data are presented relative to a constant amount of total protein in 
each of the three sample pools and are the mean of three separate experirnents. 
Error bars represent standard errors. The mean thrombospondin content in 
granulosa cells of small follicles = 1 -00 k 1 .O6, medium follicles = 0.09 f 0.1 1 
and large follicles = 0.02 f 0.12. 



Figure 6: A representative Northem blot analysis for thrombospondin 1 mRNA in 
granulosa cefls. (A) Bands detected with TSPl cDNA probe. (B) Bands 
detected with 7 S probe. Lane 1: granulosa ceIl RNA ffom small follicles; Lane 
2: granulosa ceIl RNA nom medium foliicles; Lane 3 : granuiosa cell RNA fkom 
large follicles. 





demonstrates a representative Northern blot for TSPl mRNA. Samples containhg 20 pg 

of total RNA were prepared in loading b&er (Appendiu III), nin on a 0.8% agarose gel; 

and transferred to a nylon membrane. Lanes 1,2 and 3 contain total RNA isolated fiom 

granulosa cells of small, medium and large size foliicles respectively. Panel A is 

representative of the bands detected by the TSPl probe. Panel B shows the bands 

detected by the 7s probe. Messenger RNA for 7s is constant per pg of RNA loaded in 

each lane of the gel and is easily visudized because of its abundance in total RNA. 

Therefore it reflects relative loading of total RNA between samples and confirms that the 

RNA has not been degraded. Consequently the 7s band can be used as an intemal 

standard against which the relative intensity of the TSP 1 bands can be evaluated. 

Thrombospondh 1 is detected in granulosa cells from al1 follicle sizes confirming that it is 

produced by the granulosa cells and not merely sequestered by them in the follicle. 

Densitometnc analysis demonstrates that the message for TSPl tends to decrease in 

granulosa cells as the follicle size increases (Figure 7). The mRNA for TSP 1 appears to 

be constant in granulosa cells isolated from follicles in the later stages of development. 

Previous research has demonstrated that in bovine adrenocortical cells TSP 1 and 

TSP2 exhibit distinct effects on ce11 spreading (Pellerin et al., 1994). Therefore, it is 

plausible that these two different molecules may have different roles in the foilicle as well 

and thus production of these proteins may occur at different points in follicular 

development. To test this hypothesis, the above experiment was repeated with a probe for 

TSPZ. A representative result is shown in Figure 8 where lanes 1,2 and 3 contain 20 pg 

total RNA isolated from granulosa ceii of srnall, medium and large sized follicles 

respectively. Panel A represents the bands detected by the TSP2 probe and panel B 
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Figure 7: Densitornetric anaiysis for thrombospondin 1 mRNA in granulosa cells. Sarnples 
represent pooled total RNA where n 2 5 follicles for each of the three follicle 
sizes. The data are presented relative to a constant 7 S mRNA Ievel in each of 
the three sample pools and are the mean of three separate experiments. Error 
bars represent standard errors. The mean mRNA message for TSPl in granulosa 
cells of small follicles = 1.00 0.13, medium follicles = 0.20 * 0.09 and large 
follicles = 0.20 * 0.33. 



Figure 8: A representative Northem blot analysis for thrombospondin 2 mRNA in 
granulosa cells. (A) Bands detected with TSP2 cDNA probe. @) Bands 
detected with 7 S probe. Lane 1 :  granulosa ce11 RNA tiom smaii follicles; Lane 
2: granulosa cell RNA fiom medium follicles; Lane 3: granulosa ce11 RNA from 
large follicles. 





shows the bands detected by the 7s probe. Thrombospondin 2, Like TSP 1, is detected in 

cells isoiated &om follicles of the three different sizes. The qualitative expression of TSPZ 

mRNA appears to be similar to that of TSPl by densitometric analysis (Figure 9) in that 

the RNA message is very high in srnall follicles and is reduced in medium and large sized 

follicles. The level of mRNA for TSP2, like T'SPI, appears to be constant in follicles in 

later stages of development. 

Since TSP is an extracellular matrix protein, it is possible that other ovarian cells 

may produce and secrete TSP and then incorporate it into their extraceliular matrices 

(Dreyfus and Lahav, 1988). In order to investigate this hypothesis, total RNA was 

isolated fiom pooled granulosa theca, stromai and luteal cells and subjected to Northem 

andysis. Figure 10 shows a representative Northem Blot for TSP 1 mRNA. Lanes 1, 2, 3 

and 4 contained 20 pg total RNA isolated £kom bovine granulosa, theca, stroma1 and luteal 

cells, respectively. Panel A is representative of the bands detected by the TSPl probe. 

Panel B shows the staining of the RNA with ethidium bromide. An equal amount of 

ethidium bromide was added to the loading buffer, in which the sample was ioaded onto 

the gel, to allow visualization of the RNA subsequent to the running of the gel. Therefore, 

the relative loading of RNA between samples can be visudized and confirmation that the 

RNA has not been degraded can be obtained. Based on the intensity of the TSP1 mRNA 

bands, at a molecular size of 2.0 kB, depicted in Panel A, and the relative intensity of the 

28s and 18s bands shown in Panel B, theca cells appeared to have the greatest 

concentration of TSP l mRNA followed by granulosa cells. Thrombospondin 1 mRNA 

appeared to be at a much lower concentration in Iuteal and stroma1 cells. 
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Figure 9: Densitornetrk analysis for thrornbospondin 2 mRNA in granulosa ceus. Samples 
represent pooled total RNA where n 5 5 follicles for each of the three follicle 
sizes. The data are presented relative to a constant 7 S mRNA level in each of 
the three sarnple pools and are the mean of tiiree separate experiments. Error 
bars represent standard errors. The mean mRNA message for TSP2 in granulosa 
cells of small follicles = 1 .O0 0.36, medium follicles = 0.54 * 0.63 and large 
follicles =0.19*0.18. 



Figure 10: A representative Northem blot analysis for thrornbospondin 1 mRNA in 
ovarian cells. (A) Bands detected with TSPl cDNA probe. (B) Total RNA 
stained with ethidium bromide. Lane 1 : granulosa ce11 RNA, Lane 2: theca ce11 
RNA; Lane 3: stroma ce11 RNA, Lane 4: luteal ce11 RNA. 





Sub-Cloning of TSPl and TSPZ 

Northem Blot analysis is an excellent technique for discerning the relative amounts 

of TSP mRNA in granulosa cells isolated fiom different sized foiiicles, however, it has 

some disadvantages to this study. Contamination of granulosa cells with other ovarian 

cells andor differences in granulosa cells pools may cause skewing of the results. In siru 

hybridization dows localization of TSPl and TSP2 mEWA to specifïc cells within a 

section of ovarian tissue. This is accomplished by construction of a riboprobe with 

radioactive UTP which wili hybridize specificdy to mEWA for TSPl or TSP2. In order 

to allow for the construction of this probe, the TSF cDNA insert ftagment must be present 

in a vector compatible with the requirements of the in situ hybridization technique. 

Specifically the thrombospondin insert must be flanked by viral sequences to allow the 

generation of complementary riboprobes. 

TSPl cDNA was obtained from Dr. Rasheeda Zafar of Wayne State University 

and TSPZ cDNA was obtained from Dr. J.J. Feige in Grenoble, France. The cDNA was 

eluted fiorn the filter paper on which it was sent and transformed into XL1 Blue E. Coli to 

ampli@ the quantity of the cDNA as shown in figure 1 1. The cDNA was then extracted 

corn the E. Coli and the insert fiagrnent removed from its vector using restriction 

enzymes. The insert ftagment was Iigated into a new vector compatible with the in situ 

hybridization technique. 

I n  Silu Hybridization Analysis 

Using probes, designed as previously described in the Material and Methods section, 

attempts were made at In Siru Hybndization. The results were inconclusive and 
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Figure 1 1: Sub-cloning of thrombospondin 1 and thrombospondin 2 DNA into 
pBluescnpt vector. 
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indicated that optimization of this procedure is necessary before it can be used to obtain 

any conclusive observations regarding TSP concentrations in ovarian cells. Preliminary 

steps have been taken toward this process. Since the probes utilized in this procedure 

were the same as those used in the Northem blot analysis, which elicited conclusive 

results, it was thought that the specificity of the probe was not the source of the problem. 

Based on this premise severai technical conditions were aitered. For example, the 

proteinase K concentrations and treatment times were increased and decreased in several 

individual experiments in an attempt to modiS, the permeability of the tissue to ailow 

access of the probe to the follicular cells without degrading the TSP mRNA within. The 

amount of light in the dark room was varied in an atternpt to reduce the background which 

appeared to be masking any specific hybridization that might have been present. Two 

different methods of fixing the follicles once they were removed from the ovary were 

ernployed. In one attempt the follicles were isolated and placed immediately in 4% 

paraformaldehyde. In a separate experiment the follicles were snap fiozen in liquid 

nitrogen and stored at -70°C oveniight before being immersed in 4% paraformaldehyde 

and allowed to thaw to 4OC ovemight. Aithough none of these optimitation attempts 

were successful, N1 situ hybridization is a valuable technique for looking at TSP mRNA 

levels in ovarian tissue and several successful experiments would provide conclusive 

evidence of TSP mRNA levels in various follicular ce11 types. 



DISCUSSION 

The purpose of this study was to investigate the abiiity of ovaian granulosa cells 

to produce and secrete TSP and to explore the potential roles of TSP within the ovary, 

particularly within the context of follicular development. These investigations resulted 

fiom previous studies which have demonstrated the presence of thrombin and thrombin- 

generating factors in bovine follicular fIuid (Forbes, 1996; Yamada and Gentry, 1995). 

The interest in this work also arose fiom the recent confirmation of the production and 

secretion of TSP, as well as its regulatory action, in bovine adrenocortical cells 

(Lafeuillade et al., 1996; Pellerin et al., 1994). There is a cornrnonality between bovine 

adrenocortical cells and granulosa cells in that they both produce steroid hormones and are 

responsive to hormones as well as inhibitory factors (Dreyfus et al., 1992; Pellerin et al., 

1994). Thrornbospondin is also an extracellular matrix molecule and therefore 

demonstrates an intriguing ability to span the boundaries between growth regulation and 

the process of hemostasis. Molecules in each of these categories can be detected in the 

mammalian ovary @refis et al., 1992) and appear to play a role in growth regulation 

(Forbes, 1996) within this tissue, therefore it is plausible that TSP is also located within 

the bovine ovary and may participate in the local regulation of ce11 growth. 

For this study bovine ovaries were obtained from Holstein cows with unknown 

reproductive histories at a local abattoir. The follicles were classified into small, medium 

and large groups according to previously published literaîure (Einspanier et al., 1993). 

Follicular fluid and granulosa cell lysates as well as total RNA fiom the granulosa cells of 

each of the three sizes of follicles was isolated for Western and Northem Blot analysis 

respectively . 



Total protein assays 

The results of both the Lowry and the ~io-radm method for assaying total protein 

shown in Table 1 indicate that the total protein in both the foliicular fluid and the 

granulosa cells increases as the follicular diameter increases. As the follicle nears the tirne 

of ovulation, total protein in both the follicuIar fluid and the granulosa cells increases 

drarnatically to a concentration higher than that found in srnd follicles. The mean total 

protein in the follicular fluid of large follicles reaches a level of approximately 102.68 g/L, 

as compared to small follicles which have a mean concentration of 5 I .20 g/L. This result 

is contrary to the findings of another group (Wise, 1987) who reported finding no marked 

alteration in total protein concentration in bovine follicular fluid, as the follicular diameter 

increased. Wise, using the Biuret protein assay, reported that the mean total protein in 

follicular fluid of small foiiicles was approximately 66.7 g/L while that of large follicles 

was 64.6 g/L. The Biuret assay evaluates the total protein by utilizing copper ions in a 

strong base solution. The copper ions complex with peptide bonds and produce a colour 

change which c m  be measured at a wavelength of approximately 550 nm. The Lowry 

method also utilizes copper ions in a strong base dong with phosphomoIybdotungstic 

acid. The copper ions complex to peptide bonds and the phosphomolybdotungstic reacts 

with tyrosine to produce a colour change rneasurable at a wavetength of 595 nm. The 

~io-radTM or Bradford assay uses a dye material, Coomassie Brilliant blue. The dye binds 

to the protein producing a blue colour which can be measured at a wavelength of 540 nm. 

The Lowry assay is more sensitive than the Biuret assay and the ~io-radTM assay is much 

more sensitive than either of the other two assay rnethods. The dzerence in the sensitivity 

of the three methods may account, in part, for the differences between the data obtained 
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not identical between the two studies. This report describes total protein isolated from 

follicles characterized as large7"' when their diameter is greater than or equd to 1 .O cm. 

Wise analyzed the largest two follicles per pair of ovaries. It is possible that the follicles 

Wise reported on were not what this study classified as large but rather medium. This 

might, in part, account for the variation between the two studies in the mean total protein 

reported for "large" follides. At present, however, there appears to be no obvious 

exphnation for the dserence between the total protein content found in bovine follicular 

fluid in this and the earlier study by Wise (1987). 

Thrombospondin in Follicular Ruid 

Recent research has demonstrated that the hemostatic profile of bovine follicular 

fluid has some similarities to that of plasma (Yamada and Gentry, 1995). Further 

exploration shows that several of the hemostatic proteins, particdarly prothrombin, appear 

to be locdly denved from follicular cells rather that transudates of plasma (Yamada and 

Gentry, 1995; Forbes, 1996). Western blotting demonstrated that a protein with a 

molecular weight of 4SOkDa, which agrees with the current literature describing the size 

of thrombospondin, (Dreyfus et al., 1992; Dreyfus and Lahav, 1988), was found in the 

follicular fluid of small, medium and large bovine foliicies. This finding is consistent with 

the presence of other integrins such as fibronectin and vitronectin which have aiso been 

found in follicuiar fluid (Lewahid and Gentry, 1 992; Skinner et al., 1 98 5 ; Peter et al., 

1995; Zhao and Luck, 1995). The irnrnunoblotting technique utilized a pnmaty 

monocIona1 antibody specific for TSP 1. It is not known whether this antibody cross reacts 

with TSP2 or any of the other members of the TSP family. Since this protein was 
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orïginally discovered in human platelets (Baenziger et al., 1972), bovine platelet lysates 

were blotted to look for evidence of TSP. A protein of molecular weight agreeing widi 

that previously described as TSP was detected. The density of the detected TSP band 

suggests that the concentration of this protein is inversely correlated to the size of the 

follicle. That is, the more developed (or larger) the folkle, the less TSP present in the 

follicular fluid. 

The fact that the concentration of TSP in the follicular fluid appears to decrease as 

the follicle grows occurs perhaps because less protein is being produced and secreted into 

the antmm of the follicle. Alternatively, it is possible that, as the volume of fluid in the 

follicles increases and the content of plasma transudates (e.g. albumin) increases, the TSP 

is ,in effect diluted out, leading one to the erroneous conclusion that the amount of TSP in 

the antmm decreases as the follicle size increases. In order to resolve this question, the 

source of TSP must be examined for mRNA message and protein production. 

Thrombospondin is found predorninantly in the follicular fluid of small follicles, 

suggesting that TSP may play a role in the early stages of follicular development. The 

presence of TSP rnay be accounted for in several ways. It may passively d a s e  or may be 

actively transported in From the surroundhg vasculahire under the regulation of a 

hormone such as FSH, or it may be produced locally by ovarian cells. The £Ùst possibility 

is unlikely due to the very large size of TSP and the selectivity of the basernent membrane 

in ailowing proteins to pass between the vascularized theca layer and the avascular 

granulosa ce11 layer, making their way to the antrum of the follicle. The granulosa ce11 

layer is the first to develop in the follicle, and is in direct contact with the antnim, making 

granulosa cells p n m q  candidates for local TSP production. 
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Thrombospondin in Granulosa Ceb 

Immunoblotting experiments demonstrated that thrombospondin is produced by 

granulosa cells in the bovine o v q .  The intensity of the detected bands indicated that 

granuIosa ceiis of smail, developing foiiicles contain the greatest amount of TSP whiie 

medium and large follicles produce decreasing concentrations of the protein. The 

granulosa cells may in fact produce TSP, wtiich they are then stimulated to release. They 

may, however, merely sequester TSP which is filtering in fiom the surrounding plasma 

until such time as it is required for such activities as incorporation into the extracellular 

matrix of the granulosa ceiis. 

Northern Blot analysis showed that TSP mRNA is produced by the granulosa ceiis. 

Taken together, the results of the Northern and Western Blot analysis lead to the 

conclusion that TSP protein is produced by the granulosa cells fiom mRNA and then 

released upon stimulation into the surrounding foiiicular fluid. Based on densitometric 

analysis of Nothern Blots, the RNA message for both TSPl and TSP2 was very high in 

small follicles and, in contrast, very low in medium and large follicles. This supports the 

hypothesis that TSP is localIy produced by the granulosa ceiis and secreted into the 

surrounding follicular fluid rather than decived from transudates of plasma. Granulosa 

cells may be stimulated to release intracellular TSP through binding of ligands, such as 

thrombin, to specific receptors on the granulosa ce11 surface. The TSP that is released 

upon this stimulation may be involved in IocaI growth regulation. 

There are severai mechanisms by which TSP mRNA might be influenced in 

granulosa cells. The most striking feature of the expression of the TSPl gene is the rapid 

response to serum and PDGF (Bornstein, 1992). The kinetics of this response and its 
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independence of protein synthesis quai@ TSPl as a member of the "immediate-early" 

cellular response genes, a group that includes a large number of other growth factor- 

responsive genes. One purpose for this response may relate to the ability of TSPl to act 

synergistically with growth factors in facilitating mitogenesis in some ceils, including 

smooth muscle ceils (Bomstein, 1992). Thrombospondin mRNA levels are also increased 

in response to bFGF. This response has both transcriptionai and posttranscriptional 

components (Bomstein, 1992). In contrast to TSPl, TSPZ is not a serum-responsive gene 

(Bomstein, 1992). This observation is in keeping with the structure of the TSPZ promoter 

which lacks an upstream semm response element. The marked difference in the serum- 

response of the two genes might reflect a physiologically significant difference in their 

mode of reguiation. There is aiso evidence to indicate that TSP mRNA levels might be 

infhenced by some hormones. Thrombospondin 1 production is inhibited by FSH- 

stimulated dzerentiation in rat granulosa cells (Dreyfus et al., 1992). 

Preliminary results from the in situ hybridization process have indicated that there 

are some technical difficulties which must be resolved before a closer examination of TSP 

in granulosa cells can be made. For example, the background signal was very high 

masking any specific hybridization that rnight otherwise be visible. This extraordinarily 

high background rnight have been due to one or several factors. The washing steps rnight 

have been insufficiently stnngent to remove any excess probe left on the slides after 

hybridization. The proteinase K step, designed to slightly digest the sarnple allowing the 

probe to penetrate the tissue and bind to the specific RNA, rnight have been too harsh, 

thus digesting so much tissue that there was nothing left for the probe to bind to. 

Altematively, this step might not have been stringeu enough, thereby not allowing the 
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probe access to the TSP mRNA within the sample. In addition to optimization of these 

steps, some other changes that might be implemented include: drying the slides verticdly 

rather than on a 45" angle to ailow complete drainage of the emulsion, increased hurnidity 

in the dark room which is thought to affect the emulsifjmg of the tissue, drykg the slides 

for a longer penod of time at room temperature rather than for a decreased penod of time 

on a slide dryer and optimitation of exposure tirne. Refinement of in szm hybridization 

would make this technique very valuable for investigating TSP in the bovine follicle. 

A physiological similarity can be seen between bovine granulosa cells and bovine 

adrenocortical cells. Both ce11 types respond to hormonal stimuli by altering their growth 

patterns and shape through production of various proteins (Dreyfus et al., 1992; Pellerin et 

al., 1994). It has been shown that the expression of two distinct rnembers of the TSP 

farnily with a high degree of homology, TSPl and TSPZ, are oppositely regulated by 

adrenocorticotropic hormone in bovine adrenocortical cells (Lafeuillade et al., 1996). This 

observation is accompanied by the perception tbat these two rnembers of the TSP farnily 

exert distinct biological functions in the adrenal cortex. Thrombospondin 2 inhibits bovine 

adrenocortical ce11 spreading in a dose-dependent manner while TSP1 does not influence 

this process. Since bovine granulosa cells are also in an environment of high hormonal 

stimulation, it is possible that TSP 1 and TSPZ are oppositely regulated by one or more 

hormones and have distinct effects on growth regdation within the follicle. In fact, the 

present analysis shows that mRNA expression of TSP 1 and TSP2 in the follicle are 

qualitatively similar. The production of TSP2, like that of TSPl is very high in small 

follicles and decreases dramatically in medium and large sized follicles. In bovine 

adrenocortical cells, TSP2 was found to inhibit ce11 spreading in a dose dependent manner 
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wMe TSPl had no effect on this process at dl. Both TSPl and TSP2 were found to 

reduce the attachent of adrenocortical ceils. It is possible, therefore, that TSPl and 

TSP2 act together to decrease cellular attachment and ce11 spreading to allow migration 

and differentiation of ovarian cells during the early stages of follicular organization. 

Thrombospondins are a group of proteins that act both as extracellular matrix 

molecules and hemostatic proteins. In the circulating human platelet one of the potent 

stimulants of TSP release is the protease, thrombin (Baenziger et al., 1972). It has been 

show recently that prothrombin and many other key factors in the tissue factor pathway 

of thrombin generation are present in ovarian follicular fluid (Yamada and Gentry, 1995; 

Forbes, 1996). It is possible, therefore, that one of the intrafollicular functions of 

thrombin is to initiate local TSP release. It is possible that tissue factor (TF), bound to the 

granulosa ce11 may activate factor W (W) to factor Wia (Wa).  Factor Wa may then 

activate factor X OC) to factor Xa v a ) .  Factor Xa then joins other factors in the 

formation of the "prothrombinase" complex producing thrombin fiom prothrombin. 

Thrombin then binds to its receptor (ThR) on the surface of the granulosa cells stimulating 

the release of thrombospondin into the follicular fluid (Figure 12). This hypothesis allows 

for several explanations of the observation of a decrease in TSP detectable in bovine 

follicular fluid as developrnent proceeds. Previous studies by Forbes (1996) showed that 

prothrombin levels in the bovine ovary remain fairly constant as follicular developrnent 

progresses. However, Yamada and Gentry (1995) demonstrated that the concentration of 

bovine antithrombin (ATIII) and a2-macroglobulin (am ( i b i t o r s  of thrombin activity) 

increases, relative to plasma, as the follicle develops. Therefore, it is possible that the 

amount of thrombin available to bind to the thrombin receptor decreases as the follicle size 



Figure 12: Proposed pathway for the generation of thrombin leading to the secretion of 
thrombospondin tiom the ovaian foIlicle. 





increases and more antithrombin, as well as a2-macroglobulin, is available to bind to 

thrombin, form thrombin-antithrombin (Thr-ATIII) and thrornbinaz-macroglobulin (Thr- 

aZM) complexes and inhibit the activity of thrombin. Less thrombin binding to its receptor 

on the granulosa cells would decrease the stimulation of TSP release nom granulosa cells 

and consequently less protein would be detected in the foIlicu1ar fluid. 

The consequences of thrombin-receptor activation were described in 1996 by 

Grand et al. Agonists such as prostaglandins couple to adenylate cyclase to elevate 

intracellular CAMP levels. Thrombin inhibits agonist-stimulated adenylate cyclase activity, 

thus reducing intracellular cyclic AMP levels. Dreyfus et al. (1992) demonstrated that rat 

granulosa cells stimulated to differentiate by FSH increase progesterone production, 

CAMP production and induce the expression of steroidogenic enzymes and receptors for 

LH. It is also interesting to note that these dserentiated cells cease al1 TSP synthesis and 

binding characteristics displayed by undserentiated cells (Dreyfus et al., 1992). It is 

possible, therefore, that in the small follicle, when the cells are undifferentiated, thrombin 

may reduce CAMP levels and stimulate TSP release. Agonists such as FSH, which 

increase CAMP levels, rnay promote differentiation and thereby account for decreased TSP 

levels in later stages of follicular development. Thrornbospondin has been shown to have 

modest growth promoting activity when added to semm-starved smooth muscle cells 

(Mosher, 1990). Addition of anti-TSP antibodies to actively growing cells cultured in 

serum containing medium inhibits growth (Mosher, 1990). Such results indicate that TSP 

may act as an autocrine growth factor to srnooth muscle ceIis. Secreted TSP may bind to 

the surface of these cells and induce growth (Figure 13). It is possible that TSP may have 

the sarne effect in the bovine follicle. Thrombospondin has been shown to be produced 
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Figure 13: Proposed mode1 for thrombospondin as an autocnne growth factor. Adapted 
from Mosher, 1990. 
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and secreted by granulosa cells in the ovary. Upon secretion, TSP may bind to the surface 

of the granulosa cell via heparan sulphate proteoglycan (HSPG), and the integrin receptor 

(a B), andor CD3 6/glycoprotein IV (IV) a d o r  low density lipoprotein receptor-related 

protein (LRP) (Strickland et al., 1995; Mikhaiienko et al., 1995) and is then taken up and 

degraded. As a consequence of binding at the cell surface, information is transmitted to 

the nucleus to prepare the ce11 for DNA replication. Important to this preparation is 

transcription of the genes for TSP and small inducible gene (SIG) products. Secreted SIG 

products and SIG homologs modulate the binding of TSP to heparan sulphate 

proteoglycan. In fact, evidence that TSP binds to granulosa cells has already been show 

in the rat (Dreyfus et al., 1992) although the effect on the granulosa cells has not yet been 

hlly elucidated. 

The plasmin-plasminogen system has been relatively wel1 defined in some species, 

particularly laboratory animals (Ny et al., 1993). Some of the elements of this system have 

recently been reported in bovine follicular fluid (Yamada and Gentry, 1995). Since TSP 

has been show to rnodulate plasmin formation it is possible that it may have a role in 

regulating the plasmin-plasminogen systern in the follicle. In the cardiovascular system 

some ce11 types (e.g. endothelial cells) secrete single chah tissue plasminogen activator, 

this is then converted to two chah tissue plasrninogen activator by plasmin. This two 

chain tissue plasrninogen activator then activates plasminogen and converts it to plasmin 

(Figure 14). Previous research has s h o w  that both plasminogen and tissue plasmuiogen 

activator are produced by the cumulus granulosa celis in the ovary (Yamada et a!., 1996). 

When bound to a surface (such as the extracellular matrix), and in the presence of fibrin, 



Figure 14: The plasmin generating systern 
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TSP will fonn a bimolecular complex with plasminogen inhibiting the formation of plasrnin 

in the presence of calcium (Figure 15) (Mosher et al., 1992). Since there is relatively littIe 

fibrinogen (and therefore fibrin) in follicular fluid, it is unlikely that a coupling like the one 

described would occur. However, TSP can stiil fonn complexes with plasminogen and 

plasmin in the absence of fibrin. When bound to an extraceilular matrix in the absence of 

fibrin, TSP forms a complex with plasminogen facilitating the activation of this precursor 

by tissue plasminogen activator. Further, the plasrnin formed by such an interaction 

remains bound to the plasrninogen-TSP-ECM complex and is protected fiom inhibition by 

arantiplasmin (Bachmann, 1987). Even when it is not bound to an extracellular matrk, 

fluid-phase TSP will form a bimolecular complex with plasrnin protecting it tiom inhibition 

by az-antiplasrnin and thereby perhaps modulating follicle wall degradation at the time of 

ovuiation (Bachmann, 1987). 



Figure 15: Proposed mode1 for thrombospondin as a modulator o f  the plasminogen- 
plasmin system. Adapted £tom Bachrnann, 1987. 
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SUMMARY AND CONCLUSIONS 

This study was undertaken to determine the presence of TSP in follicular fiuid and 

to determine the local source of TSP. These initial investigations have revealed a new 

perspective on the regulation of follicular growth and development involving extracellular 

matrix proteins which are functionaily associated with both the thrombin generating 

pathway and the plasmin-plasminogen system. 

The presence of the tissue factor pathway of thrombin generation in the foilicle is 

not unexpected fiom an evolutionary point of view. The proteolytic cascade mechanism 

of coagulation is found in many primitive species such as the horseshoe crab and the 

lamprey eel (Doolittie, 1993). The follicular fluid, relatively similar to plasma in 

biochernical composition, provides the local homeostatic medium of the follicle and 

contains selected proteins that have evolved for that purpose. The tissue factor pathway 

and the plasrninogen-plasmin system, which are of primary importance in maintaining a 

homeostatic balance in the vasculature, have undertaken similar d e s  in the ovarian cycle 

of follicular growth and ovulation. 

The presence of TSP in the follicular fiuid, cornbined with the localization of 

cellular production both at the mRNA and the protein level suggests that TSP, synthesized 

by the granulosa celis, is active in the follicular fluid. Thrornbospondin may have one or 

several potential roles in the follicle. Based on its actions on bovine adrenocortical cells, it 

may act as an inhibitor of cellular attachent and ce11 spreading in the ear!y stages of 

follicular organization, allowing the undifferentiated cells to migrate and differentiate. 

Based on previously show efects on keratinocytes, it may act in the later stages of 



follicular development to promote cellular adhesion to the cell surface allowing the cells to 

form the concentric layers that comprise the basic structure of the follicle. 

Thrombospondin may have a potential role in rnodulating the breakdown of the 

follicle wail at the rime of ovulation through its modulation of the plasminogen-plasmin 

systern. Thrombospondin may be released fkom granulosa cells through the thrombin 

receptor which has been activated by thrombh. This secreted TSP may then modulate 

plasrnin generation. This possibility must be further investigated. 

It is possible that TSP plays an important role in growth regdation of follicular 

cells. The presence of both the tissue factor pathway of thrombin generation and the 

fibrinolytic pathway would ensure fine control of this potential growth regulator due to the 

augmentary and inhibitory roles of many of the cornponents of these pathways. 

This study has shown that TSP is synthesized and secreted by granulosa cells in the 

follicle, using a bovine model. This synthesis is greatest in granulosa cells of small folIicles 

and decreases significantiy as the follicle size increases. This indicates that TSP may play 

an important role in modulating growth in the early stages of follicular development. This 

novel aspect of follicular growth and development rnay open a new area of reproductive 

research, incorporating the principles of hemostatic control and extracellular matrix 

biology, leading to a wider understanding of the rnechanisrns involved in ovarian function. 
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APPENDIX 1 

Materials and Solutions used in Western Blot analysis 

Lvsis buffer 

Sodium deoxycholate 250 mg, 5 mg of phenyimethylsdfonyl fluoride (PMSF), 5 

mg of aprotinin, 500 pi of Nonidet f -40 and 500 pi of 10% SDS were mixed and the total 

volume brought up to 50 ml using sterile PBS. 

Workinn Solution 

A working solution was prepared by adding 250 pi of 1% copper sulphate (in 

water) and 250 pi of 2% sodium potassium tartrate (in water) to 24.5 mI of 2% sodium 

carbonate in O. 1 M NaOW. 

Acqlamide mix (30% w/vl 

Acrylarnide 29 g and 1 g of N'N7-methylenebisacrylamide were added to 60 ml of 

double distilled water, and heated to 37°C to ensure sotubility. The volume was made up 

to 100 ml with double distiiled water and the preparation steritized by filtration (0.45 pM 

pore). 

Tris buffer (1 SM. DH 8.8) 

Tris base 90.83 g was dissolved in 400 mi of double distilled water and the pH 

adjusted to 8.8 using concentrated hydrochiiloric acid. The volume was made up to 500 ml 

and the buffer sterilized by autoclave. 



Tris b a e r  ! 1 .OMO pH 6-81 

Tris base 60.55 g was dissolved in 400 ml of double distiiled water and the pH 

adjusted to 6.8 using concentrated hydrochloric acid. The volume was made up to 500 ml 

and the buffer stedized by autoclave. 

Sodium dodecyl sulphate (10% w/v) 

Sodium dodecyi sulphate 100 g was added to 900 ml of double distilled water. 

The pK was adjusted to 7.2 with concentrated hydrochlonc acid and the volume made up 

to 1000 ml. 

Ammonium persulp hate ( 10% w/v] 

Ammonium persulphate 1 g was made up to 10 ml in double distilled water. 

Resolving gel (3% w/v acqlamide solution) 

In a small beaker, 3.1 6 ml of double distilled water was mixed with 0.5 ml of 30% 

acrylamide mix, 1.25 ml of 1.5 M Tris (pH 8.8), 50 pi of 10% SDS, 20 p1 of 10% 

ammonium persulphate and 20 p1 of N,N,N' , N'-Tetrarnethylethylenediamine (TEMED). 

Resomne. gel (8% w/v acrylamide solution') 

In a small beaker, 2.32 ml of double distilled water was mixed with 1.34 ml of 30% 

acrylamide mix, 1.25 ml of 1.5 M Tris (pH 8.8), 50 pi of 10% SDS, 20 J of 10% 

ammonium persulphate and 20 pl of N,N,N7, N'-Tetramethylethylenediamine (TEMED). 



Stackine gel (3% w/v acrvlamide solution) 

In a small beaker, 3.16 ml of double distilled water was mixed with 0.5 ml of 30% 

acrylamide mk,  1.25 ml of 1.5 M Tris (pH 8.8), 50 pl of 10% SDS, 20 pi of 10Y0 

ammonium persulphate and 20 pi of N,N,N7, Ny -Tetramethylethylenediamuie (TEMED). 

Gel-Loading Buffer 

TrisCl 1 .O M (pH 6.8) 10 ml ,0.2 g bromophenol blue, 40 ml of 10% SDS and 20 

ml of 100% glycerol were mixed and the volume made up to 100 ml in double distilled 

water. 

Tris-glycine electrophoresis buffer (5X stock) 

Tris base 1 5. t g, 94.0 g of glycine and 50 ml of 10% SDS were mked and the 

volume made up to 1000 ml with double distilled water. 

Towbin's transfer buffer [Sv 
Tris base 12 g, 56.6 g of glycine and 800 ml of methanol were made up to 4.0 L of 

double distilled water. 

Tris buffered saline 

Tris base 6.05 g and 8.76 g of sodium chloride were added to 800 ml of double 

distilled water. After the pH of the solution was adjusted to 7.5 with approximately 9.5 

mi of concentrated hydrochioric acid, the total volume was made up to 1000 ml. 



APPENDIX II 

Antibodies used in Western Blot Analysis 

Anti-human thrombospondin developed in mouse (Sigma-Aidrich Canada Ltd., Oakviile, 

Ontario) 

Anti-mouse IgG-POD, developed in sheep (Boehringer-Mannheim, Lavai, Quebec) 



APPENDIX III 

Reagents used in Northem Blot Aoalysis 

SOC Medium 

Bacto-tryptone, 20 g, 5 g of bacto-yeast extract and 0.5 g of sodium chloride was 

added to 950 ml of double distilled water. The solution was sterilized by autoclave and 

ailowed to cool to 60°C or les.  Steriie glucose (lM), 20 ml was then added to the 

solution. 

DEPC-A water 

Diethylpyrocarbonate 2 ml was added to 1.998 litres of double distilled water 

@EPC water). A ten-fold dilution was prepared using double distilled water and 

sterilized by autoclave. 

MOPS (5X stock) 

Sodium acetate 6.8 g was added to 800 ml of DEPC-A water, to which 20.6 g of 

MOPS was added. Once the pH of the mixture was adjusted to 7.0 with sodium 

hydroxide in DEPC-A water, 10 ml of OSM EDTA (pH 8.0) was added. The volume of 

the solution was made up to 1000 ml, and filter sterilized through a 0 . 2 2 ~  pore filter. 

Sample Buffer 

Bromophenol blue 0.125 g, 100 pi of 0.5 M EDTA (pHS.O), 25 ml of 100% 

glycerol and 25 ml of DEPC-A water were mixed and filter sterilized. 



Loading buffer 

Formamide 100 pl, 20 pl of SX MOPS, 3 5 pl o f  37% formaldehyde, 20 pl of 

sample buffer and 12.5 pl of 0.2 mg/ml ethidium brornide were mixed in a microcentrifuge 

tube. 

SSC (20X stock] 

Sodium chlonde 175.3 g and 88.2 g of sodium citrate were added to 800 ml of 

double distilled water. The pH of the solution was adjusted to 7.0 with a few drops of 

10 M sodium hydroxide and the volume made up to 1000 ml with double distilled water. 

The solution was then sterilized by autoclave. 

EDTA 0 . 5  M stock. pH 8.0) 

Disodium ethylenediamineteteracetate.2m 18.61 g was added to 80 ml of double 

distilled water. After pH of the solution was adjusted to 8.0 with sodium hydroxide 

pellets, the volume was made up to 100 ml and the solution sterilized by autoclave. 

Sephadex G-50 

Three gram of Sephadex G-50 was allowed to swell in sterile distilled water 

overnight. The resultant slurry was washed once with sterile distilied water and 

equilibrated with TEN buffer (pH 8.0). The preparation was sterilized by autoclave and 

stored at 4°C. 



TEN buffer 

Sodium chloride 584 mg, 158 mg of Tns.HCI and 200 pi of 0.5 M EDTA (pH 8.0) 

were rnixed in 80 mi of double distilled water and the pH of the solution was adjusted to 

8.0. The total volume was then made up to 100 ml. 

Denhardt's solution (5X stock) 

Five grarns each of Ficoll400, Polyvinylpyrolidone and bovine semm albumin were 

added to double distilled water to a total volume of 500 ml, The resuitant solution was 

sterilized by filtration, aiiquoted and stored at -20°C. 

SSPE (20X stock) 

Sodium chloride 175.3 g, 27.6 g of sodium hydrogen phosphate and 7.4 g of 

EDTA were added to 800 ml of double distilted water. The pH of the solution was 

adjusted to 7.4 with approximately 6.5 ml of 10 M sodium hydroxide and the volume 

made up to 1000 ml with double distilled water. The solution was then sterilized by 

autoclave. 



APPENDIX IV 

Materials and Reagents used for In Sihc Hybridization 

4% Parafomaldehyde 

Paraformaldehyde, 16 g was dissolved in 400 ml of double distilled water. The 

solution was then heated to 65°C to allow dissolution of the paraforrnaldehyde powder. 

The pH of the solution was then adjusted to 7.2. 

Salts Mix (10X Stock) 

Disodium phosphate (Na2HP04), 1 OOmM (pH 6.8), 50mM EDTA (pH 8.0), 

100mM Tris.Cl (pH 7.5) and 10X Denhardt's solution was added to 80 ml double distilled 

water. Sodium chlonde (NaCl), 3M was added as a solid. The volume was brought up to 

100 ml in double distilled water. The resultant solution was filter sterilized and stored at - 

Hvbndization buffer 

Salts mix (lOX), 100 pl, 500 pI of formamide, 35 pl of yeast RNA, 10 fl of DTT 

(M), 155 pl of DEPC-A water and 200 pl of 50% dextran sulphate was mixed in a 

microcentrifuge tube. The solution was stored at -70°C. 

NTE 

Sodium chloride (OSM), 29.22 g and 88.2 g of sodium citrate was added to 

800 ml of DEPC-A water. The pH of the solution was adjusted to 7.0 and the volume 

brought up to 1000 ml in DEPC-A water. 

94 



Ammonium Acetate (3 M Stock) 

Ammonium acetate, 1 15-62 g was added to 400 ml of DEPC-A water. The 

volume of the solution was adjusted to 500 ml. 



APPENDIX V 

Reagea t Su ppliers 

Amersharn Life Sciences. Oakville, ON 

Nylon membrane (Hybond) 

[ a 3 2 ~ ] d ~ ~ ~  

Redip rime 

Bio-Rad Laboratories. Richmond. CA 

Agaro se 

High Range Molecular Weight Markers (I 

Quick Spin Column 

Boehringer-Mannheim. Laval, Ouebec 

Ampicillin 

Detection reagent 

Ligation buffer 

Yeast RNA 

Fisher Scientific. Nepean Ontario 

Chlorofonn 

Dithiothreitol @TT) 

Fonnaldehyde 

Microscope slides (Charged, Si osted) 

96 

Bio-Rad Protein Assay Reagent 

;idoscope Prestained Standards) 

Blocking reagent 

Hind III Restriction Enzyme 

T4 Ligase 

Coversiips 

Folin's Reagent 

Isopropyl alcohol(2-propanol) 

Microscope slides (uncharged) 



Paraformddehyde 

UV Crosslinker 

Gibco Laboratories. Burlinaon. Ontario 

Du1beccoys rnodified essential medium containing Ham's F-12 in a 1:  1 ratio @MEM:FI2) 

Fungizone Gent amycin 

PedStrep ( 1  0,000 U/ml penicillin/10,000 pg/d streptomycin) 

TRIzol reagent 

ICN, California U.S.A. 

Tetracycline 

Iandel Scientific. California .U. S.A. 

SigrnaStat prograrn 

LKB Wallac. FinIand 

Liquid scintillation counter 

Millipore Corp.. Bedford. MA 

Polyvinylidene difluoride (PVDF) membrane 



MTC PharrnaceuticaIs. Hamilton. Ontario 

Heparin (Hepaiean, 10,000 U/ml,) 

Pharmacia LKS. U~psala Sweden 

ACC 1 Restriction Enzyme 

Flexi-prep kit 

Xba I Restriction Enzyme 

Promega Wisconsin, U.S.A. 

ATP 

DNAse 

T3 Polymerase 

Transcription buffer 

Nuclease-fiee water 

Qiagen. California. U.S.A. 

QIAEX Kit 

VWR. Mississauea. Ontario 

Kodak D- 19 developer 

ECO RI Restriction Enzyme 

Sephadex G-50 

CTP 

GTP 

Td Polymerase 

RNAsin Etibonuclease Inhibitor 

NTB-2 Emulsion 
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