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ABSTRACT

GONADOTROPIN SURGE-INDUCED UPREGULATION OF PLASMINOGEN

ACTIVATOR SYSTEM COMPONENTS WITHIN BOVINE PERIOVULATORY

FOLLICULARAND LUTEAL TISSUE

by Mark P.D. Dow

Ovulation and subsequent release of a mature oocyte is essential for establishment of

pregnancy. Maintenance of pregnancy requires transformation of this ruptured follicle into a

corpus luteum (CL). The preovulatory LH surge initiates both the ovulatory process and CL

formation. Both the ovulatory process and CL formation feature degradation and

reorganization of follicular wall and extracellular matrix (ECM) components. The

plasminogen activator/plasmin system includes specific activators, inhibitors and receptors

that directly and indirectly promote ECM degradation. In rodents, the gonadotropin surge

induces expression of specific plasminogen activator/plasmin system components prior to

ovulation. In plasminogen activator double knockout mice, ovulation rate is reduced 30%.

Therefore, the plasminogen activator/plasmin system presumably plays an integral role in

ovulation and CL formation in cattle. My working hypothesis is that in cattle, the

gonadotropin surge up-regulates the de novo expression of plasminogen activator/plasmin

system components that promote site directed degradation of the follicular wall and

subsequent CL development. To test this hypothesis, I will determine the effect of a

gonadotropin releasing hormone—induced gonodotropin surge on the localization, expression

and activity of the plasminogen activator/plasmin system components. To date, plasminogen

activator/plasmin system components have not been investigated in cattle. An increased



understanding of the mechanisms that control ovulation and CL development may lead to

improved methods to promote reproductive efficiency in cattle. This study examined the

effect of the preovulatory gonadotropin surge on the plasminogen activator system

components in bovine preovulatory follicles and new CL collected at approximately 0, 6, 12,

18, 24 and 48 h after a GnRH-induced gonadotropin surge. Messenger RNAs for tPA, uPA,

uPAR, PAH and PAI-Z were all increased in a temporally specific fashion within 24 h of the

gonadotropin surge. Messenger RNAs for uPA, uPAR, PAI-l and PAI-2 remained elevated

in the developing new CL. Localization of tPA and PAI-Z mRNAs were to the granulosal layer

while PAI-1 mRNA was localized to the thecal layer. Both uPA and uPAR mRNAs were

detected in both the granulosal and thecal layers. Activity for tPA was increased in follicular

fluid and the preovulatory follicle apex and base within 12 h following the gonadotropin surge.

The increase in tPA activity in the follicle base was transient, whereas increased activity in the

apex was maintained through the 24 h timepoint. Activity for uPA increased in the follicle

apex and base within 12 h of the gonadotropin surge and remained elevated through the time

of follicular rupture. Plasmin activity in follicular fluid also increased within 12 h following the

preovulatory gonadotropin surge and was greatest at 24 h. Significant plasminogen activator

inhibitor activity was detected in follicle extracts, but temporal or spatial differences in

plasminogen activator inhibitor activity were not detected in response to the gonadotropin

surge. My results indicate that all the plasminogen activator components are upregulated in

bovine preovulatory follicles following the gonadotropin surge in a cell-specific manner.

Increased plasminogen activator and plasmin activity may be a contributing factor in the

mechanisms of follicular rupture in cattle.
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Chapter 1

INTRODUCTION

Follicular development, ovulation, and corpus luteum ((1) formation are required for

successful spontaneous reproduction in the ferrule. In cattle, follicular development leads to

the production of a single mature dominant follicle per wave. This follicle is usually the largest

in the cohort of developing follicles and the one capable of ovulation. The rennining

subordinate follicles undergo atresia. The preovulatory luteinizing hormone (LH) surge

triggers rupture of the dominant follicle and liberation of a mature oocyte. Cellular

reorganization of the remaining follicular tissue is characteristic of <1 forrrration. All of these

processes require cellular proliferation, differentiation, and selective extracellular matrix

fornration and degradation. The plasrrrinogen activator/plasmin system and the matrix

rnetalloproteinases (MMPs) are believed to play instrumental roles in these processes.

The plasminogen activator/plasmin system includes plasminogen, two specific plasminogen

activators, cell surface plasrrrinogen activator receptors, several plasrrrinogen activator

inhibitors and several plasmin inhibitors. Plasrrrinogen is abundant in blood and peripheral

tissues and consequently, regulation of its activity occurs at several levels. The plasminogen

activators, tissue (tPA) and urokinase specific (uPA), proteolytically cleave plasminogen into its

active form plasrrrin. Activation of plasminogen occurs in the extracellular milieu. Both of the

plasrrrinogen activators and plasminogen belong to the serine proteinase family. Plasnrin

substrates include fibrin, fibrinogen, types HI, IV, VI collagen, fibronectin, laminin, gelatin,

elastin, vitronectin, and proteoglycans [1, 2]. The plasminogen activators are products of



different genes and are secreted as single chain proteins. The plasminogen activator/plasmin

system also includes specific plasminogen activator inhibitors (PAL 1, PAI-2, and PAI-3).

These inhibitors prevent the plasrrrinogen activators from converting plasminogen to plasrrrin.

Binding of plasminogen activator inhibitor to the plasminogen activators results in increased

affinity of the plasminogen activator-plasminogen activator inhibitor complex for the cell

surface via interaction of the proteinase/inhibitor complex with the low-density lipoprotein

receptor-related protein/az-macroglobulin receptor (LRP/az-MR) [3]. Binding to these

receptors induces rapid endocytotic clearance of ligand/receptor complexes. Similarly,

inhibitors of plasmin also have an affinity for LRP/az-MR and cleared via the same

mechanism. There is also a cell surface receptor for uPA (uPAR). Binding of uPA to its

receptor activates a signal transduction pathway and focuses uPA directed plasmin activity at

the cell surface.

Schochet (1916) [4] was the first to hypothesize that proteolytic digestion of the follicular wall

leads to ovulation. The following lines of evidence suggest that the plasminogen

activator/plasmin system plays a key role in the ovulatory process: 1) Plasminogen is present in

follicular fluid and plasmin weakens follicular wall strips in vitro [5]. 2) Antibodies to tPA and

uPA suppress ovulation in rats and sheep, respectively [6-8]. 3) tPA is expressed on the

surface of the ovary just before ovulation in rats [9, 10]. Similarly in rrrice, uPA is elevated

during the same period [11]. 4) Addition of the bacterial plasminogen activator, streptokinase,

to rabbit ovaries in vitro induces ovulation in the absence of gonadotropins [12]. 5) Ovulation

rate is reduced approxiimtely 26% in transgenic mice deficient in both tPA and uPA [13]. 6)

The germinal epithelium of sheep preovulatory follicles contains uPA. Removal of the



germinal epithelium inhibits ovulation [6]. 7) Plasmin is an activator of the proforrn of several

MMPs that have also been implicated in follicular rupture.

Potenital differences exists in the regulation of plasminogen activator/plasmin system

components in many species (see Table 2, page 35), it is not possible to extrapolate these

results to other species. Additionally, all the species investigated to date are litter bearers, it is

important to also investigate the role of the plasminogen activator/plasmin system in a

monoovulatory species. How the plasminogen activator/plasmin system influences

periovulatory follicular events may also provide a model system more potentially applicable to

hurmns. Many of the experiments proposed herein cannot be completed in the hurmn due to

ethical and financial issues.

The plasminogen activator/plasmin system is implicated in many areas of reproduction

including embryo implantation, sperrmtogenesis, fertilization, parturition, and ovulation.

Within the ovary, regulation of the plasminogen activator/plasmin system was investigated in

rodent species. However data from other species, particularly farm anirmls is lacking.

Experiments in rodents suggest a requirement of the plasminogen activators for optimum

ovulation rates. However, the gonadotropin surge only up-regulates one plasminogen

activator (tPA or uPA) in rodents and the specific plasminogen activator affected is different

depending on the species [14]. Further understanding of the regulation, localization,

expression and activity of these enzymes will help clarify their potential role in ovulation. This

information rmy ultimately be used as the model for future functional studies to test the

requirement of the plasminogen activator/plasmin system for ovulation in cattle. An increased

understanding of the regulation of ovarian function is required for development of improved



methods to enhance reproductive efficiency in livestock. Furthemlore, similar to the bovine,

data are completely lacking concerning the role of plasminogen activator/plasmin system in

human reproduction. Information collected in cattle may ultimately be more relevant to the

hurmn than current information derived from rodents because hutmn and bovine both

undergo dominant follicle selection and normally only ovulate a single oocyte. In addition,

altered plasminogen activator/plasmin system homeostasis is linked to Polycystic Ovarian

Disease (PCDD). The symptoms of this disease include abnormal endocrine profiles, reduced

cyclicity and ovulation, elevated blood levels of PAI-1 [15], and excessive adhesions coating

the ovary. Elevation of mm may reduce plasmin directed proteolysis on the ovarian surface

allowing adhesions on the surface to accumulate [16, 17].

The purpose of the following literature review is to 1) highlight the basic mechnnistm involved

in the ovulatory process and subsequent luteal forrmtion 2) review the biochemical and

physiological pmpetties of the members of the plasminogen activator/plasmin system and to

3) describe the hormonal regulation, and key evidence supporting a role of the ovarian

plasminogen activator/plasmin system during the periovulatory period. Most of the

information available to date is in the rodent species. However, data available on domestic

ruminants or humans will be addressed and emphasized when available.



Chapter 2

LITERATURE REVIEW

OVARIAN FOLLICULAR GROWITI, AHESIA, OVULAHONAND LUTEAL

FORM/1HON

Aprimaryfunctionoftheovaries inthe bovineistoproduceasingle matureoocyteper

estrous cycle that can be fertilized successfully if mating occurs. In eutherian anirmls, follicles

are continuously being recruited for growth, albeit only a limited number or one follicle will

develop into an antral follicle, ovulate and differentiate into a CL during each cycle. In the

human, the number of follicles that initiate growth in a cycle is proportional to the number of

primordial follicles remaining in the ovarian pool [18]. The pituitary gonadotropins [follicle

stimulating hormone (FSH) and luteinizing hormone (LI-1)] as well as ovarian steroids

[primarily progesterone (P4_) and estradiol (E2)] temporally coordinate follicular development,

ovulation, and CL formation. Furthermore, processes including ovarian tissue remodeling, cell

growth and differentiation, angiogenesis, and migration play roles in these events [19].

Evidence supports a role for the plasminogen activator/plasmin system in all of these

processes.

ANATUMYOF THE DEVELOPINGOVARIANFOLLICLE

The ovary is made up of three distinct domains. The outer cortex (1) contains the germinal

epithelium and follicles. The central medulla (2) contains the ovarian strorm and the hilum (3)



that connects the ovaty to the mesovariurn. The germinal epithelium or ovarian surface

epithelium (OSE) is made up of coelomic epithelial cells that line the outside of the ovary.

The function of these cells is not clear. The ovary of a normal cycling mammal includes

follicles at different stages of development including primordial, primary, secondary, tertiary,

preovulatory and atretic. The largest proportions of follicles in most anirmls are immature

primordial follicles. During follicular growth, the granulosal cells surrounding the oocyte

ptolifetate to form multiple layets. Additionally, the ovarian stromal layer that surrounds the

follicle will statt to form the two thecal layers. A basetnent membrane separates tbese thecal

layers from granulosal cells. The thecal layer adjacent to the basement membrane (theca

interna) develops from steroid producing interstitial cells in rodents, while the outer layer of

fibroblast like cells integrate into the blood vessels and collagen matrix. In the tertiary follicle,

fluid accumulates between many of the layers of granulosal cells, eventually occupying the

majority of the follicular volume. Near the time of ovulation, the thecal tissue that is closest to

the exterior of the ovary (apex) separates ftom the basement membrane and undergoes rapid

deterioration characterized by degradation of the extracellular matrix (ECM). This

decomposition leads to rupture of the follicle with subsequent release of the oocyte.

The ovarian follicle contains a number of ECM components including collagen (1, HI, IV and

V), laminin, fibronectin, keratin, and proteoglycans (Figure 1). Ovulation requires site directed

degradation of the ECM. The most abundant ECM protein in the follicle is collagen, which

provides structural integrity. The ovarian surface epithelium contains collagens I, III and V,

keratin and laminin Within the thecal layers, ECM proteins include collagens I and III. The

basal lamina that separates the thecal and granulosal layers is made of collagen IV, fibronectin,

laminin and heparin sulfate. The granulosal cells and follicular fluid also contains fibronectin



and proteoglycans [20-23]. Proteoglycans and their covalently bound glycoarninoglycan

(GAG) side chains have been identified in the follicular fluid of several species including pigs,

cows, rats and humans. The major types of GAG present in bovine follicular fluid are

derrmtan sulfate (DS) and chondroitan sulfate (CS), with minor amounts of heparin sulfate

(HS) also present [24]. Both DS and (3 are attached to a core protein whereas HS is not. The

proteoglycans in follicular fluid are large, with molecular weights ranging from 7.5 x 105 to 2 x

106. They may mediate follicular fluid viscosity [24] and osmotic pressure [25]. Recently,

versican, perlecan, nidogen and decorin have been identified in small antral bovine follicles

[22]. Versican was localized to the thecal and the granulosal layers. Decorin, perlecan and

nidogen were identified as part of the basal lamina [26].

Surface Epithelium (1)

Coflasens L III. V

keratin, laminan

Tunica Albuginea (5-7)

Collagens I, III

Theca

Collagens I, III

Basal Lamina

Collagen IV, laminan,

Oocyte

Follicular Fluid

T...3%....

*"f'3'" “‘5': Yr“- ('1 . Granulosa

'1 “ Fibronectin, proteoglycan  
 

Figure 1: Anatomy of an Ovarian Follicle with ECM. Modification from Espey 8L Lipner [25]. ECM matrix

information by Luck, McAurthor and Zhao [19-27].
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Anatorrry of Luteal Forrmtion

After the preovulatory LH surge, a complex series of morphological, endocrinological and

biochemical processes occur within the mature follicle that lead to (1. formation. Immediately

after release of the oocyte, the follicular antnrm hemorrhages from breakage of blood vessels

within the thecal layer. A large fibrin clot quickly forms within the ruptured follicle. This clot,

however, is rapidly dissolved and removed most likely due to tPA induced plasmin forrmtion

[27]. The follicular wall undergoes a rapid involution and folding. The basement membrane

disintegrates allowing previously avascular granulosal cells direct exposure to the blood supply.

Additionally, there is a large infiltration of white blood cells including neutrophils, basophils,

and macrophages into the area [28]. Extensive tissue and extracellular rmtrix remodeling,

cellular migration, and cellular proliferation contribute to the formation of the vascular CL.

This structure produces the necessary steroid hormones for optimization of implantation by

the embryo as well as maintenance of pregnancy until the placenta can assume this role. Both

granulosal and thecal cell types undergo luteinization, whereby they hypertrophy and begin to

secrete large quantities progesterone. Within the CL there are two distinct types of

steroidogenic cells termed large and srmlL The follicular lineage of both the large and small

luteal cells has been controversial. However, in sheep and cattle it is predominantly believed

that large luteal cells develop from granulosal cells and srmll luteal cells from thecal intema

cells [29-32].

Much of the remaining CL tissue is composed of a complex microcirculatory bed. The

forrmtion of new capillaries during CL development results from proliferation of endothelial



cells within the thecal layer. These cells migrate towards the severed basement membrane into

the granulosal layer.

INTRAFOLLICULARREGULATION OF FOLLICLE RUPTURE

The process of ovulation in mammals is initiated by a surge release of LH from the anterior

pituitary. The endocrine target for 11-1 is the ovary, where 1H initiates a series of biochemical

and morphological processes including ovulation as well as luteal forrmtion. However, the

intrafollicular signaling pathways that mediate the effects of the 1H surge on ovulation are not

as well understood. The following section of the literature review will discuss the

intrafollicular signaling pathways implicated in control of follicular rupture.

GONADO7ROPINRELEASINGHORMONE(GMH)

The release of the gonadotropins 1H and FSH from the anterior pituitary has long been

known to be influenced by hypothalarrric GnRH However, GnRH agonists have direct

effects effects on the ovary, including the induction of ovulation in hypophysectomized rats

[33, 34] and inhibition of steroidogenesis in humans [35]. Gonadotropin releasing hormone is

not part of the biochemical means by which LH causes ovulation, as LH-induced ovulation is

not inhibited by a GnRH antagonist in rats [36]. However, Koos and Iemaire, 1985 [37]

demonstrated that a GnRH agonist can induce ovulation directly in the rat ovary and that this

action can be inhibited by simultaneous treatment with a GnRH antagonist. Although GnRH

receptors are found in the rat and human ovary, due to the very short half-line of GnRH (2-4

min [38D, it is unlikely that hypothalamic GnRH has a direct physiological role in ovulation.

However, GnRH-like peptides are present in ovarian extracts of rat, human, cow and ewe and

these peptides are hypothesized to playa paracrine role in ovarian function [39].



CrcucADENOSINE MomPHospHATE (cAMP)

The predominant pathway for intrafollicular action of the 1H surge is through induction of

cAMP and its downstream stimulation of the protein kinase A (PKA) pathway. The prirmry

action of cAMP is to activate regulatory subunit of PKA. This activation causes dissociation

of the regulatory subunit, freeing the catalytic subunit to phosphorylate proteins such as CREB

that bind to DNA and modulate transcription. However, stirmrlation of calcium channels

leading to protein kinase C activation as well as activation of tyrosine kinases have also been

proposed as intracellular mediators of the ovulatoryprocess [4042]. Direct evidence fot a role

of cAMP in ovulation was revealed when several investigators demonstrated an ovulation-

inducing effect of cAlVfl’ analogues, cAMP stirrrulators or catabolic cAMP inhibitors

(phosphodiesterases) in the rabbit [43] and rat [44]. These observations support the hypothesis

that cAMP is a physiological mediator of LH-induced ovulation.

PROGESTERONE

After the LH surge there are marked alterations in the preovulatory follicular steroidogenic

enzymes such that a shift occurs from the final product of estradiol to that of progesterone. A

growing number of studies support an intraovarian role for progesterone in the process of

ovulation [45, 46]. In rats, epostane, an inhibhor of the enzyme 3 -hydroxysteroid

dehydrogenase (converts pregnenolone to progesterone) was shown to inhibit ovulation in the

rat and this inhibition could be reversed by progesterone administration [47]. Administration

of progesterone antiserum following hCIS-induced ovulation also attenuated ovulation of rat

preovulatory follicles following hCI} injection [48]. However, Kitai et a1. [49] and Holmes et

a1. [50] demonstrated in perfused rabbit ovaries that an inhibitor of cholesterol side-chain

cleavage or an inhibitor of 3 -hydroxysteroid dehydrogenase added to the perfusion media did
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not inhibit MB or IH induced ovulation while completely abolishing the LH induced

increase in follicular progesterone levels. Additionally, FSH as well as GnRH analogs are

capable of inducing ovulation by themselves in the perfused rat ovary, while inducing only

nominal increases in steroidogenesis [37, 51]. Furthermore, Pol:2m added alone to the

medium of perfused rabbit ovaries induces ovulation without a concomitant increase in

estrogen or progesterone secretion [43]. The role of progesterone rmy be important in the rat

than the rabbit in mediating follicular rupture.

The effects of progesterone are mediated via the intracellular progesterone receptor (P4R) that

is induced by upstream activation of the protein kinase A pathway. Induction of P4R mRNA

depends on granulosal cell differentiation in response to estradiol and a physiological

amount of FSH followed by high amounts of cAMP. The A—kinase inhibitor H89 and

cyclohexinride but not by the estradiol antagonist, ICI 164,384 blocks the induction of P4R

mRNA by forskolin. These results indicate that phosphorylation and synthesis of some

regulatory factor(s) other than or in addition to the estrogen receptor (ER) are essential for

transactivation of the P4R gene [52]. The P4R is a member of the nuclear receptor

superfamily of transcription factors. These receptors are hormonally regulated DNA-binding

proteins that stimulate or suppress transcription of target genes. Ovarian binding sites for P4

were demonstrated in human [53], cow [54], guinea pig [55] and rat [56, 57].

Imrmrnocytochemical techniques have also identified P4R within the ovary of human [58],

chicken [59], rabbit [60] and bovine [61]. In the rat and bovine preovulatory follicles P4R

mRNA is induced in the granulosal layer in response to an ovulatory stimulus. In rats, ovarian

P4R mRNA is induced within 5 h post hCI} and in cows within 6 h after a GnRH-induced

gonadotropin surge [62, 63]. Treatment with an ovulatory dose of hCI3 also upregulates P4R
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mRNA expression by rmcaque gramrlosal cells [64]. Investigators showed that 1H stimulates

the PR gene in cultured rat [65, 66] and pig [67] preovulatory granulosal cells. The use of the

P4R antagonist, RU486, was shown to inhibit ovulation in the rat [45, 68, 69]. The

observation that the follicles of P4R-/- knockout mice develop to an ovulatory stage, but are

unable to rupture, even in response to gonadotropin challenge, further supports the previous

physiological evidence indicating that progesterone and its receptor are required for ovulation

[70, 71]. Interestingly, other processes associated with the LH surge such as oocyte mannation

and cumulus expansion occurred normally, but granulosal cells failed to undergo nomnl

luteinization [71]. Further studies are required to determine the identity of PR-regulated target

genes during the periovulatory period that are required for ovulation. However, two

progesterone regulated proteinases identified to date are A disintegrin and metalloprotease

with thrombospondin typel motifs (ADAMIS- 1) and cathepsin 1.. Furthermore, mRNAs

encoding cathepsin L and ADAMIS—l ate reduced in the P4R'/’ knockout mice compared

to their wild-type litterrnates. These novel observations indicate that these two proteinases

may regulate sorrre key step(s) controlling ovulation [72, 73].

PROSTAGLANDINS

A large body of evidence supports the hypothesis that intrafollicular prostaglandins are key

regulators of the ovulatory process. Prostaglandins are potent regulatory molecules that are

produced by rmny tissues including the ovary. During the process of ovulation, the

endogenous levels of prostaglandins in the rat and rabbit follicle increase markedly and are

inhibited by the prostaglandin synthase inhibitor indomethacin [74]. Furthermore, Koos et 21.,

1983 [75] observed a rrrarked preovulatory increase in intrafollicular levels of prostaglandins

(PGE and PGF) during in vitro perfusion of rabbit ovaries.
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Systemic or local administration of cyclooxygenase inhibitors, which inhibit prostaglandin

synthesis (indomethacin, aspirin), inhibit 1H (or MID-induced ovulation in the rat, rabbit,

monkeys and bovine [74, 76-78]. Furthermore, ovulation was rescued in the rabbit amd rat by

the administration of exogenous prostaglandins [74, 79]. Histological examination of the

corpora lutea in rabbits and rmrmoset monkeys treated with indomethacin confirmed the

entrapment of oocytes [76, 80]. Additionally, using an ovarian perfusion system, indomethacin

was shown to inhibit gonadotropin-induced ovulation of rabbit antral follicles. Addition of

the prostaglandin, PGF, to the perfusion media not only reversed the inhibition of ovulation in

the presence of indomethacin [43, 81], but PGan stimulated ovulation in the absence of a

gonadotropin stimulus [43, 81]. Similar experiments using an ovarian perfusion system

showed that PGE2 could restore ovulation in indorrrethacin treated rat ovaries [44].

Intrafollicular regulation of prostaglandin production is mediated prirmrily through regulation

of the prostaglandin endoperioxide synthase (PGHS) enzyme. There are two distinct isofomrs

of the PGHS enzyme termed PGI-lSl (or cycloxygenase-l; 00x1) and PGHSZ (or

cycloxygenase-Z; (BX-2). Although the structural domains of the enzymes are conserved,

their tissue distribution and regulation are distinct. (IDX-l is constitutively expressed in rmny

tissues and is thought to synthesize prostaglandins necessary for regular cellular processes. In

contrast, CDX-Z is drarmtically induced during inflammatory like conditions, such as

ovulation. Furthermore, (IDX-Z is increased in follicular cells of rats [82, 83], sheep [84] and

bovine [85] by the LH surge. Ovulation is delayed in hurmn with the use of a specific (EX-2

inhibitor [86]. Furthermore, ferrule mice carrying a null mutation for CDX-Z are infertile [87]

due to failures in ovulation, oocyte maturation, cumulus expansion and fertilization [88].

These processes can be restored by PGEZ, but not PGan treatment at the time of ovulation
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induction in the (IDX-Z null mutant mice [89]. In rat preovulatory follicles PGEZ has been

shown to be preferentially produced over other prostaglandins following the LH surge [90].

However, investigations looking at overriding the antiovulatory effects of indornethacin in

large domestic anirmls including cattle, pigs and horses have suggested that PGF2(1L rmy also

be important in the ovulation cascade [78, 79, 91, 92].

Actions of PGE2 are mediated by specific cell surface PGEZ receptors of the EPl, EPZ, EP3

and EP4 subtypes [93]. EPZ is induced in cumulus cells of mice 8 h post hCI-L Furthermore,

mice deficient in EPZ have lower number of ovulations and have poor fertilization outcome

[94]. Therefore, the EPZ receptor subtype may mediate the effects of PGE2 on follicle

rupture in mice.

DOWNSTREAM PROCESSES MEDIATED BY P4RAND

PROSTAGLANDINS

P4

\ Since a cnrcial event in follicular rupture is the weakening of

OVU-latlon the follicle wall by proteolytic enzymes, P4R and

PG/ prostaglandins likely mediate this process (Figure 2). The

Figure 2= Diagram ShOWing the absence of ovulation in female mice with deficiencies in

known upstream regulators of

ovulation.

 

  either P4R or (IDX-Z support the hypothesis that both of
 

these pathways lead to the induction of proteinases required for follicular rupture.

Furthermore, mice deficient in P4R have normal granulosa cell (I)X—2 mRNA induction

following the gonadotropin surge. Similarly, (DX—Z deficient mice have normal granulosa cell

P4R mRNA induction [95]. These results from gene targeting studies suggest that PGEZ and

P4R act via independent pathways that likely lead to similar downstream targets (Figure 2).
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Experiments by Downs and Longo [96] demonstrated that following hOG treatment, the

apices of antral follicles treated with indornethacin remained thickened and tightly packed with

rmrginal signs of disruption whereas apices of vehicle-treated animals demonstrated marked

deterioration, dissociation, and thinning of tissue. Similar results were observed in the rat.

ROLE FOR PROTEINASES IN FOLLICULARRUPTURE

In the final hours prior to follicular rupture, the follicular wall degrades at the apex (reviewed

in Espey, 1973 [97]) with an eventual breakthrough at the area of the stigma [98].

Cinematographic and photographic observations of the rabbit graafian follicle clearly show

these processes [99]. This thinning of the follicular wall is accompanied by a dissociation and

fragmentation of the collagen fibrils [98, 100, 101]. Martin et. al. [101] concluded from

scanning electron microscopic observations in the harmter that this fragmentation is due to

enzyrmtic cleavage of the intermolecular bonds that hold the collagen fibers together, thereby

allowing them to separate and give wayto form the stigrm. Reich et. al (1985) was the first to

correlate the ovulatory process in rats with increased ovarian collagenase activity [102].

Furthermore, increases in collagenase enzyme activity in the apex but not the base of sheep

preovulatory follicles strongly support a potential key role for these class of enzymes in the

proteolytic degradation of the apical follicle wall leading to ovulation [103].

While the majority of morphological and biochemical studies have focused on the collagen

network surrounding the follicle (type I and III collagen), the basement membranes (type IV

collagen), which separate the granulosal cells from the thecal cells and the germinal epithelium

from the turrica albuginea, must also be broken down for ovulation to occur. Such a

breakdown has indeed been observed with the use of histochemical techniques [104].
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However, the enzymes responsible for the breakdown of the follicular basement membranes

remain to be determined. Additionally, the oocyte-cumulus complex must become very

loosely attached or detached from the follicle wall prior to rupture. During human in vitro

fertilization, follicles are aspirated 32 to 36 hours after hCE administration and oocytes

obtained. In contrast if follicles are aspirated 12 hours or less after hCI}, no oocytes are

obtained [105, 106].

Two families of proteinases, the plasminogen activator/plasmin system and the matrix

rnetalloproteinases (MMP) have been implicated in follicular rupture. The rermining two

sections of this literature review will focus on the biochemistry of the plasminogen

activator/plasmin system and will provide direct and indirect evidence supporting a sole of the

plasrrrinogen activator/plasmin system in follicular rupture and (or) luteal formation.

THE PLASMINOGEN ACTIVATOR/PLASMIN SYSTEM

Early investigation of the plasminogen activator/plasmin system focused on the traditional

concepts of fibrinolysis involving tPA activation of plasminogen leading to plasmin-mediated

destruction of fibrin. However, not only have multiple activators of plasminogen been

identified, several cell surface receptors are now recognized to play a prominent role in local

orchestration of plasmin activity. Additionally, plasmin can cleave a number of nonfibrin

substrates such as transforming growth factor [3 (TGF-p), proenzymes, prohormones, and

extracellular rmtrix proteins.
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STRUCTURAL AND BIOCHEMICAL PROPERHES OFPLASMINOGEN, PLASMINOGEN

AC77VA TORS, ANDPLASMINOGENACYYVA70R IMIIBI'IORS
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Figure 3: Diagram of the structure of plasminogen modified from Alexander and Werb, 1991 [2]. K1, K2,

K3, K4, K5 represent five kringles, PA represents plasminogen activator site of cleavage. Amino acids H,

S and D show active site of the enzyme.

K5

 

 

   

The prirmry component of the plasminogen activator/plasmin system is the broad-spectrum

proteinase plasmin, which is formed from the proteolytic cleavage of plasminogen (Figure 3).

Plasminogen is a 92 kDa glycoprotein [107] present in plasrm and other extracellular body

fluids at a concentration of about 2 ”M [108]. It is synthesized in the liver and brain [108-111].

Plasminogen consists of a single polypeptide chain. The N-terminal region is composed of

we “kringle” dormins. The kringle domains contain lysine binding sites that are important for

binding to the cell surface [112]. The C-terminal region contains the catalytic serine proteinase

donnin. Conversion of plasminogen to plasmin occurs due to a hydrolysis of a single peptide

bond between Arg56O-Va156l converting the zymogen to a two chained polypeptide held

together by two disulfide bonds. The catalytic activity of plasmin is 104 to 106-fold over

plasminogen. Plasmin severs peptide bonds between Lys and Arg residues. Substrates for

plasmin include fibrin, fibrinogen, types 111, IV, VI collagen, fibronectin, laminin, gelatin,

elastin, vitronectin, and proteoglycans [1, 2]. Most other collagens are fairly resistant to
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plasmin degradation. However, plasmin can convert other collagenolytic enzymes, including

certain rmtrix rnetalloproteinases (MMP) to their active form. Specifically, plasmin can

activate collagenase I (MMP- 1), gelatinases (MMP-2 and MMP-9), and stromelysin—l (MMP-3)

[113-122]. Furthermore, due to the relativelyhigh concentration of plasminogen in tissue and

body fluids, a srmll increase in plasminogen activators induces a large increase in plasmin in

the extracellular milieu. These proteinase families, plasmin together with the MMPs, can

potentially degrade all ECNI components in the ovary.

Plasmin also activates growth factors such as hepatocyte growth factor/scatter factor

(HGF/SF) [123] and is involved in proteolytic processing of peptide hormones such as Anti-

Mullerian hormone (AMI-I) [124] and ACTH [125]. Furthermore, plasmin degradation of the

ECM, may release ECM-bound growth factors such as bFGF, VEGF and TGFfil, that may

mediate specific biological responses. Plasmin can also be further cleaved into polypeptides

containing ktingles 1-3 or 1-4 by pancreatic elastase, several MMPs [126], and by plasmin

autohydrolysis. The resulting protein, termed angiostatin, is a potent inhibitor of angiogenesis

[126-128].
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Tissue Plasminogen Activator

 

 

Figure 4: Diagram of tPA showing important structural domains modified from

Alexander and Werb, 1991 [2]. Finger, growth factor, kringles 1 and 2 (K1, K2) and

key amino acids of the acid site (H, S, D). Arrow indicates cleavage to convert sctPA

to tctPA.

  
 

The first plasminogen activator identified was tPA. Tissue plasminogen activator is a 68 kDa

glycoprotein [129] that is present in low levels in plasma. The structural and functional

donnins of tPA have been described (Figure 4). The N-terminal A chain contains a

fibronectin type H domain, a growth factor domain and two two triple disulfide structures

“kringles.” The Cterminal B chain contains the serine proteinase domain. The growth factor

domain shares homology to the receptor binding regions of TGFa and EGF. Recent

evidence suggests that this binding domain may be important for clearance of tPA. Tissue

plasminogen activator is secreted as an active single chained form (sctPA) that is converted to

an active two-chained form (tctPA) by cleavage of Arg275-Ile276. Additionally, the first kringle

of tPA is required for tPA’s ability to degrade fibronectin [2]. The activity of tctPA is 10-50



fold higher than that of the single chain form. In the presence of fibrin the activity of tPA is

increased approximately 400 fold. Proteoglycans have also been shown to enhance tPA

activity [130]. Although the primry substrate for tPA is plasminogen, tPA can also cleave

pro-HGF/SF into active HGF/SF [131].

Urn/abuse Plasnbaogm Actiwlor
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Figure 5: Diagram of uPA showing important structural domains modified from

Alexander and Werb, 1991 [2]. Growth factor, kringle 1 (K1) and key amino acids

of the acid site (H, S, D). Arrow 1 indicates cleavage site to convert scuPA to

tcuPA. Arrow 2 indicates cleavage site separating uPA inot low molecular weight

and amino terminal fragments.

 

  
 

Urokinase-type plasminogen activator (Figure 5) is synthesized as an inactive single-chained 54

kDa protein (scuPA; also called pro-uPA) [132]. Cleavage of the Lyslss-Ile159 peptide bond

produces an active two-chained uPA held together by disulfide bonds [133]. The conversion

to the two-chain form (tcuPA) is an important regulatory step. Factors that activate uPA

include plasmin [134], kallikrein [133], Factor XIIa, cathepsin B [135] and MMP-3 [136]. The

conversion of the singlechained form of uPA to two-chained uPA increases activity about
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250-fold. Urokinase plasminogen activator has all the same structural domains as tPA except

it lack the first kringle. The C-terrninal B chain contains the serine proteinase donnin. The

N—terminal A chains consists of a growth factor domain, a kringle domain and a interdomain

linker. The growth factor domain has amino acid homology to EGF, btrt EGF cannot

displace binding of uPA to its receptor [137]. Further proteolytic cleavage of uPA in the linker

region gives rise to the growth factor domain and kringle, or amino terminal fragment (ATP),

and the serine proteinase donnin, or low molecular weight uPA (IMW-uPA).

Urokinase plasminogen activator can also convert the inactive proforrm of HGF/SF [138] and

rmcrophage stimulating protein (MSP) [139] to their active forms in the absence of

plasminogen. It also has moderate affinity for heparin-like GAGs, mostly heparan sulfate, that

appear to modulate uPA activity[140].

CONTROL orPLASMINACHVITY

The control of plasmin activity is mediated through three mechanisms: activation, inhibition

and localization. Plasminogen is proteolytically cleaved between Arg560 and Val561 to

generate active plasmin [141] by the plasminogen activators. Inhibition of plasmin activation

by the plasminogen activators is mediated primarily by three related proteins; plasminogen

activator inhibitor-1, 2 and 3 (PAI-1, PAI-2 and PAI—3). 'Ihese inhibitors are members of the

serine proteinase inhibitor (serpin) supergene family, that bind uPA or tPA in a 1:1

stoichiornetry, and effectively block plasminogen activator activity [142]. Structurally, these

serpins have an approximately 20 amino-acid-long exposed reactive center loop (RCL) [143],

which inhibits their activity when inserted into the serine proteinase domain of the

plasminogen activator [144].
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PIasnbngmAWInbrh'tar-I

Plasminogen activator inhibitor-1 is a 45 kDa single-chained protein [145] that is found in

plasrm at a concentration of 1 nM [108]. It is the most potent plasminogen activator inhibitor.

Although synthesized in an active form, PAI-1 spontaneously converts to a more stable latent

form [146]. Binding of active inhibitor to the ECM protein vitronectin stabilizes PAI-1 in its

active conforrmtion [147-151]. Plasminogen activator inhibitor-1 binds to the N—terminal

sonntornedin B domain (amino acids 1-44) of vitronectin. Vitronectin may also play a role in

localization and concentration of active PAI-1 [152]. The PAI- l-plasminogen activator

complex does not bind to vitronectin. Vitronectin also binds integrins, and accordingly both

PAI-1 and integrins compete for vitronectin binding [153].

PlasnzmgmAmInbrbdor-Z

Plasminogen activator inhibitor-2 is undetectable in human plasma except during pregnancy.

During the final stages of pregnancy, plasrm PAI-2 concentrations of 100300 ng/ml are

detectable. The source of PAI-2 is the trophoblastic epithelium [154]. Additionally, PAI-2 is

a major product of macrophages and monocytes in response to inflammatory conditions [155,

156] and PAI-2 has been observed in several neoplastic cells lines and malignant tissues. In

monocytes, PAI-2 exists as both a nonglycosylated (46 kDa) and glycosylated (60 kDa) form.

The nonglycosylated form is retained in the cytoplasm, while the more stable glycosylated

form of PAI-2 is secreted to the extracellular milieu. In vivo, PAI-2 is believed to inhibit only

uPA, although it also has a low affinity for tPA. In comparison to PAI-1, PAI-2 is 20- 100 fold

less efficient in inhibiting plasminogen activators. Recently, intracellular PAI-2 was shown to

reduce TNFa induced apoptosis. The mechanisms are unclear, although the region of PAI-2

responsible for this activityhas been identified [157].
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PWActitwor[War-3

Plasminogen activator inhibitor type-3 (PAI-3; also known as protein C inhibitor) is present in

high concentrations in plasma, urine and seminal fluid [158]. It is the most predominant

plasminogen activator inhibitor identified bound to active uPA in biological fluids [158]. It is,

however, unique from PAI-1 and PAI-2 because PAI-3 can bind and inhibit uPA reversibly

[159]. Messenger RNA for PAI-3 was identified in both human and mice reproductive tracts

(including the ovary), and rrrale PAI-3 deficient knockout mice are infertile due to loss of the

Sertoli cell barrier impairing spermatogenesis [160]. Recently, bovine PAI-3 was shown to be

an effective inhibitor of plasmin as well as uPA [161].

Release nexbz-I

Protease nexin-I (PN-I) is a glycoprotein that is a less specific serpin than PAI-1, PAI-2 and

PAI-3. It is an effective inhibitor of tcuPA and plasmin, but is slow inhibitor of tPA, and does

not have affinity for scuPA. Similarly to PAI-1, PN-l has been localized to the ECM of

cultured fibroblasts [162]. Interestingly, mutant rmle mice deficient in PN—l are infertile due

to abnormalities in copulation plug forrmtion [163]. Preliminary work by Bédard et. al. [164]

identified a periovulatory rise in PN—l transcript and protein within the granulosal cells of

bovine preovulatory follicles. In contrast, expression of PN-l by granulosal cells was high

during the entire periovulatory period in mouse preovulatory follicles [11].

The serpin az-antiplasmin is the main physiologic plasmin inhibitor. Alphaz-antiplasmin is a

70 kd glycoprotein that is produced by the liver and is present in the serum at a concentration

of 1 “M [108]. AlphaZ-antiplasmin binds to plasmin in a 1:1 stoichometry and interacts with
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the region from Arg354 and Met355 to the Set residue of the active site in plasmin [108].

Interestingly, az-antiplasmin is degraded by MMP-Z which rmy be a further means of

regulating plasmin activity[165].

Alpbazmamiglohd'm

AlphaZ-rmcroglobulin is a key proteinase inhibitor of broad specificity. It is a large

glycoprotein of approximately 725 kD, consisting of four identical chains (tetramer). The

tetrarner is arranged together as a pair of dimers, forming a complex with two reactive sites.

Each of the reactive sites contains the sequence Arg 681-Val-Gly-Phe-Tyr—Glu-686 that acts as

bait region and offers substrate specificity to many different proteins including plasmin

Alphaz-macroglobulin is a “second line of defense” inhibitor and inactivates plasmin, tPA and

uPA at a relatively low rates due to a low affinity for the enzymes [108]. The a2-

macroglobulin—proteinase complexes are removed by specific receptors (discussed below).

AC7?VAHONAND CLEARANCERECEPTORS FOR 7715 PLASMINOGEN

ACYYVA TOR/FLASMINSYSTEM

Proteins at the cell surface also regulate plasmin activity. Am receptors localize and, in

some cases, potentiate plasminogen activation. aware receptors serve to remove plasmin

and plasminogen activators from focal environments. Some activation receptors amplify

plasmin activity by binding both plasminogen and plasminogen activators (coreceptors) and

allowing them to interact similarly to the enzyme substrate complex. Additionally, some

activation receptors protect the plasminogen activators from their inhibitors, while others

simply localize plasminogen activators and hence plasmin activity to specific focal

environments (e.g. cell membrane).
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Plasminogen chqitorr

A large number of diverse molecules have been implicated as plasminogen receptors [166].

These include gangliosides, a-enolase, adhesive glycoprotein complex IIb/IIIa, glycoprotein

330, and Heymann nephritis antigen. These receptors are found on many cell types including

platelets, leukocytes, hepatocytes, neuronal cells, sarcoma cells, and endothelial cells [166].

Additionally, binding of plasminogen to these receptors does not interfere with activation of

plasminogen to plasmin, and may possibly further help concentrate it by allowing plasminogen

to accumulate on the cell surface.

Umkinare Plasminogen Activator Receptor

uPA uPAR

NH2

 

  

    

   

 

NH;

CH0

CH0

CH0

CH0

CH0

COOH - terminus

lecan Phospha-ethanolamine

Glucosamine

OH lnositol

 

 

Figure 6: Diagram of the structure of uPAR modified from Wang, 2001 [175].
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The uPA receptor (uPAR; Figure 6) is a highly glycosylated 55-60 kDa [167, 168] protein that

is held to the cell membrane by a gbcosyl-phosphatidyl inositol (GPI) anchor. Examination of

the amino acid structure of uPAR shows a triple 90 amino acid repeat and hence homologous

donnins. One function of the uPAR is to focus and confine cell-associated uPA activity The

uPAR can also activate a cell specific signal transduction pathway. Upon binding of uPA,

changes in tyrosine kinase activity and accompanying changes in gene expression were

observed in rnonocytes, epithelial cells and ovarian cancer cell lines [169-173]. Activation of

uPAR in ovarian cancer cells results in rapid c-fos expression [169,172]. Additionally, binding

of uPA to uPAR increases protein kinase Cg activity [174] in the WISH epithelial cell line and

transcription of ERK1 and ERK2 [175] in MCF-7 breast cancer cells. Upon ligand binding,

uPAR can be co-irnrminoprecipitated with numerous tyrosine kinases including hck, fyn, lck,

lyn, fgr, Jakl and TykZ [176]. Activation of receptor bound uPA on the cell surface is

implicated in the initiation of focal proteolytic mechanisms that permit metastasis. The uPAR

is overexpressed in cancer cells of colon, breast, ovarian, lung, kidney, liver, and bone and

therefore, uPAR may be a key molecule in the process of cancer invasion and metastasis [176].

Furthermore, the half-er of receptor bound uPA is extended to several hours. Cells producing

uPAR may or may not produce uPA suggesting both autocrine and paracrine cell functions.

Some cell types with uPAR also contain plasminogen receptors as shown in Figure 7. This

may suggest a mechanism for co-localization of uPA and plasminogen resulting in enhanced

plasmin formation. Both pro-uPA and uPA bind to the uPAR with similar affinity. Dormin 1

of uPAR binds the growth factor domain of uPA. Additionally, the binding of scuPA to

uPAR leads to a 20-fold increase in conversion of scuPA to the active tcuPA. tPA does not

bind to the uPA receptor. Additionally, uPA receptors bound with uPA or scuPA ligands are

not internalized but those containing uPA-PAI are endocytosed and degraded. Although the
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growth factor domain has similar homology to the EGF receptor, EGF cannot displace

binding of uPA to its receptor [137]. The uPAR also shares an affinity for the same domain of

vitronectin as PAI-1, and hence they compete for binding. Binding of uPA to uPAR increases

the receptor’s affinity for vitronectin. The uPAR does not bind other ECM proteins such as

fibronectin or larninin. In vitro, uPAR been shown to bind B2-integrins and may also have

some affinity for [31 and [33 integrins as well. Immunocytochemistry experiments have also

revealed that uPAR, both in the absence and presence of uPA, collects at specific cell—ECM

contact sites, similar to clusters of integrin-actin focal contacts. Therefore, uPAR-vitronectin

and/or uPAR-integrin associations may assist in the formation of these clusters.

Recently, a cellular receptor was identified that interacts with uPAR. This receptor, uPAR

associated protein or uPARAP, is a transmembrane protein that is structurally related to the

Plasminogen

Receptor

PAI-1, 2, 3?

      
Degradation

—-»

Migration

 

 

Figure 7: Diagram showing the uPAR proteolytic pathway modified from Wang, 2001

[175].
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macrophage mannose receptor protein family. This family of receptors appears to function as

internalization receptors [177]. Interestingly, uPARAP was shown to bind to rat collagenase 3

(WIMP-13) in combination with the LRP receptor followed by internalization [178- 180].

LDL-li/eeRWPmmbz

The plasminogen activator inhibitors are also important for clearance of plasminogen

activators. Upon binding of plasminogen activator to the plasminogen activator inhibitor, the

plasminogen activator inhibitor undergoes a conformational change into what is called the

relaxed conformation. Transformation to the relaxed conforrmtion exposes a structural motif

that binds to the multifunctional LRP clearance receptor. Binding of plasminogen activator

inhibitor to the uPA-uPAR complex is also required for binding to LRP. The LRP-complexes

then migrate to clathrin-coated pits and are internalized. In the early endosomes, the

plasminogen activator-plasminogen activator inhibitor is targeted to lysosomes and the uPAR

and (or) LRP are recycled back to the cell surface [181]. Disruption of the LRP gene

compromises physiological processes that involve the plasminogen activator cascade including

embryo implantation [182, 183] and cell migration. Similarly, the plasminogen activator-

plasrninogen activator inhibitor complex can also be internalized and degraded through the

verylow density lipoprotein (VIDL) receptor [184].

(Io-Reagan»: affinePWAW/Pasm Systen

Recently, two co-receptors have been identified that simultaneously bind both plasminogen

and tPA. This co-assembly mechanism both localizes and potentiates proteinase activity.

Amphoten'n is one co-receptor that is expressed on neuroblastoma cells [185-188]. The other

co-receptor is annexin H, which was identified on human vascular endothelial cells [189].

Annexin II is a calcium-regulated phospholipid—binding protein [190, 191] that lacls a
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transmembrane domain [192]. Annexin II mediated assembly of tPA and plasminogen results

in a 60-fold increase in local plasmin production. Both amphoterin and annexin II can only

potentiate plasmin production once since they are also substrates for plasmin.

GENETICMODELS FOR STUDYING HIE PHYSIOLOGICAL ROLEOF THE

PLASMINOGENACTIVA IOR/PLASMINSYSTEM GENES

Table 1: Fertility and abnormal phenotypes of mice genetically deficient in

plasminogen activator/plasmin systemJenees.
 

 

 

 

 

 

 

 

 

 

 

    

Gene(s) Fertility Abnormal Phenotypes

tPA Normal ~lv endotoxin-induced thrombosis

T thrombolytic potential

Jr cerebellar granule cell migration

uPA Normal l endotoxin-induced thrombosis

T organ fibrin deposits

tPA/uPA 9 reduced ll endotoxin-induced thrombosis

TT thrombolytic potential

Tlorgan fibrin deposits

20% dead by 17 weeks old

plasminogen 9 reduced/Normal ii endotoxin-induced thrombosis

TT thrombolytic potential

TTorgan fibrin deposits

20% dead by 17 weeks Old

uPAR Normal Jul neutrophil recruitment

PAI-1 Normal T endotoxin-induced thrombosis

Jr thrombolytic potential

l tumor angiogenesis

PAI-2 Normal None defer—ta

PAI-3 6 reduced None detected

az-antiplasmin Normal Tl endotoxin-induced thrombosis

U thrombolytic potential

Protease nexin-l (3‘ reduced None detected

az-macroglobulin Normal l Endotoxin lethality   

The generation of null

mutant mice or the

identification of

hurmns deficient in

the plasminogen

activator/plasmin

system genes has shed

important insight into

the physiological roles

for these proteins. To

date, mice have been

generated with

targeted deletion of

the plasminogen, tPA, uPA, uPAR, PAI-1, PAI-2, PAI-3, PN-l, az-antiplasmin, and a2-

macroglobulin genes. In addition, some of the above lines have been crossed to generate

combination knockouts. The phenotypes of these mutant mice are outlined in Table 1.
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Mice deficient in both tPA or uPA develop normally and are fertile. However, tPA deficient

mice have increased endotoxin-induced thrombosis and reduced thrombolytic potential [193],

and cerebellar granule cell migration is reduced by51% [194].

Similarly, mice deficient in uPA also displayed increased endotoxin induced thrombosis,

however some of these rrrice also developed rectal prolapse and spontaneous fibrin deposits in

the intestines, liver and ulcerated skin. Additionally, macrophages collected from uPA

deficient mice, but not wild-type mice fail to degrade fibrin. Not surprisingly, mice deficient in

both tPA and uPA had exacerbated symptoms of the individual phenotypes and approximately

20% died at approximately 17 weeks of age. In addition, the mice lacking plasminogen

activator function had reduced numbers of offspring per litter [193]. Ieonardsson et. al. 1995

[13] investigated the exact cause of the reduced fertility of 25-dayold tPA'/'/uPA'/' mice

using gonadotropin-induced ovulation. Histological examination revealed that double

mutant mice had an impaired ovulation mechanism, such that ovulation efficiency was

reduced by 26% compared to wild-type mice. This result indicates that plasminogen

activation plays a role in the ovulatory response, although neither tPA nor uPA individually

or in combination is absolutely required for successful ovulation. In the mouse ovary, the

loss of an individual plasminogen activator is functionally complemented by the remaining

plasminogen activator. However, in the single plasminogen activator deficient mice, there is

not any compensatory up-regulation of the remaining plasrrrinogen activator [13].

Surprisingly, plasminogen null mutant mice, hence lacking active plasmin, have normal

fertility and ovulation rates during spontaneous estrous cycles and in response to

superovulation regimes [195]. However, the different phenotypes of the tPA'/'/uPA'/'

versus the plasminogen deficient mice may be due to some of the recently described

30



nonproteolytic functions of both tPA and uPA. These functions will be described in detail

below.

Kim et. al. [196] reported that exogenous tPA added to cortical cultures protected the cells

from zinc-induced cell death, and the addition of plasminogen activator inhibitors did not

reduce this protective effect. In addition, plasmin did not provide a protective effect. This

would suggest that the protective function of tPA is not related to its ability to produce

plasmin.

Nonproteolytic actions of uPA were described previously, as binding of uPA to uPAR

stimulation of a signal transduction pathway. Although, uPAR mutant mice are fertile and

appear normal, their neutrophil recruitment in response to injury is severely compromised

[197, 198]. Furthermore, the uPA ligand is not required for this function as neutrophfl

recruitment is normal in uPA deficient mice [198].

Mice deficient in PAI-1 are also fertile. However, they display faster clot lysis and reduced

endotoxin-induced venous thrombosis, and are more susceptible to increased fibrin

deposition after copper-induced arterial wall injury [199]. In addition, host mice deficient in

PAI-1 displayed decreased local invasion and tumor vascularization of transplanted

rmlignant keratinocytes [200]. In PAI-1 null mice, tumor angiogenesis was reduced 60%

compared with wild-type mice using a Matrigel implant assay. Addition of exogenous PAI-1

to the assay restored angiogenesis, while mice over expressing PAI-1 had increased tumor

angiogenesis 3-fold [201]. To date, PAI-1 is the only member of the plasminogen

activator/plasmin system where human homozygous deficient individuals (seven) have been

identified. These individuals display increased intracranial and joint bleeding after mild
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trauma, prolonged surgical bleeding, severe menstrual bleeding, and frequent bruising. No

other abnormalities were observed, indicating the primary function of PAI-1 is to regulate

vascular fibrinolysis [202].

Knockout mice that are deficient in PAI-2 are fertile and appear completely normal PAI-2

is a produced by macrophages, however, response to infectious challenge and (or) endotoxin

challenge was not different between wild type and PAI-2 deficient mice [203].

The az-antiplasmin deficient mice are also fertile but exhibit increased clot lysis time and

decreased endotoxin-induced thrombosis similar to the PAI-1 knockout mice. However,

their bleeding times were similar to wild type mice [204]. Similarly, transgenic mice deficient

in z-macroglobulin did not show any defects in their viability, fertility or health. Rodents,

unlike other mammals have two different types of wide spectrum proteinase inhibitors: a2-

macroglobulin and murinoglobulins. However, rrmrinoglobulin and 0‘2"macroglobulin double

knockout mice have a similar phenotype and exhibit normal viability, fertility and health [205].

Female mice generated with a deficiency in PN—l were normal, but males showed a marked

decrease in fertility. Further examination of the reduced fertility of the male mutant mice

revealed a defect in vaginal plug formation, as semen failed to coagulate after copulation

[163].

ROLE OF THE PLASMINOGENACYYVATOR/FLASMIN SYSTEMIN OVULATION

AND LUTEAL FORMAHON

A number of physiological and pathological processes require proteolytic breakdown of the

ECM, including cell migration, tissue remodeling, inflammation, wound healing, angiogenesis,

32



neoplasia, muscle regeneration, and ovulation. Numerous roles for plasmin in ovulation are

hypothesized, and plasmin may play a rrnrltifaceted role in this process. Plasmin may prevent

premature fibrin (clot) formation in the preovulatory follicle, albeit fibrinogen concentrations

in follicular fluid are slightly lower than serum. Near the time of ovulation, the preovulatory

follicle becomes hyperemic due to breakage of blood vessels in the thecal layer. Plasmin may

prevent normal fibrin formation thereby allowing the oocyte to escape [27]. Plasmin also

degrades ECM components of the follicle, including collagens III and IV, as well as

proteoglycans, fibronectin and larninin. The collagens are believed to provide the primary

structural integrity to the follicle, while the other ECM components such as proteoglycans,

larninin and fibronectin mayprovide further support. Additonally, plasmin’s digestion of these

other EON/I proteins may allow other proteinases such as the collagenases, better access to the

remaining collagens. Furtherrrrore, plasmin activation of the proforrns of several MMPs,

specifically collagenase I (MMP- 1), the gelatinases (MMP-Z 8: 9) and stromelysin-l (MMP-3)

may facilitate ovulation. A critical role ofMS in follicular rupture is supported by increases

in ovarian collagenase activity prior to ovulation [102, 103, 206], as well as suppression of

ovulation by collagenase inhibitors [207, 208]. Plasmin and MMPs together can degrade all of

the ovarian ECM that would be necessary for follicular rupture and luteal development.

Major alterations of tissue rrrorphology are often associated with apoptosis or programmed cell

death. Support for a role of apoptosis in the ovulatory process is mounting. There is

significant apoptotic cell death in the OSE, thecal and granulosal cell layers, particularly near

the apex of the follicle [103, 206, 209-211]. High doses of the prostaglandin inhibitor

indomethacin block apoptosis in both OSE and granulosal cells [212]. Plasmin has been

shown to indirectly stimulate apoptosis by cleavage of membrane bound TNFa, releasing the
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extracellular dormin into the extracellular milieu [213]. Receptors for TNFa are present on

nearly all nucleated cells [214, 215], and binding of the extracellular domain of TNFa to its

receptor conveys an apoptotic signal [216, 217]. Recently, OSE cells were shown to secrete

uPA in ewes. The OSE cells upon stimulation by estradiol and then LH, secreted uPA basally,

towards the tunica albuginea. It is possible that uPA may be mediating plasrrrin—TNF0L induced

apoptosis of follicular apical cells leading to stigma formation and ovulation [211].

Furthermore, intracellular PAI-2 nny protect against me -induced apoptosis in specific cell

types or regions where programmed cell death needs to be prevented [157, 218].

REGULATIONOF THE PLASMINOGENACTIVA TOR/FLASMINSYSTEMDURING

Table 2: Ovarian Regulation of the Primary Plasminogen Activator/Plasmin System

 

 

 

 

 

       

Genes

tPA uPA uPAR PAI-1 PAI-2

RNA T Rat I Mouse l Rat l Rat l Mouse

uPA" T Human

RNA Localization Rat GL GL Rat GL, TL Rat TL Mouse TL

Human GL

Protein Localization Rat GL Sheep OSE Rat GL, TL Rat TL ND.

Monkey GL

Activity l Rat l Mouse ND. ~lv Pig ND.

iii: T Sheep
*-oontroversial, see text; GL-Granulosal layer; T'L-Thecal layer; ND.-not done  

THE PERIOVULATORYPERIOD

Most of the data available on the regulation of the plasminogen activator/plasmin system

during the periovulatory period is from rodent species and limited data is available from other

species. A summaryof the data is shown in Table 2.

In the mouse, sheep and the pig only one plasminogen activator or the other is markedly

increased near the time of ovulation. In the mouse, uPA is the most abundant and

drarmtically upregulated plasminogen activator following hCX} injection [14]. In addition,
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plasminogen activator activityis reduced by90% in the ovaries of uPA null mutant mice [219].

However, a small induction of tPA mRNA [13, 219] specifically in the thecal layer [11] has

been reported in mice and is in fact sufficient to support nonml ovulation in uPA-deficient

mutant mice [13, 219]. In contrast, nearly all of the plasminogen activator activity in pig

preovulatory follicles could be neutralized by tPA antibodies [220]. Results in sheep indicate

that uPA is obligatory for ovulation, as intrafollicular injection of uPA, but not tPA antibodies

disrupt the ovulatory process [6]. In the rat, tPA mRNA expression is increased in response to

the gonadotropin surge. However, the regulation of uPA expression during the periovulatory

period in the rat is controversial. Li et. al., 1997 [221] observed a decrease in uPA mRNA and

protein levels in rat preovulatory follicles after exposure to hCI3. In contrast, Macchione et.

al., 2000 [222] reported that both plasminogen activators are present in rat preovulatory

follicles near the time of ovulation, but that the thecal and granulosal layers respond differently

to the gonadotropin surge. In the above study, mRNA for tPA was increased in both the

thecal and granulosal layers. However, uPA mRNA was increased in the thecal layer but

decreased in the granulosal layer following exposure to the gonadotropin surge. Similar

regional differences in tPA activity have also been observed in pig and rat preovulatory follicles

[223, 224]. In contrast, Colgin and Murdoch, 1997 [6] observed higher levels of uPA activity in

the apex versus the base of preovulatory ovine follicles and the ovarian surface epithelial cells

were the prirmry source of the elevated uPA activity in the follicle apex [225]. Similarly, during

the periovulatory period in the rat, uPAR mRNA and protein were increased in both the

granulosal cells and the residual ovarian tissue [221]. Endothelial cell migration is a key

component of luteal development, as capillaries rrnrst penetrate the avascular granulosal cell

layer following ovulation and form the rich blood supply necessary to support luteal
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development [226]. localization of uPA to endothelial cells near the site of capillary formation

in developing CL was reported previously [227].

In the rat and monkeys, PAI-1 mRNA is transiently upregulated after hCI} but then

subsequently declines in preovulatory follicles near the time of ovulation [223, 228].

Furthermore, high levels of tPA mRNA continue to be expressed in rat and monkey

preovulatory follicles near the time of ovulation, several hours after the decline in PAI-1

mRNA. Near the time of ovulation, plasminogen activator activity in preovulatory pig follicle

was increased, with a concomitant decrease in plasrrrinogen activator inhibitor activity [220].

This suggests that a decrease in PAI-1 in the face of continued tPA activity may play a role in

regulation of follicular rupture. In contrast, PAI-1 mRNA was not upregulated until after

ovulation in the mouse [11, 13]. In monkeys and rats, PAI-l mRNA was also localized

primarily to the thecal layer [19], but additional expression was observed in the ovarian strorrra

of rat preovulatory follicles [223].

Very limited information is available regarding the temporal and cell specific regulation of

PAI-2 mRNA during the periovulatory period. Messenger RNA for PAI-2 has been detected

in both human and mouse ovarian tissues. Both human cumulus cells and granulmal-luteal

cells collected from patients (36 h post ha}; a few h prior to ovulation) undergoing in vitro

fertilization have been shown to express PAI-2 mRNA [229]. A srmll increase in PAI-2

mRNA abundance was also observed in mouse ovaries 4 h post hCI} injection. The

localization of PAI-2 mRNA in the mouse ovary was restricted primarily to a few individual

cells within the thecal layer that were believed to be macrophages [13].

36



Plasmin has been detected previously in the follicular fluid of cattle [5] and other species

including the rabbit, horse and pig [12, 220, 230, 231]. Plasmin in follicular fluid rmy help

degrade high rrrolecular weight proteoglycans causing a decrease in follicular fluid viscosity

facilitating oocyte escape [24]. Plasrrrin mediated degradation of fibrinogen [232-236] rmy also

prevent premature blood clot fomntion in the follicular antrurn prior to rupture. Liu et. al,

1986 proposed that plasmin may assist in cumulus expansion by termination of oocyte-

cumulus cell communication [237]. Thus, increased follicular fluid levels of plasmin may

promote conditions that facilitate ovulatory release of the oocyte. I

In sheep, intrafollicular injection of the plasmin inhibitor, az-antiplasmin, suppresses ovulation

of preovulatory follicles [206]. Similar reduction of ovulation efficiency was observed by

intrabursal injection of az-antiplasmin in the rat [8]. Peak plasminogen-dependent plasmin

activity was detected in the stigma of rat preovulatory follicles two hours before ovulation

[2381

PATHWAYS FORREGULATIONOFPLASMINOGENAGTIVA TOR/FLASMINSYSTEM

(StavrzlixrrtESSTcuv

The pituitary polypeptide hormones LH and FSH that mediate their effect by increasing levels

of cAMP regulate many biological processes including gonadotropin—induced ovulation. The

LH surge is the obligatory signal required for the biochemical cascade that leads to ovulation.

LH binds to a G-protein coupled receptor, which activates adenylate cyclase and increases

cAMP, which in turn activates protein kinase A (PKA). FSH, LH, forskolin and bromo—

cAMP induce tPA mRNA levels in rat granulosal cells up to 20-fold [9, 239]. Cyclic AMP

regulation of rmnyeukaryotic genes, including the plasminogen activators, is mediated through
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a cAMP response elerrrent (CRE) in their promoters. A nuclear CRE-binding protein (CREB)

promotes transcription when phosphorylated by PKA. In rats, the tPA promoter contains an

exact CRE sequence, while promoters in the mouse and hurmn differ in one central

nucleotide, modifying the site to an activator protein-1 (AP- 1) site. Following the conversion

of the mouse and human CRE-like sequences to rat consensus CRE these promoters

became cAMP responsive. In contrast, the rat promoter following conversion of the

consensus CRE to the corresponding mouse and human CRE-like sequence lost the ability

to efficiently respond to cAMP [240].

Primary cultures of rat granulosal cells have been extensively used to study the effects of

different hormones, growth factors, etc. on tPA mRNA expression and (or) activity.

Forskolin and or cell-permeable cAMP analogs stimulate tPA expression in rats granulosal

cells [237] and also induce ovulation in perfused rabbit and rat ovaries [44, 241]. The latter

investigators also noted that phorbol esters that activate the PKC pathway, also induce

ovulation in the rabbit and rat. Stimulation of tPA synthesis by rat granulosal cells can also be

induced by bFGF and EGF, suggesting other pathways rmy be capable of inducing tPA

synthesis [242, 243]. In addition, steroid horrrrones such as androgens and glucocorticoids, can

modulate the synthesis of tPA mRNA induced by FSH, GnRH and EGF. However,

androgens and glucocorticoid treatments alone do not have any effect on tPA mRNA

synthesis [244, 245].

Synthesis of PAI-1 is regulated bythe many of the same factors that regulate the expression of

tPA. Similarly, the PAI-1 and uPAR promoters are also regulated by the AP-l transcription
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factor and are activated in response to PKC, growth factors and cytokines [246-248]. The

promoter regions of bovine tPA, uPA, uPAR, PAI-1 and PAI-2 have not been examined.

Both the P4R and (BX-2 deficient mice fail to ovulate. However, the downstream targets

dependent on P4R and (IDX-Z mediated prostaglandin synthesis, particularly the proteolytic

enzymes necessary for ovulation, have not been determined However, substantial evidence

links both P4R as well as prostaglandins (CDX—Z) to the plasrrrinogen activator/plasmin

system. Strickland and Beers, 1976 [244] observed that cultured rat granulosal cells responded

to exogenous PGE1 and PGE2, but not PGan with increased secretion of tPA. Tanaka,

1992 [249] demonstrated that epostane or indomethacin inhibit ovulation and ovarian

plasminogen activator activity in a dose dependent manner in the rat model. Treatment with

exogenous progesterone reversed the effects of epostane. Moreover, a specific antagonist for

the P4R, Org 31710, suppresses rat follicular plasminogen activator activity[250].
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Figure 8: Diagram showing specific aims of experiments

designed herein.

 
 

The plasminogen

activator/plasmin system has been

implicated in many areas of

reproduction including embryo

implantation, spemntogenesis,

fertilization, parturition and

ovulation. Within the ovary,

regulation of the plasrrrinogen

activator/plasmin system has been

primarily investigated in rodent

species, however data from other

species, particularly farm animals

is lacking. Experiments in rodents

suggest a requirement for

plasminogen activator/plasmin for

optimum ovulation rates.

However, the gonadotropin surge

only up-regulates one plasminogen activator (tPA or uPA) in rodents and it is different

depending on the species (see Table 2, page 35). Further understanding of regulation,

localization, expression, and activity of these enzymes will help clarify their potential role in

ovulation. This information may ultimately be used as the model for future functional

studies to test the requirement of the plasminogen activator/plasmin system for ovulation in
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cattle. An increased understanding of the regulation of ovarian function is required for

developrrrent of improved methods to enhance reproductive efficiency in livestock.

Furthermore, similar to the bovine, the role of plasminogen activator/plasmin system is

unclear in human reproduction. Information collected in cattle rmy ultimately be more

relevant to the human than current inforrmtion derived from rodents since human and

bovine both undergo dominant follicle selection and normally only ovulate a single oocyte.

In addition, altered plasrrrinogen activator/plasmin system homeostasis is linked to

Polycystic Ovarian Disease (PCDD). The symptoms of this disease include abnormal

endocrine profiles, reduced cyclicity and ovulation, elevated blood levels of PAI-1 [15], and

excessive adhesions coating the ovary. Elevation of PAI-1 may reduce plasmin directed

proteolysis on the ovarian surface allowing adhesions on the surface to accumulate [16, 17].

Due to differences in the regulation of plasminogen activator/plasmin system

components in rodents and domestic livestock, these results can not be extrapolated to other

species. Additionally, since rodents are litter bearers, the role of the plasminogen

activator/plasmin system in a monoovulatory species should be investigated. This will not

only lead to a better understanding of how periovulatory development is influenced by the

plasminogen activator/plasmin system, but may also provide a model system more

potentially applicable to humans. Many of the experiments proposed herein could not be

completed in the human due to ethical and financial issues. My hypothesis is that the

gonadotropin surge induces the increased expression of plasminogen

activator/plasmin system components during the periovulatory period in cattle.

These components direct the temporal and spatial production of plasmin that may

be important for the ECM remodeling during ovulation and (or) luteal development.
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To test this hypothesis, I will investigate the effect of the gonadotropin surge on the

localization and regulation of plasminogen activator/plasmin system components in bovine

follicles (Figure 9). Results of experiments focused on tPA, uPA and plasmin are described

in Chapter 3, whereas results of experiments focused on PAI-1 and PAI-2 are described in

Chapter 4.
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Chapter3

Gonadotropin Surge-Induced Upregulation of the Plasminogen

Activators (Tissue Plasminogen Activator and Urokinase Plasminogen

Activator) and the Urokinase Plasminogen Activator Receptor within

Bovine Periovulatory Follicular and Luteal tissue1

1 This chapter has been accepted by “Biology of Reproduction.”
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ABSTRACT

This study examined the effect of the preovulatory gonadotropin surge on the temporal and

spatial regulation of tissue plasminogen activator (tPA), urokinase plasminogen activator (uPA)

and uPA receptor (uPAR) mRNA expression and tPA, uPA and plasmin activity in bovine

preovulatory follicles and new CL collected at approximately 0, 6, 12, 18, 24 and 48 h after a

GnRH-induced gonadotropin surge. Messenger RNAs for tPA, uPA and uPAR were

increased in a temporally specific fashion within 24 h of the gonadotropin surge. localization

of tPA mRNA was prirnarilyto the granulosal layer while both uPA and uPAR mRNAs were

detected in both the granulosal and thecal layers and adjacent ovarian stroma. Activity for tPA

was increased in follicular fluid and the preovulatory follicle apex and base within 12 h

following the gonadotropin surge. The increase in tPA activityin the follicle base was transient,

whereas increased activity in the apex was maintained through the 24 h timepoint. Activity for

uPA increased in the follicle apex and base within 12 h of the gonadotropin surge and

rermined elevated. Plasmin activity in follicular fluid also increased within 12 h following the

preovulatory gonadotropin surge and was greatest at 24 h. Our results indicate that mRNA

expression and enzyme activity for both tPA and uPA were increased in a temporally and

spatiallyspecific manner in bovine preovulatory follicles following exposure to a gonadotropin

surge. Increased plasrrrinogen activator and plasmin activity may be a contributing factor in

the mechanisms of follicular rupture in cattle.
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INTRODUCTION

The preovulatory gonadotropin surge initiates the ovulatory process and subsequent corpus

luteum (CL) formation. Both of these events feature extracellular matrix (ECM) degradation

and tissue remodeling. Such restructuring requires the targeted action of proteolytic enzymes.

One such family of enzymes implicated in above processes is the plasminogen activators. The

plasminogen activator system includes plasminogen/plasmin, two specific plasminogen

activators, cell surface plasminogen activator receptors and several plasminogen activator

inhibitors. Plasminogen is abundant in blood and peripheral tissues and consequently,

regulation of plasmin activity occurs at several levels. The plasminogen activators, tissue (tPA)

and urokinase plasrrrinogen activator (uPA), convert plasminogen into its active form plasmin

in the extracellular milieu. Urokinase plasminogen activator can also bind to its cell surface

receptor (uPAR) and form a stable complex for several hours [168, 251]. One frmction of the

uPA-uPAR complex is to focus uPA directed plasmin activityat the cell surface.

Degradation of the apical follicular layers is ultimately required for oocyte escape. Ovarian

targets for plasmin include fibrin, fibrinogen, types III and IV collagen, fibronectin, laminin

and proteoglycans [1, 2]. In addition to a direct role in ECM degradation, plasmin can also

activate the proenzyrne form of several matrix metalloproteinases (MMP) implicated in

follicular ruptrue including MMP-1, 3, and 9 [113-116, 119]. Furthermore, due to the relatively

high concentration of plasminogen in tissue and body fluids, a small increase in plasminogen

activator causes a large increase in plasmin in the extracellular milieu. Plasmin together with

the MMP can potentially degrade all ECM components in the ovary. Therefore, regulation of

plasminogen activation rmybe a key regulatory step in the ovulatory process.
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Several lines of evidence support a potential role of the plasminogen activators and

plasmin in ovulation. Plasmin can decrease the tensile strength of the bovine follicle wall

[252]. Furthermore, administration of antibodies against uPA [6] or tPA [7, 8] reduces

ovulation rate in sheep and rats, respectively. Prior to ovulation, tPA is the primary

plasminogen activator induced in pig preovulatory follicles [224]. In contrast, uPA is the

predominant plasminogen activator induced in mouse and sheep preovulatory follicles during

the same time period [6, 11]. Thus, regulation of tPA and uPA in preovulatory follicles

appears species specific. Furthermore, the regulation and regulatory role of the plasminogen

activator system during the periovulatory period in monotocous species, such as cattle, is not

understood. Therefore, our objectives were to investigate the effect of the preovulatory

gonadotropin surge on the localization and regulation of mRNAs for the plasminogen

activators (tPA, uPA) and the cell surface receptor for uPA (uPAR) and on tPA, uPA and

plasmin activity in bovine preovulatory follicles. We observed a pronounced temporally and

spatially specific increase in tPA, uPA and uPARmRNA and tPA, uPA and plasmin activityin

bovine periovulatory follicles in response to the gonadotropin surge. These results support a

proposed role of gonadotropin surge-induced increases in both plasminogen activators in the

ovulatory process and (or) the morphological changes associated with the ovulatory follicle-

corpus luteum transition in cattle.

MA TERI/1L5 ANDMETHODS

Animal Care

Use of anirmls was approved by the All University Committee on Anirml Use and Care at

Michigan State University (Approval # 04/98-05600).
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Follicle development and timing of the preovulatory gonadotropin surge were synchronized in

Holstein cows using the Ovsynch procedure (GnRH-7d-PGF2a-36h-GnRI-l) [253]. Daily

ultrasound analyses were performed after the first GnRH injection until the time of follicle

collection to verify follicle synchrony and to exclude animals that turned over a new follicular

wave prior to the second GnRH injection. Ovaries containing ovulatory follicles or new (1.

were collected by colpotomy at O, 6, 12, 18, 24 and 48 hr (follicles: O, 6, 12, 18 and 24 b; one

day old CL - 48 h) after the second GnRH injection. Blood samples were collected at the

time of PGan injection and at the time of the second GnRH injection. Serum progesterone

concentrations in these samples were measured by RIA (Diagnostic Products Corporation,

Los Angeles, CA) to ensure that all anirmls included in the study responded to the PGan

injection with a decrease in serum progesterone, indicating CL regression. Intraassay and

interassay coefficients of variation were 5.6 and 9.1% respectively. To verify that none of the

animals included in the study exhibited a preovulatory gonadotropin surge prior to the second

GnRH injection, three blood samples at 15-min intervals were collected every 8 h beginning 16

h after the PGF,“ injection until the time of ovariectomy or GnRH injection. A prermture LH

surge was not detected in any of the animals included in the O h (pm-gonadotropin surge

group). In order to confirm that a gonadotropin surge was elicited by the second GnRH

injection, blood samples were also collected every hour for 4 h after the second GnRH

injection. In the remaining anirmls, a LH surge occurred only after GnRH injection, verifying

control of timing of the gonadotropin surge in our model system. Concentrations of serum

IH were measured by RIA [254, 255]. Intraassay and interassay coefficients of variation were

5.8 and 15.6% respectively.
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T155148 Callecn'm

For mRNA quantification and enzyme activity assays, ovaries containing the preovulatory

follicle or new CL were collected at 0, 6, 12, 18, 24 and 48 h (n-5-6 each; total 35) following

the second GnRH injection. Following ovariectomy, the ovulatory follicle or new CL was

isolated by cutting away all remaining ovarian stroma and small follicles such that the

ultrastructure at the apex of the follicle remained intact. Follicular fluid was aspirated,

centrifuged, aliquoted and stored at -20°C until activityassays. Follicles were then sagitallycut

in half. One half was used for total RNA isolation. For protein analysis, the remaining half

was cut transversely in two equal pieces, one containing the follicle apex and one the base.

New (I. collected 48 h post GnRH injection were only used for mRNA analyses. Samples

were frozen at -80°C within 15 min of ovariectomy. For in situ hybridization, ovaries

containing the ovulatory follicles were collected at 0, 6, 12, and 24 h (n - 3 each; total 12)

following GnRH injection. Ovulatory follicles were dissected from the ovary, immediately

immersed in embedding medium, frozen over liquid nitrogen vapors, and stored at -80°C until

sectioned.

Bepumtion cchNA probesfa'tPA, uPA anduPAR

The cDNAs for tPA, uPA, uPAR and ribosomal protein L19 (RPL19; housekeeping gene)

have all been previously cloned in the bovine. Using the reported sequences [tPA (Genbank

Accession X85800); uPA (Genbank Accession X85801); uPAR (Genbank Accession

570635); RPL19 (Genbank Accession AF270675)], oligonucleotides primers were prepared

and used in combination with RNA isolated from bovine corpora lutea in the Reverse

Transcriptase Polymerase Chain Reaction (RT-PCR) to amplify cDNA that encode for

bovine tPA (328 bp), uPA (351 bp and 210 bp), uPAR (409 bp) and RPL19 (366 bp) PCR
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products were subcloned into pBluescript SK(+) vectors (Stratagene, La Jolla, CA) and

identities and orientations confirmed by fluorescent dye primer sequencing. Two separate

cDNA were generated for uPA for combined use for in situ hybridization analysis (see

below).

Owaam'mtim (ftPA, uPA, wrduPAR mRNA abroadame

Total RNA was isolated according to the rmnufacturer’s instructions using the Trizol reagent

(Invitrogen, Carlsbad, CA). To determine transcript size and number and to optimize

specificity of hybridization conditions, approximately 15 pg pooled RNA from each sample

per timepoint was subjected to Northern analysis [256]. For quantitation of tPA, uPA and

uPARmRNA abundance, 5 pg total RNA from each sample was applied in duplicate to a Zeta

probe nylon membrane (BIO-RAD, Hercules, CA) using a dot blot apparatus (BIO-RAD,

Hercules, CA [256]. Northern and dot blot analysis was then carried out using specific bovine

tPA, uPA, uPAR or ribosomal protein L-19 (RPL19) 32P-labeled cDNA probes generated by

the polymerase chain reaction (PCR). RPL19 was used for normalization purposes. Each 20

pl PCR reaction included 1X PCR buffer, 2.5 mM MgC12, 1.6 “M each of dATP, dGTP,

dTTP, 0.25 ”M of each primer, 100 pg DNA template, 1.5 U Taq polymerase, and 0.825 M

[32P]dCIP (3000 Ci/mmole; NEN" Life Science Products, Boston, MA). The amplification

conditions were: 95°C for 5 min; 94°C for 0.5 min, 52°C for 1 min, 72°C 1.5 min for 40

cycles; 72°C for 10 min; hold at 4°C After amplification, the PCR reactions were brought to

100 “1 with NETS (150 mM sodium chloride; 10 mMEDTA; so mM Tris; 0.1% SDS) and the

unincorporated 32P removed by spun column chrormtography through G—SO Sephadex

minicolumns [256]. The membranes were incubated overnight at 42°C in 25 ml

prehybridization buffer [50% formamide, 5X SSC (Saline-sodium citrate buffer; single-strength

is 0.15 M NaCl and 0.015 M sodium citrate, pH 7.0), 5X Denhardt’s (single strength is 0.02%
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Ficoll, 0.02% polyvinylpynolidone, 0.02% BSA), 0.05 M sodium phosphate (pH 6.9), 0.1%

SDS, and 250 pg/ml denatured herring sperm DNA)]. The prehybridization buffer was

discarded and 25 ml of fresh hybridization buffer [50% formamide, 5X SSC, 1X Denhardt’s,

0.02 M sodium phosphate, 0.1% SDS, 10% dextran sulfate, 100 pg/ml denatured herring

sperm DNA and 1 x 106 cpm labeled probe] was added and membranes incubated overnight

at 42°C. The membranes were then washed in Wash Solution I (1X SSC, 0.1% SDS, 0.1%

sodium pyrophosphate) at 42°C for 15 min, followed by consecutive washes in Wash Solution

II (0.1X SSC, 0.1% SDS, 0.1% sodium pyrophosphate) at 42°C and 47°C for 15 min each.

Following washing, filters were exposed to a phosphoimager cassette. After exposure (2-24 h)

the cassette was scanned using a phosphoimager (Biorad, Hercules, CA). After Northern

analyses, size of RNA transcripts was determined based on relative migration of RNA

molecular weight rmrkers (Roche, Indianapolis, IN). After hybridization for tPA, uPA or

uPAR, the membranes were then stripped and reprobed with the 321> RPL19 cDNA.

Preliminary experiments demonstrated that RPL19 mRNA abundance in bovine preovulatory

follicles and new CL is not regulated by the gonadotropin surge (P > 0.05; data not shown).

Relative densitometric units for tPA, uPA and uPAR were quantitated (from dot blots) and

adjusted relative to RPL19 mRNA expression using Molecular Analyst Version 1.5 software

(BIO-RAD, Hercules, CA). Preliminary Northern blot experiments demonstrated that

hybridization and washing conditions used in subsequent dot blot analyses were specific and

yielded hybridization to single transcripts of the expected size for each mRNA of interest.

Preliminary experiments also demonstrated that an increase in hybridization intensity was

detected following hybridization of each cDNA to increasing amounts of sample RNA (1- 10

pg)-
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In Situ Hybrdiwan

Follicles were cut on a Ieica cryostat (W. Nuhsbaum, McHenry, IL) into 12 “m sagittal

sections and mounted onto positively charged slides (Fisher Scientific, Chicago, IL). A

sagittal section allows a view of the cell types contained at both the apex and the base of the

follicle. Prior to hybridization, sections were prewarmed to room temperature for 10 min,

fixed in 3.7% formaldehyde in PBS for 5 min, rinsed twice in 2X SSC for 2 min each,

incubated in 0.25% acetic anhydride in 0.1 M triethanolamine-HG (pH 8.0) for 10 min,

dehydrated in increasing concentrations of ethanol (70, 80, 95 and 100%) for 2 min each,

delipidated in absolute chloroform for 5 min, rinsed in 100% and 95% ethanol for 2 min

each and then air dried for 1 h. Hybridizations for each mRNA of interest were carried out

on serial sections in triplicate using antisense and sense (negative controls) 358 or 33P labeled

cRNA probes generated from previously described tPA, uPA and uPAR cDNAs. Both

antisense and sense [35$]UTP (1250 G/mmole, NEN" Life Science Product; tPA) or

[33P]UTP; 3000 Ci/mmole; uPA and uPAR) cRNA probes were generated using linearized

cDNA templates and an in vitro transcription kit (Stratagene, Ia Jolla, CA) according to the

manufacturers directions. In order to increase sensitivity for uPA mRNA localization, two

cRNA probes were generated from distinct uPA cDNAs and co-hybridized to the same

follicle sections. Both uPA cDNA yielded identical results in Northern analysis (data not

shown). The transcription reaction was incubated at 37°C for 1 h and template DNA was

removed by incubation with 20 U RNase-free DNase (Stratagene, La Jolla, CA) at 37°C for

15 min. Following DNase treatment, the reaction was diluted to 100 pl with NETS and

unincorporated radionucleotides removed as described above. Prior to hybridization,

labeled probes were diluted in hybridization buffer to a concentration of 1.0 X 106 cpm/ml.
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Hybridization buffer included 50% forrrramide, 0.3 M sodium chloride, 10 mM Tris (pH 8),

1 mM EDTA, 1X Denhardt’s, 50 mM dithiothreitol (DTI), 0.5 mg/ml yeast tRNA and 10%

dextran sulfate. Hybridizations were performed by adding 60 pl diluted probe/slide and then

incubating in a humidified 55°C oven for 16 h. After hybridization, slides were washed twice

by shaking in 2X SSC for 15 rrrin at room temperature and treated with RNase-A (50 pg/ml)

in 2X SSC for 1 h at 37°C. Slides were then washed at 55°Cin 2X SSC containing 0.1% fl-

mercaptoethanol (KME) for 15 rrrin, 1X SSC/0.1% M for 15 rrrin, 1x SSC/50%

forrmmide/0.1% KME for 30 min, and twice in 0.1X SSC/0.1%) KME for 15 min. The slides

were then dehydrated in increasing ethanol concentrations (60, 80, 95 and 100%), air dried

for 1 h and then dipped in 50% NTB-Z emulsion (Eastman Kodak, Rochester, NY). Slides

were exposed to autoradiographic emulsion for 10 (tPA) and 50 (uPA and uPAR) days at

4°C and then developed followed by counterstaining with hematoxylin and eosin. Exposure

time for detection of a given mRNA of interest was the same for all tirrrepoints. Digital

bright and dark-field images were acquired on a Leica research microscope equipped with

SPOT Model # 1.1.0 camera and Version 3.2.4 software (W. Nuhsbaurrr, McHenry, IL).

Enzyne Activity Assays

To investigate changes in tPA, uPA and plasmin activity in bovine preovulatory follicles and

follicular fluid, a chromogenic assay and casein zymography were used. The chromogenic

assay was used to quantitatively determine total plasrrrinogen activator activity (free tPA and

uPA) and zymography was used to individually measure tPA, uPA and plasmin activity.

Enzyme activity was examined in both the apical and basal components of the preovulatory

follicles. Follicles were homogenized using procedures previously described by Murdoch

[103]. Briefly, the apical or basal sections of follicles were homogenized using a polytron
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homogenizer (Fisher Scientific, Chicago, IL) in 10 mM calcium chloride; 0.25% Triton X—100

(800 pl). The homogenates were then centrifuged at 9,000 g for 30 rrrin at 4°C The

supematants were collected and frozen at -20°C until assayed. The pellets were then

resuspended in 50 mM Tris; 0.15 M sodium chloride; 0.1 M calcium chloride; pH 7.6 (200 pl)

and heated at 60°C for 6 min to allow for the release of proteinases from ECM. Following

heat treatment, the samples were centrifuged at 27,000 g for 30 min at 4°C, and the

supematants frozen at —20°C until assayed. Preliminary experirrrents derrronstrated that

minirml plasrrrinogen activator activity was present in the second extract collected following

heat treatment. Therefore, activityin these (heated) samples was not determined.

OzomgmicPlasmmogm ActimtorAssay

Total (free) plasminogen activator activity (tPA plus uPA) was measured using a two-step

procedure described by Coleman 8!. Green [257] with slight modifications. In the first 2 h

incubation, native plasminogen activator converts exogenous plasrrrinogen to plasmin, which

is quantified after a 4 h second incubation. In the second incubation, plasmin catalyzes the

hydrolysis of Na-CBZ-L-lysine thiobenzyl ester hydrochloride in the presence of the

chromogenic substrate 5,5’-dithiobis (2-nitrobenzoic acid) which is quantified

spectrophotorrretrically at an absorbance of 405 nm. The onrittence of plasminogen as a

substrate was used a negative control. A standard curve using a plasminogen activator

standard (uPA; Sigma Chemical Co., St. Louis, MO) was used to interpolate plasrrrinogen

activator activity in samples. Preliminary experiments established that an increase in

plasminogen activator activity was detected with increasing amounts of sample protein (25-

200 ug). Each sample (100 pg protein) was run in duplicate. All samples were run in a

single assay. Plasminogen activator activity was expressed as nanounits activity per 100 pg
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protein. The assay was not sufficiently sensitive to detect activity in follicular fluid. The

intraassay CV. was 8.6%.

Czsein Zgnwgmpby

Casein zymography was conducted as described by Roche et. al., 1983 [258] with slight

modifications, to measure tPA, uPA and plasnrin activity in the follicle apex and base and

follicular fluid. Plasnrinogen free gels were used to confirm the activity (bands) detected were

plasrrrinogen dependent. Bovine brain cerebellum (a rich source of tPA [259]) and ovarian

surface epithelial cell conditioned media (a source of uPA [225]) were used as standards.

Follicular fluid (1 pl) or follicle homogenates (10 pg protein; apex and base) were subjected to

electrophoresis at 140 V for 115 min in 10% polyacrylamide gels containing 02% casein

(Sigma Chemical Co., St Louis, M0), 0.1% SDS and 25 mU/ml human plasminogen (Sigma

Chemical Co., St. Louis, MO). After electrophoresis, gels were washed once in 2.5% Triton

X-100 for 45 min to remove SDS, and then incubated in incubation buffer (50 mM Tris, 0.1 M

sodium chloride pH 7.6) at 37°C for 17 h. The incubation buffer lacked the heavy metals

required for MMP-dependent caseinolytic activity. The gels were then stained using 0.05%

Coomassie blue in 10% acetic acid, 45% methanol for 2 h, briefly destained in 10% acetic acid,

45% methanol and then fixed in 10% glycerol Bands of activitywere visualized as clear zones

(where casein degradation occurred) across a dark background. Gels were photographed using

a Gel Documentation System (BIO-RAD, Hercules, CA) and images inverted for better visual

contrast For validation purposes, equal protein amounts or volume of follicular fluid from

individual samples was pooled within each tirrepoint, subjected to casein zymography and

photographed for depiction in appropriate figures. To derive individual estirmtes of tPA, uPA

and plasrrrin activity in each sample, all individual samples were run and densitorretric

scanning was perforrred. Variation between gels was adjusted relative to differences in activity

54



for tPA and uPA standards loaded on every gel. The intraassay (gel) and interassay (gel) CV.

were 4 and 13%, respectively. Activity for tPA and uPA was not observed when plasminogen

was omitted from gels. Addition of the specific uPA inhibitor, amiloride (1 mM; Sigma

Chemical Co., St. Louis, MO) to the incubation buffer attenuated bands of activity

corresponding to uPA. Addition of the plasmin inhibitor aprotinin (2 pg/ml; Sigma Chemical

Co., St. Louis, MO) to the incubation buffer attenuated all plasrrrinogen activator and plasmin

activity (data not shown.)

Statistiml Analysis

Differences in mRNA abundance or enzyrre activity were determined by one-way analysis of

variance using the General Linear Models procedure of SAS (Version 8.0). Individual

comparisons of rrean RNA concentrations were perforned using Fisher’3 Protected Least

Significant Differences test. When heterogeneity of variance was detected, data were log

transformed prior to statistical analysis.

RESULTS

RegulaziachtPA, uPA mduPAR mRNA mmdxpemumrypomd

Northern analyses detected single mRNA transcripts of 2.4, 2.2 and 1.3 kb for tPA, uPA, and

uPAR, respectively (Figures 9A, C and E). Relative abundance, as determined by dot blot

analysis, of tPA, uPA and uPAR mRNAs were increased in bovine preovulatory follicles

following the gonadotropin surge, but the temporal regulation of each plasminogen activator

system component was distinct. Messenger RNA for tPA increased within 6 h after the

gonadotropin surge and remained elevated through the 24 h timepoint (P < 0.05). However,

the increase in tPA mRNA was not maintained through the ovulatory follicle-corpus luteum
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transition (48 b; Figure 9B). Relative abundance of uPA mRNA increased within 24 h

following the gonadotropin surge and remained elevated in new corpora lutea (48 h; P <0.05;

Figure 9D). Messenger RNA for uPAR was increased at 6, 12, 24 and 48 h relative to the 0 h

tirrepoint (P <0.05). Relative levels of uPAR mRNA were rrrost drarmtically increased near

the titre of ovulation and the follicular-luteal transition (15 and 32-fold increase at 24 and 48 h

compared to 0 h, respectively; Figure 9F).

Localizafim (ftp/l, uPA anduPAR mRNAs inWWW

The spatial regulation of tPA, uPA and uPAR mRNA expression in response to the

gonadotropin surge also was distinct. Messenger RNA for tPA was localized to the granulosal

layer at all tirrrepoints examined (Figure 10B, E, H; 0, 6, and 24 h depicted). A low level of

expression was also observed in the thecal layer of follicles collected near the titre of ovulation

(Figure 10H; 24 h). Messenger RNA for uPA was observed in the granulosal and thecal layers

at all tirnepoints examined (Figure 11B, E, H; 0, 6, and 24 h depicted). Unlike tPA, the

localization of uPA mRNA was heterogeneous, particularly in 24 h follicles, with additional

prominent hybridization signals distributed throughout the thecal layer and the adjacent

ovarian stroma (Figure 11H). Messenger RNA for uPAR was localized prirmrily to both the

granulosal and thecal cell layers of follicles collected at the 6 and 12 h titrepoints (Figure 12E;

6 h depicted), but with a lower level of expression also detected in the adjacent ovarian stroma

of follicles collected at the 24 h tirrrepoint (Figure 12H). Localization of uPARmRNA in the
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Figure 9: Effect of a GnRH-induced gonadotropin surge on tPA, uPA, and uPAR mRNA

abundance in bovine periovulatory follicular and luteal tissue. A) Northern analysis of tPA

mRNA expression: Note hybridization to single 2.4 Kb transcript. B) Effect of the

preovulatory gonadotropin surge on relative levels of tPA mRNA in bovine preovulatory

follicles and new CL. C) Northern analysis of uPA mRNA expression: Note hybridization

to single 2.2 Kb transcript. D) Effect of the preovulatory gonadotropin surge on relative

levels of uPA mRNA in bovine preovulatory follicles and new CL. E) Northern analysis of

uPAR mRNA expression: Note hybridization to single 1.3 Kb transcript. F) Effect of the

preovulatory gonadotropin surge on relative levels of uPAR mRNA in bovine preovulatory

follicles and new CL. Data (B, D, F) are expressed as relative units mRNA per unit RPL19

mRNA"'100 (n - 5-6 per timepoint; total - 35). Due to heterogeneity of variance, values for

uPA mRNA (D) were log transformed prior to analysis. Data shown as mean i SE (tPA,

uPAR) and mean :1; average SE (uPA). Timepoints without a common superscript are

different at P (0.05.
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Figure 10: In situ localization of tPA mRNA within bovine periovulatory follicles collected

at o, o and 24 h after GnRH injection (Magnification 120X). Representative bright-field

mricrographs of preovulatory follicles collected at the o h (A), o h (D), and 24 h (G)

timepoints and stained with hematoxylin and eosin. Representative dark-field micrographs of

the comesponding bright-field sections of preovulatory follicles collected at the o h (B), s h

(E), and 24 h (H) timepoints and hybridized with a 353 antisense tPA cRNA. Representative

dark-field mricrographs of corresponding adjacent serial sections of the same follicles

collected at the o h (Q, o h (F), and 24 h (I) timepoints and hybridized with a 355 sense tPA

cRNA (n = 3 per timepoint; total = 9). Note highest expression of tPA mRNA in

granulosal layer, with additional localization in thecal layer of follicles collected at the 24 h

timepoint.
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Figure 11: In situ localization of uPA mRNA within bovine periovulatory follicles collected at

O, 6 and 24 h after GnRH injection (Magnification 120X). Representative bright-field

mricrographs of preovulatory follicles collected at the 0 h (A), 6 h (D), and 24 h (G) tinepoints

and stained with hematoxylin and eosin. Representative dark-field micrographs of the

corresponding bright-field sections of preovulatory follicles collected at the 0 h (B), 6 h (E),

and 24 h (H) tinepoints and hybridized with a 33p antisense uPA cRNA Representative dark-

field nricrographs of comesponding adjacent serial sections of the same follicles collected at the

0h(Q,6h(F),and24h(I)timepointsandhybridizedwitha33PsenseuPAcRNA(n -3per

timepoint; total = 9). Note localization of uPAmRNA to both the granulosal and thecal layers

of follicles collected at the 0 and 6 h timepoints, with additional heterogeneous expression in

the thecal layer and adjacent ovarian stroma of follicles collected at the 24 h timepoint.
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Figure 12: In situ localization of uPAR mRNA within bovine periovulatory follicles collected

at O, 6 and 24 h after GnRH injection (Magnification 120X). Representative bright-field

micrographs of preovulatory follicles collected at the O h (A), 6 h (D), and 24 h (G) timepoints

and stained with henntoxylin and eosin. Representative dark-field micrographs of the

corresponding bright-field sections of preovulatory follicles collected at the 0 h (B), 6 h (E),

and 24 h (H) timepoints and hybridized with a 33P antisense uPAR cRNA. Representative

dark-field micrographs of comesponding adjacent serial sections of the same follicles collected

atthe 011 (c), o h (F), and 24 h (I) timepoints and hybndizedwirhr33p sense uPARcRNA (n

= 3 per timepoint; total = 9). Note localization of uPAR mRNA primarily to the granulosal

and thecal layers of follicles collected at the 6 h timepoint, with additional lower level of

heterogeneous expression also detected in the adjacent ovarian stroma of follicles collected at

the 24 h timepoint.
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thecal layer and adjacent stroma of 24 h follicles (Figure 12H) was heterogeneous and similar

to that observed for uPA (Figure 11H).

Efleofdxgowwwmwmmlpwmmmmmmflw

Endogenous plasmrin activity in follicular homogenates was neglible as no activitywas detected

in the assay when plasminogen was omitted (data not shown). Total (free) plasmrinogen

activator activity (tPA and uPA) was significantly increased within 6 h of the gonadotropin

surge in the follicle apex, but not until 18 h in the follicle base (P < 0.05). There was an

approximrately eight-fold increase in total plasmrinogen activator activity in the 18 h samples

(apex and base) compared to samples collected before the gonadotropin surge (0 h; P <0.05).

Total plasmrinogen activator activity in both follicular regions (apex and base) subsequently

decreased bythe 24 h timepoint (Figure 13).

Eflwofdxgamopmsemm uPAmmmammwww

Activity for tPA in follicle homogenates was observed as a single band that comigrated with

the tPA standard (Figures 14A, C). Activity for uPA was observed as a doublet (Figures 14A,

Q that comigrated with the uPA standard and plasmrin activity was observed as multiple bands

(Figure 14A). The uPA doublet presumably corresponds to the single and two chain fomrrs of

uPA, as both bands of activity were inhibited by amiloride (data not shown). No low

molecular weight uPA activity (30-35 M, x 10") was observed in follicular fluid or

homogenates. Plasmrin activity was not detected in homogenates of the follicle apex or base

even when six-fold greater amounts of protein were loaded on gels (data not shown). Both

tPA and uPA enzyme activity were increased within 12 h following the gonadotropin surge in

both the follicle apex (Figures 14B) and base (Figure 14D). Activityfor tPA was differentially
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regulated in the follicle apex versus the base. Activity for tPA remained elevated in the apex

but decreased to presurge (o h) levels in the base bythe 24 h timepoint (Figure 141)). Elevated

uPAactivitywas mraintained in boththe apex and base throughthe 24 htimepoint (Figures

143 8: D). In follicular fluid, tPA and plasmrin activitywere increased within 12 h following the

gonadotropin surge and were also elevated at the 24 h timepoint (Figure 1513). Activity for

uPA was not readily detectable in periovulatory follicular fluid (Figure 15A).
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Figure 13: Detection of total plasminogen activator activity (tPA and uPA) in homogenates

of the apex (TA) and base (TB) of bovine periovulatory follicles using a chromogenic assay.

Data were expressed as nanounits PA activity/ 100 pg protein. Due to heterogeneity of

variance data were log transforrred. Data depicted as mean + average SE (n=5—6 per

timepoint). Timepoints without a common superscript are different at P <0.05.

 

 

35 _, _, A a2h_
a l
.‘-_=
0

§ 28

Q

CI

:21 .TA

O _

g , at’y l:lTB

c 14*

v l

:5 la 1
t I

<

<

A

o 6 12 18 i 24’

HOURS POST GnRH INJECTION

67



Figure 14: Detection of tPA and uPA activity in bovine periovulatory follicles by casein

zymography. A) Representative zymogram demonstrating tPA and uPA activity in the apex

of bovine periovulatory follicles collected at 0, 6, 12, 18 and 24 h after GnRH injection

(pooled samples, 10 pg protein per timepoint). B) Densitometric analysis of tPA and uPA

activity (individual samples) in apex of bovine periovulatory follicles collected at 0, 6, 12, 18

and 24 h after GnRH injection. C) Representative zymogram demonstrating tPA and uPA

activity in the base of bovine periovulatory follicles collected at 0, 6, 12, 18 and 24 h after

GnRH injection (pooled samples, 10 pg protein per timepoint). D) Densitometric analysis

of tPA and uPA activity (individual samples) in base of bovine periovulatory follicles

collected at 0, 6, 12, 18 and 24 h after GnRH injection. Note single band of tPA activity and

doublet of uPA activity that comrigrated with appropriate standards. Due to heterogeneity of

variance data were log transformed. Data depicted as mean 1; average SE (n - 5-6 per

timepoint; total = 27). Timepoints without a commron superscript are different at P <0.05.
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Figure 15: Detection of tPA and plasmin activity in bovine periovulatory follicular fluid by

casein zymography. A) Representative zymogram demonstrating tPA and plasmrin activity in

follicular fluid collected from bovine periovulatory follicles at 0, 6, 12, 18 and 24 h after

GnRH injection (pooled samples, 1 pl follicular fluid per timepoint). B) Densitometric

analysis of tPA and plasmrin activity in follicular fluid of bovine periovulatory follicles

collected at 0, 6, 12, 18 and 24 h after GnRH injection (individual samples). Note single

band of tPA activity and multiple bands of plasmin activity. Due to heterogeneity of

variance data were log transformed. Data depicted as mean i average SE (n = 5-6 per

timepoint; total = 26). Timepoints without a common superscript are different at P <0.05.
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DISCUSSION

Although a potential role of the plasminogen activators in the ovulatory process has been well

established, the species specific and cell specific regulation of individual components of the

plasmrinogen activator system during the periovulatory period and their exact contribution to

the ovulatory process are less understood. Our results suggest that the regulation of

plasminogen activator system components (tPA, uPA and uPAR) during the periovulatory

period in cattle is in many ways distinct from reports to date in other species. In the present

studies, messenger RNA for tPA, uPA and uPAR in bovine preovulatory follicles was

increased in response to the gonadotropin surge. In addition, tPA, uPA and plasmrin activity in

preovulatory follicle homogenates and (or) follicular fluid also was increased in response to the

gonadotropin surge. Our results are consistent with a potential role of gonadotropin surge-

induced upregulation of above plasminogen activator system components in mediating bovine

follicle rupture and (or) the morphological changes associated with the ovulatory follicle-

corpus hrteum transition in cattle.

The observed prominent increase in mRNA abundance and enzyrre activity for both tPA and

uPA in bovine preovulatory follicles in response to the gonadotropin surge is in contrast to

what has been observed in other species. In the mrouse, sheep and the pig only one

plasmrinogen activator or the other is markedly increased near the time of ovulation. In the

mouse, uPA is the mrost abundant and drarmtically upregulated plasminogen activator

following hCI} injection [14]. In addition, plasmrinogen activator activity is reduced by90% in

the ovaries of uPA null mrutant mrice [219]. However, a small induction of tPA mRNA [13,

219] specifically in the thecal layer [11] has been reported in mice and is in fact sufficient to

support nomml ovulation in uPA-deficient mmtant mice [13, 219]. In contrast, nearly all of the
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plasmrinogen activator activity in pig preovulatory follicles could be neutralized by tPA

antibodies [220]. Results in sheep indicate that uPA is obligatory for ovulation, as

intrafollicular injection of uPA, but not tPA antibodies disrupt the ovulatory process [6]. In

the rat, tPA mRNA expression is increased in response to the gonadotropin surge. However,

the regulation of uPA expression during the periovulatory period in the rat is controversial. Li

et. al., 1997 [221] observed a decrease in uPA mRNA and protein levels in rat preovulatory

follicles after exposure to hCI}. In contrast, Macchione et. al., 2000 [222] reported that both

plasminogen activators are present in rat preovulatory follicles near the time of ovulation, but

that the thecal and granulosal layers respond differently to the gonadotropin surge. In the

above study, mRNA for tPA was increased in both the thecal and granulosal layers. However,

uPA mRNA was increased in the thecal layer but decreased in the granulosal layer following

exposure to the gonadotropin surge. In the present studies, tPA mRNA was localized

primarily to the granulosal layer of bovine follicles, with only a very low level of expression

detected in the thecal layer near the time of ovulation (within 24 h after the gonadotropin

surge). In situ hybridization experiments did not reveal evidence of differential regulation of

uPA mRNA in the granulosal and thecal layers of bovine follicles in response to the

gonadotropin surge. Thus, although the temporal regulation of tPA and uPA mRNAs was

clearly distinct, steady state mRNA abundance for both plasminogen activators was clearly

increased in bovine follicles following the gonadotropin surge.

Enzyme activity for both tPA and uPA were also increased in bovine follicles following

exposure to the gonadotropin surge. The mechanisms that spatially regulate proteolysis of the

preovulatory follicle wall and preferentially direct extracellular matrix degradation to the follicle

apex are not clear. In the present study, spatial regulation of plasminogen activator activity by
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the preovulatory gonadotropin surge was examrined by analysis of tPA and uPA activity within

samples collected from the preovulatory follicle apex (the site of ovulation) versus the base. In

the follicle apex, both tPA and uPA activity were increased and remained elevated through the

24 h timepoint. In the follicle base, uPA activity also remained elevated through the 24 h

timepoint. In contrast, tPA activity in the follicle base peaked within 12 h following the

gonadotropin surge, but then decreased to presurge levels by 24 h. The mechanisms

responsible for the differential regulation of tPA activity in the preovulatory follicle apex

versus the base are not clear, but similar regional differences in tPA activity have also been

observed in pig and rat preovulatory follicles [223, 224]. In contrast, Colgin and Murdoch,

1997 [6] observed higher levels of uPA activity in the apex versus the base of preovulatory

ovine follicles and the ovarian surface epithelial cells were the primary source of the elevated

uPA activity in the follicle apex [225]. Activity of uPA increased in bovine follicles following

the gonadotropin surge, but unlike the differential temporal regulation of tPA, uPA activity in

the follicle apex versus the base was not evident.

Measurement of net plasmrinogen activator activity (tPA plus uPA) in follicle homogenates

using the chromrogenic assay revealed a slightly different temporal regulation of plasminogen

activator activity than when activity of individual enzymes was quantified using casein

zymography. The initial increase in total plasmrinogen activator activity in response to the

gonadotropin surge was transient and was not maintained through the 24 h timepoint. In the

chromogenic assay, net plasminogen activator activity is quantified indirectly in a two-step

reaction. Plasmrin activity is measured following conversion of exogenous plasminogen to

plasmrin via the plasmrinogen activators present in samples. Differences in levels of endogenous

proteinase inhibitors with affinity for plasmin, such as az-antiplasmin, aZ-macroglobulin or
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protease-nexin-l in samples assayed could influence and indirectly reduce indirect

measurements of total plasminogen activator activity using the chromogenic assay. High levels

of az-macroglobulin mRNA and protein are induced by the preovulatory gonadotropin surge

in the rat [260, 2611 levels of endogenous proteinase inhibitors dramatically influence activity

of the plasminogen activators and plasmin in the extracellular milieu. Further studies will be

required to characterize gonadotropin surge induced changes in the plasminogen activator

inhibitors and proteinase inhibitors with an affinity for plasmin. Such information will provide

a more complete understanding of the complex regulation of the plasminogen activator system

during the periovulatory period and facilitate elucidation of the potential role of the individual

components of the plasminogen activator system in follicle rupture and subsequent luteal

formetion.

One key role of the cell surface receptor for uPA (uPAR) is to localize pericellular plasmrin

activity. Our results indicate that uPAR mRNA abundance was increased in a cell specific

manner in response to the preovulatory gonadotropin surge. A transient increase in uPAR

mRNA abundance was detected at the 6 and 12 h timepoints and levels were subsequently

increased again at 24 and 48 h. Messenger RNA for uPAR was localized primarily to the

granulosal and thecal layers at the earlier timepoints (6 and 12 h), but a lower level of

heterogeneous expression was also detected in the adjacent ovarian stroma of follicles

collected at the 24 h timepoint Similarly, during the periovulatory period in the rat, uPAR

mRNA and protein are increased in both the granulosal cells and the residual ovarian tissue

[221]. Interestingly, I observed a heterogeneous localization of both uPA and uPAR mRNAs

within the thecal layer and adjacent ovarian stroma near the time of ovulation. Although

unable to detemnine conclusively in present experiments using in situ hybridization, it will be
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of interest to further define the specific cell types in the thecal layer and adjacent stromra with

intense expression of uPA and uPAR. Colocalization of uPA and uPAR has been observed

previously in migrating endothelial cells [262], and infiltrating white blood cells [263].

Endothelial cell migration is a key component of luteal development, as capillaries nrust

penetrate the avascular granulosal cell layer following ovulation and form the rich blood supply

necessary to support luteal development [226]. Iocalization of uPA to endothelial cells near

the site of capillary forrmtion in developing C1. has been reported previously [227].

I also detected an increase in plasmrin activity in bovine follicular fluid collected after the

gonadotropin surge. Multiple bands of plasmin activity (of sirrrilar Mr) have been observed in

mouse ovarian homogenates [219] and humran blood plasma [258]. The gonadotropin surge

induced increase in plasmrin activity in follicular fluid can mrost likely be attributed to the

observed increase in follicular fluid levels of tPA and enhanced activation of ubiquitous

plasminogen in follicular fluid Plasmrin has been detected previously in the follicular fluid of

cattle [5] and other species inchrding the rabbit, horse and pig [12, 220, 230, 231]. Plasmin in

follicular fluid may help degrade high molecular weight proteoglycans causing a decrease in

follicular fluid viscosity facilitating oocyte escape [24]. Plasmin mediated degradation of

fibrinogen [232-236] may also prevent premature blood clot formation in the follicular antrurn

prior to rupture. Liu et. al., 1986 proposed that plasmin rmy assist in cumulus expansion by

termination of oocyte-cumulus cell commrmication [237]. Thus, increased follicular fluid

levels of plasmin maypromote conditions that facilitate ovulatory release of the oocyte.

Plasmrin may also play an important role in mediating the extracellular matrix degradation

required for follicle rupture in cattle. In sheep, intrafollicular injection of the plasmrin inhibitor,
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az-antiplasmin, suppresses ovulation of preovulatory follicles [206]. Similar reduction of

ovulation efficiency was observed by intrabursal injection of az-antiplasmin in the rat [8].

Plasmin can directly degrade basement membrane EQ/I components including collagen IV,

proteoglycans, laminin and fibronectin [1, 2]. Interestingly, peak plasminogen-dependent

plasmin activity has been detected in the stigma of rat preovulatory follicles two hours prior to

ovulation [238]. However, the plasmin-insensitive type I and III collagens of the thecal layer

and tunica albuginea must also be degraded prior to ovulation. Here, plasmin may play a key

role in activation of other extracellular matrix degrading enzymes, such as interstitial

collagenase (MMP-1) [264], that degrade type I and III collagen and may be crucial for

ovulation. Messenger RNA for MMP-1 is increased in bovine preovulatory follicles after

exposure to the gonadotropin surge [265], but a role for plasmin in activation of pro-MMP—l

during the periovulatory period in cattle remains to be established.

In summary, I have demonstrated that both plasminogen activators (tPA and uPA) as well as

the cell surface receptor for uPA (uPAR) are upregulated in bovine preovulatory follicles

following the gonadotropin surge and in a temporally and spatially specific manner. These

results support a potential role of tPA, uPA and uPAR during the periovulatory period,

although more investigation will be required to determine the requirement of above

plasminogen activator system components for ovulation and (or) luteal formation in the

bovine.
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Chapter 4

Gonadotropin Surge-Induced Upregulation of Messenger RNA for

Plasminogen Activator Inhibitors 1 and 2 within Bovine Periovulatory

Follicular and Luteal tissue”

2 This chapter has been provisionally accepted by “Reproduction.”
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SUA'IMARY

The serine proteinases, tissue-type (tPA) and urokinase plasminogen activator (uPA), are

implicated in the ovulatory processes via their ability to convert plasminogen to its active fomn

plasmin. One mechanism for regulation of plasmin-directed ovarian extracellular matrix

remodeling during follicle rupture and corpus luteum (CL) formation is through inhibition of

plasminogen activation by the plasminogen activator inhibitors (PAI-1 and PAI-2). This study

examined the effect of the preovulatory gonadotropin surge on the temporal and spatial

regulation of PAI-1 and 2 mRNA expression and plasminogen activator inhibitor activity in

bovine preovulatory follicles and new CL collected at O, 6, 12, 18, 24 and 48 h (CL) after a

GnRH-induced gonadotropin surge. Both PAI-1 and PAI-2 mRNAs were dramatically

upregulated following the gonadotropin surge, with the highest levels of expression observed

in follicles collected near the time of ovulation (24 h) and in CL (48 h). Localimtion of PAI-1

mRNA was primarily to the thecal layer of preovulatory follicles. In contrast, PAI-2 mRNA

was localized specifically to the granulosal layer. Significant plasminogen activator inhibitor

activity was detected in follicle extracts, but temporal or spatial differences in plasminogen

activator inhibitor activity were not detected in response to the gonadotropin surge. Our

results indicate that PAI-l and PAI-2 mRNAs are upregulated in bovine preovulatory follicles

following the gonadotropin surge in a cell-specific manner. Regulation of PAI-1 and PAI-2

may help control plasminogen activator activity associated with ovulation and (or) early CL

formation.
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INTRODUCYYON

The oocyte must be liberated from the preovulatory follicle in order for fertilization and

subsequent pregnancy to occur. The gonadotropin surge initiates the production of

proteinases that mediate the extracellular matrix (ECM) degradation and cellular remodeling

required for follicular rupture and corpus luteum formation. One such family of proteinases

implicated in the above processes are the plasminogen activators. The plasminogen

activators consist of two enzymes, tPA and uPA, that convert ubiquitous plasminogen into

the broad-spectrum serine proteinase plasmin. One mechanism for the temporal and spatial

regulation of plasminogen activator activity is through the action of two members of the

serine protease inhibitor (Serpin) gene family, plasminogen activator inhibitor 1 and 2 (PAI-1

and PAI-2). Both inhibitors bind to uPA or tPA in a 1:1 stoichiometry in vitro. Structurally,

both serpins have an approximately 20 amino-acid—long exposed reactive center loop (RC1)

which when inserted into the active site of the plasminogen activator, inhibits their activity

[142]. In vivo, PAI-1 is an efficient inhibitor of both tPA and uPA, while PAI—2 is believed

to inhibit primarily uPA [266, 267]. Plasminogen activator inhibitor-2 exists as both an

intracellular nonglyeoslyated form and a secreted glycosylated form with different biological

activities [268]. Furthermore, PAI-2 is 20-100 fold less efficient in inhibiting plasminogen

activator activity than is PAI-1 [269].

Evidence indicates that PAI-1 may play a key role in temporal and spatial regulation of

plasminogen activator activity in rat preovulatory follicles during the periovulatory period.

Messenger RNA for tPA and PAI-1 show parallel increases until just prior to the time of

ovulation, when PAI-1 mRNA abundance plummets but tPA mRNA remains elevated. The

spatial localization of tPA and PAI-1 are also distinct in rat preovulatory follicles. Activity for

tPA is primarily associated with granulosal cells, while PAI-1 immunoreactivity is
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predominantly concentrated in the thecal cells of preovulatory follicles collected near the time

of ovulation [19, 223]. This differential regulation of tPA and PAI-1 may provide a temporal

and spatial window of elevated tPA activity that may be important for mediating the ovulatory

process in rats. Even less infomration is available about the intrafollicular localization and

regulation of PAI-2 mRNA during the periovulatoryperiod.

To date, the periovulatory regulation and potential role of plasminogen activator inhibitors

(PAI-1 and PAI-2) in the regulation of the ovarian ECM remodeling characteristic of follicle

rupture and CL formation are not completely understood. Therefore, our objective was to

detemnine the effect of the preovulatory gonadotropin surge on localization and regulation of

PAI-1 and PAI-2 mRNAs and plasminogen activator inhibitor activity in bovine periovulatory

follicular and hrteal tissue.

MATERIALS ANDMETHODS

Animal Care

Mature Holstein cows (£05 mus; 2 2 years old) were fed a balanced corn silage diet and

housed at the Michigan State University Beef Cattle Research Center during the course of the

experiments. All experiments were approved bythe All University Committee on Animal Use

and Care at Michigan State University (Approval # 04/98-05600).

swarm!Model

Follicle development and timing of the preovulatory gonadotropin surge were synchronized in

Holstein cows using the Ovsynch procedure (GnRH-7d-PGF2a-36h-GnRI'l) [253]. Daily

ultrasound analyses were performed after the first GnRH injection until the time of follicle

collection to verify follicle synchrony and to exclude animals that turned over a new follicular

81



wave prior to the second GnRH injection. Average time of ovulation is approximately 28 h

(range 24—32) after the 2nd GnRH injection [270]. Ovaries containing ovulatory follicles or

new C1. were collected by colpotomry (under epidural anesthesia) at O, 6, 12, 18, 24 and 48 hr

(CL) after the second GnRH injection. Blood samples were collected at the time of PGan

injection and at the time of the second GnRH injection. Serum progesterone concentrations

in these samples were measured by RIA (Diagnostic Products Corporation, Los Angeles, CA)

to ensure that all animals included in the study responded to the PGan injection with a

decrease in serum progesterone below 1 ng/ml, indicating CL regression. Intra- and inter-

assay coefficients of variation were 5.6 and 9.1% respectively. To verify that none of the

animals included in the study exhibited a preovulatory gonadotropin surge prior to the second

GnRH injection, three blood samples at 15-min intervals were collected every 8 h beginning 16

h after the PGan injection until the time of ovariectomry or GnRH injection. A premature

LH surge was not detected in any of the animals included in the O h (pie-gonadotropin surge

group). In order to confimn that a gonadotropin surge was elicited by the second GnRH

injection, blood samples were also collected every hour for 4 h after the second GnRH

injection. In the remaining animals, the LH surge occurred only after GnRH injection,

verifying control of timing of the gonadotropin surge in our model system Concentrations of

serum LH were measured by RIA [254, 255]. Intra- and inter-assay coefficients of variation

were 5.8 and 15.6% respectively.

Tzssue Gallant):

For mRNA quantification and proteinase inhibitor activity assay, ovaries containing the

ovulatory follicle or new CL were collected at 0, 6, 12, 18, 24 and 48 h (n - 5 - 6 each)

following the second GnRH injection. Following ovariectomy, the ovulatory follicle or new
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CL was isolated by cutting away all remaining ovarian stroma and small follicles such that the

ultrastructure at the apex of the follicle remained intact Follicles were then transversely cut in

half. One half was used for total RNA isolation. For protein analysis, the remaining half was

cut sagitally in two equal pieces, one containing the follicle apex and one the base. New CL

collected 48 h post GnRH injection were only used for mRNA analyses. Samples were frozen

at —80°C within 15 min of ovariectomy. For in situ hybridization, ovaries containing the

ovulatory follicles were collected at 0, 6 and 24 h (n - 3 each) following GnRH injection.

Ovulatory follicles were dissected from the ovary, immediately immersed in embedding

medium, frozen over liquid nitrogen vapors, and stored at -80°C until sectioned.

maximochNA probesfirrPAI-I andPAI-Z

The nucleotide sequence of bovine PAI-1 has been reported. Using the reported sequence,

oligonucleotides primers were prepared and used in combination with RNA isolated from

bovine corpora lutea in the Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) to

amplify a 491 bp cDNA that encoded for bovine PAI-1. To obtain a bovine PAI-2 cDNA,

a set of degenerate primers (CT(KITCRTTCACATCIJAC and

GCITTATCIZT'ITCIBTGTMAA; R = G + A; M - A + C) were designed based on

nucleotide sequence of PAI-2 from human, rat and mouse. Using these primers, a 442 bp

PAI-2 cDNA was amplified by RT-PCR from bovine luteal RNA. PCR products (PAI-1

and PAI-2) were subcloned into pBluescript SK(+) vectors (Stratagene, La Jolla, CA) and

their identities and orientations confirmed by fluorescent dye temninator sequencing. The

partial bovine PAI-2 cDNA (Genbank accession # AF416234) shared 84% identity with

human PAI-2 [271]. In addition, a shorter PAI-2 cDNA (247 bp) was amplified from the
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above PAI-2 cDNA using an internal primer and one original PAI-2 primer and subcloned

and sequenced as described above.

Ourmizatim ofPAI-I andPAI—Z mRNA abmdmae

Total RNA was isolated according to the manufacturer’s instructions using the Trizol reagent

(Invitrogen, Carlsbad, CA). To determine transcript size and number and to optimize

specificity of hybridization conditions, approximately 15 pg pooled RNA from each sample

per timepoint was subjected to Northern analysis [256]. For quantitation of PAI-1 and PAI-2

mRNA abundance, 5 jig total RNA from each sample was applied in duplicate to a Zeta probe

nylon membrane (Bio-rad, Hercules, CA) using a dot blot apparatus (Bio-rad, Hercules, CA

[256]. Northern and dot blot analysis was then carried out using specific bovine PAI-1, PAI-2

or ribosomal protein L-19 (RPL19) 32P-labeled cDNA probes generated by the polymerase

chain reaction (PCR). RPL19 was used for normalization purposes. Each 20 pl PCR reaction

included 1X PCR buffer, 2.5 mMMng, 1.6 ”Meach of dATP, dGTP, dT'I'P, 025 M of

each primer, 100 pg DNA template, 1.5 U Taq polymerase, and 0.825 "M [32P]dCTP (3000 0’

mM; NEND Life Science Products, Boston, MA). The amplification conditions were: 95°C

for 5 min; 94°C for 0.5 min, 52°C for 1 min, 72°C1.5 min for 40 cycles; 72°C for 10 min; hold

at 4°C After amplification, the PCR reactions were brought to 100 pl with NETS [150 mM

NaO; 10 mM EDTA; so mMTris; 0.1% SDS (w/v)] and the unincorporated 32p removed by

spun column chromatography through G—SO Sephadex minicolumns [256]. The membranes

were incubated overnight at 42°C in 25 ml prehybridization buffer [50% fomamide (v/v), 5X

SSC (Saline-sodium citrate buffer; single-strength is 0.15 mM NaCl and 0.015 M sodium

citrate, pH 7.0), 5X Denhardt’s (single strength is 0.02% Ficoll, 0.02% polyvinylpyrrolidone,

0.02% BSA; all v/W), 0.05 M sodium phosphate (pH 6.9), 0.1% SDS, and 250 jig/ml

denatured herring spemn DNA]. The prehybridization buffer was discarded and 25 ml of fresh
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hybridization buffer [50% formamide, 5X SSC, 1X Denhardt’s, 0.02 M sodium phosphate,

0.1% SDS, 10% dextran sulfate, 100 pg/ml denatured herring spemn DNA ml and 1 x 106

cpm labeled probe] was added and membranes incubated overnight at 42°C The membranes

were then washed in 1X SSC, 0.1% SDS, 0.1% sodium pyrophosphate (w/v) at 42°C for 15

mrin, followed byconsecutive washes in 0.1X SSC, 0.1% SDS, 0.1% sodium pyrophosphate at

42°C and 47°C for 15 min each. Following washing, filters were exposed to a phosphoimager

cassette. After exposure (2-24 h) the cassette was scanned using a phosphoimager (Biorad,

Hercules, CA). After Northern analyses, size of RNA transcripts was determined based on

relative migration of RNA molecular weight markers (Roche, Indianapolis, IN). After

hybridization for PAI-1 or PAI-2, the membranes were then stripped and reprobed with the

32P RPL19 cDNA. Preliminary experiments demonstrated that RPL19 mRNA abundance in

bovine preovulatory follicles and new CL is not regulated by the gonadotropin surge (P >0.05;

data not shown). Relative densitometric units for PAI-1 and PAI-2 were quantitated and

adjusted relative to RPL19 mRNA expression using Molecular Analyst Version 1.5 software

(Bio-rad, Hercules, CA). Preliminary Northern blot experiments demonstrated that

hybridization and washing conditions used in subsequent dot blot analyses were specific and

yielded hybridization to single transcripts of the expected size for each mRNA of interest.

Preliminary experiments also demonstrated that an increase in hybridization intensity was

detected following hybridization of each cDNA to increasing amounts of sample RNA (1-10

lug)-

In Sim I-bbndizatim

Follicles were cut on a Ieica cryostat (W. Nuhsbaum, McHenry, IL) into 12 pm transverse

sections and mounted onto positively charged slides (Fisher Scientific, Chicago, IL). A
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transverse section allows a view of the cell types contained at both the apex and the base of the

follicle. Prior to hybridization, sections were prewarned to room temperature for 10 min,

fixed in 3.7% formaldehyde (v/v) in PBS for 5 min, rinsed twice in 2X SSC for 2 min each,

incubated in 0.25% acetic anhydride (v/v) in 0.1 M triethanolamine-HC] (pH 8.0) for 10 mrin,

dehydrated in increasing concentrations of ethanol (70, 80, 95 and 100%; all v/v) for 2 min

each, delipidated in absolute chloroform for 5 min, rinsed in 100% and 95% ethanol for 2 min

each and then air dried for 1 h. Hybridizations for each mRNA of interest were carried out on

serial sections in triplicate using antisense and sense (negative controls) 3’55 or 33F labeled

cRNA probes generated from previously described PAI-1 and PAI-2 cDNAs. Both antisense

and sense [355m (1250 Ci mM, NEN" Life Science Product; PAI- 1) or [33P]Lm>; 3000

Ci mM; PAI-2) cRNA probes were generated using linearized cDNA templates and an in vitro

transcription kit (Stratagene, La Jolla, CA) according to the manufacturers directions. Plasmid

DNA containing the shorter (247 bp) PAI-2 cDNA was used as template for cRNA synthesis

and hybridized to follicle sections. Both PAI-2 cDNA yielded identical results in Northern

analysis (data not shown). The transcription reaction was incubated at 37°C for 1 h and

template DNA was removed by incubation with 20 U RNase-free DNase (Stratagene, Ia Jolla,

CA) at 37°C for 15 min. Following DNase treatment, the reaction was diluted to 100 pl with

NETS and unincorporated radionucleotides removed as described above. Prior to

hybridization, labeled probes were diluted in hybridization buffer to a concentration of 1.0 x

106 cpm/ml. Hybridization buffer included 50% formamide, 0.3 M NaCl, 10 mM Tris (pH 3),

1 mM EDTA, 1X Denhardt’s, 50 mM dithiothreitol (DTT), 0.5 mg/ml yeast tRNA and 10%

dextran sulfate. Hybridizations were performed by adding 60 pl diluted probe per slide and

then incubating in a humidified 55°C oven for 16 h. After hybridization, slides were washed

twice by shaking in 2X SSC for 15 min at room temperature and treated with RNase-A (50 pg/
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mlinZX SSC) for 1 h at 37°C. Slides were then washed at 55°Cin 2X SSC containing 0.1% ii

mercaptoethanol (M; v/v) for 15 min, 1X SSCYO.1% KME for 15 min, 1X SSC/50%

formamide/O.1°/o GME for 30 min, and twice in 0.1X SSC/0.1% KME for 15 min. The slides

were then dehydrated in increasing ethanol concentrations (60, 80, 95 and 100%), air dried for

1 h and then dipped in 50% NTB-2 emulsion (Eastman Kodak, Rochester, NY). Slides were

exposed to autoradiographic emulsion for either 10 days (PAL 1) or 50 days (PAI-2) at 4°C and

then developed followed by counterstaining with hematoxylin and eosin. Exposure time for

detection of a given mRNA of interest was the same for all timepoints. Digital bright and

dark-field images were acquired on a Ieica research microscope equipped with SPOT Model

# 1.1.0 camera and Version 3.2.4 software (W. Nuhsbaum, McHenry, IL).

FollideHammadWWAWWAmy

Follicles were homogenized using procedures previously described byMurdoch [103]. Briefly,

the apical or basal sections of follicles were homogenized using a polytron homogenizer

(Fisher Scientific, Chicago, IL) in 800 pl of 10 mM calcium chloride; 025% Triton X-100

(v/v). The homogenates were then centrifuged at 9000 g for 30 min at 4°C and supematants

collected and frozen at -20°C until assayed.

Two chromogenic assays were required to quantitatively determine the levels of plasmrinogen

activator inhibitor (PAI-1 and PAI-2) activity present in above samples. In the first assay,

Wplasmrinogen activator activity (tPA plus uPA) was measured in the samples. We

have reported changes inWplasminogen activator activity previously [272]. In the

second assay, a fixed amount ofWuPA was added to the samples and allowed to react

with the plasmrinogen activator inhibitors. Then the TM plasminogen activator activity
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was determined and the plasminogen activator inhibitor activity expressed as the percent of

plasminogen activator activity (endogenous and exogenous) quenched in each sample. In

both assays the endogmms or residual plasminogen activator activity was quantified using a

procedure described by Coleman 8: Green [257]. The ommrittence of plasminogen as a

substrate was used a negative control. Standard curves using a plasminogen activator

standard (uPA; Sigma Chemical Co., St. Louis, MO) were used to interpolate plasminogen

activator activity (endogenous or residual) in samples. Preliminary experiments established

that an increase in plasminogen activator and plasminogen activator inhibitor activity was

detected with increasing amounts of sample protein (25-200 pg). Each sample was run in

duplicate for both assays and all samples were run in a single assay. The intra-assay CV. was

8.6%.

Stan'stiml Analysis

Differences in mRNA abundance or plasmrinogen activator inhibitor activity were detemnined

byone-way analysis of variance (ANOVA) using the General linear Models procedure of SAS

(Version 8.0). For plasminogen activator inhibitor activity, percentages were arcsin

transforrred prior to statistical analysis. Individual comparisons of mean RNA concentrations

or plasminogen activator inhibitor activity were performed using Fisher’3 Protected Least

Significant Differences test. When heterogeneity of variance was detected, data were log

transformed prior to statistical analysis.
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RESULTS

Regubzim tfPAI-I andPAI-Z mRNA mamdxparawampapd

Messenger RNA for PAI-1 was detected as a single transcript of 2.9 kb (Figure 16A).

Messenger RNA for PAI-1 increased following the gonadotropin surge (Figures 16B; P <

0.05), with the highest mRNA abundance detected in follicles collected near the time of

ovulation (24 h) and in ear'lyCL (48 b). There was also a transient increase in PAI-1 mRNA in

follicles collected at the 6 h timepoint (P < 0.05), but then expression declined to presurge

levels by 12 h (Figure 16B).

The gonadotropin surge also upregulated PAI-2 mRNA in bovine periovulatory follicular and

luteal tissue. A predomrinant transcript of 1.9 kb for PAI-2 was detected by Northern analysis

(Figure 17A). Relative levels of PAI-2 mRNA were transiently increased at the 6 hr timepoint

(P < 0.05), but then expression declined to presurge levels in follicles collected at the 12 h

timepoint. Subsequently, PAI-2 mRNA abundance also increased in 24 h follicles and was

further increased in new CL (48 h; P <0.05; Figure 17B) collected after GnRH injection.

Localization emu—1 rmdPAI-Z mRNAs inWWW

The cell-specific regulation of PAI-1 and PAI-2 mRNA expression in response to the

gonadotropin surge was distinct. Messenger RNA for PAI-1 was detected in the thecal layer

at all tirrepoints examined (Figures 18D, E and F; O, 6 and 24 h depicted). However, a low

level of expression was also observed in the granulosal layer in follicles collected near the time
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Figure 16: Effect of a GnRH-induced gonadotropin surge on PAI-1 mRNA abundance in

bovine periovulatory follicular and luteal tissue. A) Northern analysis ofPAI-1 mRNA

expression: Note hybridization to single 2.9 Kb transcript. B) Effect ofthe preovulatory

gonadotropin surge on relative levels ofPAI-1 mRNA in bovine preovulatory follicles

and new CL. Data (B) are expressed as relative units PAI-1 mRNA per unit RPL19

mRNA*100. Data shown as mean :h SE. Timepoints without a common superscript are

 

  

 

different at P < 0.05.
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Figure 17: Effect of a GnRH-induced gonadotropin surge on PAI-2 mRNA abundance in

bovine periovulatory follicular and luteal tissue. A) Northern analysis of PAI-2 mRNA

expression: Note hybridization predominantly to a single 1.9 Kb transcript. B) Effect of the

preovulatory gonadotropin surge on relative levels of PAI-2 mRNA in bovine preovulatory

follicles and new CL. Data (B) are expressed as relative units PAI-2 mRNA per unit RPL19

mRNA‘lOO. Due to heterogeneity of variance, values for PAI-2 mRNA were log

transformed prior to analysis. Data shown as mean :1: average SE. Timepoints without a

common superscript are different at P (0.05.
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Figure 18: In situ localization of PAI-1 mRNA within bovine periovulatory follicles collected

at o, 6 and 24 h after GnRH injection. Representative bright-field micrographs of

preovulatory follicles collected at the o h (A), 6 h (B), and 24 h (c) timepoints and stained

with hematoxylin and eosin. Representative dark-field micrographs of the corresponding

bright-field sections of preovulatory follicles collected at the o h (D), 6 h (E), and 24 h (r)

timepoints and hybridized with a 35$ antisense PAI-1 cRNA. Representative dark-field

mricrographs of conesponding adjacent serial sections of the same follicles collected at the 0

h (o), 6 h (H), and 24 h (I) timepoints and hybridized with a 353 sense par-1 cRNA (n = 3

per timepoint; renl = 9). Note highest expression of PAI-1 mRNA in thecal layer, with

additional localization in granulosa cell layer of follicles collected at the 24 h timepoint. Bar

= 250 pM
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Figure 19: In situ localization of PAI-2 mRNA within bovine periovulatory follicles collected

at 0, 6 and 24 h after GnRH injection. Representative bright-field micrographs of

preovulatory follicles collected at the O h (A), 6 h (B), and 24 h (Q timepoints and stained

with hematoxylin and eosin. Representative dark-field micrographs of the corresponding

bright-field sections of preovulatory follicles collected at the O h (D), 6 h (E), and 24 h (P)

timepoints and hybridized with 33p antisense PAI-2 cRNAs. Representative dark-field

micrographs of corresponding adjacent serial sections of the same follicles collected at the 0

h (G), 6 h (H), and 24 h (I) timepoints and hybridized with 33p sense PAI-2 cRNAs (n - 3

per timepoint; total =-— 9). Note localization of PAI-2 mRNA to the granulosa cell layer of

follicles collected at the 6 and 24 h timepoints. Bar - 250 pM.

94



 

.7“: ,i

 
r
m

.
,

a
.

S
p
a

95



of ovulation (Figure 18F; 24 h). In contrast, PAI-2 mRNA expression was localized

specifically to the granulosal layer of preovulatory follicles collected at the 6 and 24 h

timepoints (Figure 19E 8: F). Significant expression in the thecal layer and adjacent ovarian

stroma was not detected.

EfldexWWmPAIWfiWflWfiWfi

Preovulatory follicle homogenates (apex and base) dramatically attenuated activity of

exogenous uPA, indicating the presence of endogenous plasminogen activator inhibitor

activity. However, levels of plasminogen activator inhibitor activity in the preovulatory follicle

apex and base were not regulated bythe gonadotropin surge (Figure 20; p >005).
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Figure 20: Detection of total plasminogen activator inhibitor activity (PAI~1 and PAI-2) in

homogenates of the apex (TA) and base (TB) of bovine periovulatory follicles using a

chromogenic assay. Data were expressed as percentage plasminogen activator inhibitor

activity/ 100 pg protein. Due to heterogeneity of variance data were log transformed.

Percentages were arcsin transformed prior to statistical analysis. Data depicted as mean i

average SE (n-5-6 per timepoint). Plasminogen activator inhibitor activity in the

preovulatory follicle apex and base were not regulated in response to the gonadotropin surge

(P >0.05).
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DISCUSSION

Controlling and focusing extracellular proteolytic activity is essential for many reproductive

processes including ovulation. We have previously shown that there is a dramatic preovulatory

rise in both mRNA and activity for tPA and uPA in bovine preovulatory follicles [272-274].

The induction of plasminogen activator inhibitors is believed to be one of the key means for

regulation of plasmin mediated proteolysis initiated by the plasminogen activators. However,

the regulation of the plasminogen activator inhibitors in bovine preovulatory follicles during

the periovulatory period has not been reported. Our results here cleariy show that PAI-1 and

PAI-2 mRNAs were upregulated in a cell specific fashion in response to the gonadotropin

surge, but temporal changes in plasminogen activator inhibitor activity were not detected.

Furthemnore, the regulation of PAI-1 and PAI-2 mRNAs and plasminogen activator inhibitor

activity observed are distinct from reports in other species to date.

I observed a transient increase in PAI-1 mRNA abundance within 6 h following the

gonadotropin surge, with increased expression detected near the time of ovulation (24 h

follicles) and in new CL. This is in contrast to reported changes in PAI-1 mRNA in rat and

monkey preovulatory follicles in response to hCI}. In the above species, PAI-l mRNA is

transiently upregulated but then subsequently declines in preovulatory follicles near the time of

ovulation [217, 222]. Furthermore, high levels of tPA mRNA continue to be expressed in rat

and mronkey preovulatory follicles near the time of ovulation, several hours after the decline in

PAI-1 mRNA. Near the time of ovulation, plasminogen activator activity in preovulatory pig

follicle increases, with a concomitant decrease in plasmrinogen activator inhibitor activity [220].

This suggests that a decrease in PAI-1 in the face of continued tPA activity may play a role in

regulation of follicular rupture. In contrast, PAI-1 mRNA is not upregulated until after
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ovulation in the mouse [11, 13]. In the present studies, PAI-1 mRNA was localized primarily

to the thecal layer, with a lower level of expression observed in the adjacent granulosal layer of

preovulatory follicles collected at the 24 h timepoint. In monkeys and rats, PAI-1 mRNA was

also localized primarily to the thecal layer [19], but additional expression has also been

observed in the ovarian stroma of rat preovulatory follicles [223].

I also observed a significant increase in PAI-2 mRNA in bovine preovulatory follicles near the

time of follicular rupture (24 h timepoint) and PAI-2 mRNA was localized specifically to the

granulosal layer. Very limited information is available regarding the temporal and cell specific

regulation of PAI-2 mRNA during the periovulatory period in other species. Messenger RNA

for PAI-2 has been previously detected in both human and mouse ovarian tissues. Both

human cummlus cells and granulosal-luteal cells collected from patients (36 h post hCI}; a few

h prior to ovulation) undergoing in vitro fertilization have been shown to express PAI-2

mRNA [229]. A small increase in PAI-2 mRNA abundance was also observed in mouse

ovaries 4 h post hCI} injection. The localization of PAI-2 mRNA in the mouse ovary was

distinct from that observed in cattle and restricted prinarilyto a few individual cells within the

thecal layer that were believed to be macrophages [13].

Plasminogen activator inhibitor-2 is a major product of macrophages and monocytes in

response to inflammatory conditions [155, 156]. Furthemnore, the two different forms of

PAI-2 (extracellular and intracellular) in monocytes likely serve distinct functions. The

extracellular fomn has been shown to inhibit uPA activity, while the predominant intracellular

fomn inhibits TNFa directed apoptosis [157, 218]. Plasmrin production at the site of follicle

rupture in sheep preovulatory follicles has been shown to facilitate liberation of membrane
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anchored TNFa and subsequent ovarian surface epithelial cell apoptosis [206, 209, 210, 275,

276]. Although the presence of the two forms of PAI-2 in bovine granulosal cells has not

been established, it is interesting to hypothesize that intracellular PAI-2 may serve a protective

role against TNF0L directed apoptosis in the granulosal layer of bovine preovulatory follicles.

Fomration of the CL involves dramatic biochemical and morphological processes including

luteinization, angiogenesis and cellular proliferation and migration. In the present studies, the

highest relative abundance of PAI-l and PAI-2 mRNA was observed in tissue collected during

CL formation. Furthemrrore, it is possible that the increased abundance of PAI-1 and PAI-2

mRNA detected near the time of ovulation may in fact be more relevant to regulation of luteal

development In the rat, PAI-1 mRNA is localized adjacent to uPA-expressing capillaries of

the early CL, and it thought to play an important role in the regulation of angiogenesis [227].

Studies using PAI-1 deficient mice have shown the absolute requirement for PAI-1 during

tumor-induced angiogenesis [200, 277]. The role of PAI-2 [intracellular and (or) extracellular]

during CL formation is unclear. More investigation will be critical to understanding the exact

role of PAI-1 and PAI-2 during the periovulatory period in cattle.

Significant plasminogen activator inhibitor activity (PAI-1 plus PAI-2) was detected in the apex

and base of bovine preovulatory follicles. However, no temporally or spatially significant

changes in plasminogen activator inhibitor activity were detected in response to the

gonadotropin surge. I have observed elevated tPA mRNA and activity during the

periovulatory period in bovine preovulatory follicles [272, 273]. Furthermore, tPA activity is

spatially regulated in bovine preovulatory follicles following the gonadotropin surge. In the

follicle apex, tPA activity is increased in response to the gonadotropin surge and remains
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elevated through the 24 h timepoint. In contrast, tPA activity in the follicle base peaks within

12 h following the gonadotropin surge, but then decreases to presurge levels by 24 h [272].

Interestingly, I did not detect a differential rise in plasminogen activator inhibitor activity in the

base of bovine preovulatory follicles near the time of follicular rupture. Therefore, the

differential upregulation of tPA activity in the follicular apex versus the base is not like likely

due to regional differences in upregulation of the plasminogen activator inhibitor activity in

response to the gonadotropin surge. This difference in the regulation of plasminogen activator

(tPA) and plasminogen activator inhibitor levels mayprovide a temporal and spatial window of

increased plasmrinogen activator activitythat mayhelp facilitate follicular rupture.

In summary, I have demonstrated that PAI-1 and PAI-2 mRNAs are upregulated in bovine

preovulatory follicles in response to the preovulatory gonadotropin surge with maximal

expression during CL formation. Furthemnore, the temporal and spatial regulation of PAI-1

and PAI-2 mRNAs in bovine preovulatory follicles in response to the gonadotropin surge was

distinct from reports to date in other species. Further investigation will be required to

elucidate the precise physiological role of PAI-l and PAI-2 during the periovulatory period in

cattle.
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Chapter 5

Summary: Gonadotropin Surge-Induced Upregulation of Plasminogen

Activator System Components within Bovine Periovulatory Follicular and

Luteal tissue
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These studies evaluated the effect of the gonadotropin surge on the plasminogen activator

system components on within bovine periovulatory follicular and luteal tissue. A summary is

shown in Table 3.

It is clear from these studies that the regulation of the plasminogen activator system

components is different than observed in other species. Periovulatory follicles of the rat,

mouse, pig and sheep have only one plasminogen activator strongly upregulated in by

gonadotropin surge. Here I have clearly established by both mRNA and enzyme activity that

both tPA and uPA are increased in bovine periovulatory follicles by the gonadotropin surge.

It is also interesting that both the temporal regulation of tPA mRNA and spatial regulation of

tPA enzyme activity suggests that this enzyme could be important for follicular rupture in the

cow. Messenger RNA for tPA is upregulated by the gonadotropin surge and remains elevated

at the time of follicular rupture and then mRNA is decreased following ovulation. Activity for

tPA also was transiently elevated in the base but remained elevated at the apex (site of

degradation and rupture). Elevated tPA activity may be important for plasminogen dependent

plasmin formation at the apical region of the follicle. This plasmin could directly via

degradation of follicle ECM components lead to ovulation. However, collagens I and III

provide the greatest structural support of the follicle, and these collagens are not sensitive to

plasmin degradation. However, plasmin can activate the proforms of several IVEMPs, perhaps

most importantly MMP—1 that can degrade collagens I and III. Therefore, elevated production

of plasmin directed by increased tPA activity may induce ovulation indirectly by increased

MMP activity.
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The LH surge induced upregulation of uPA is the primary mechanism for plasmin generation

in mouse and sheep ovulatory follicles. In the cow, the gonadotropin surge also upregulates

uPA in the ovulatory follicle near the time of ovulation. However, unlike tPA, uPA activity is

not spatially regulated in the ovulatory follicle suggesting that it may not be important for the

degradation of the apical follicle wall leading to ovulation. This is in contrast with the sheep,

where uPA is secreted by the OSE cells just at the apex of the follicle near the time of

ovulation [6]. In these studies, the number of bovine OSE cells that cover the apex of the

follicle is relatively small compared to thecal and granulosal cells present in the homogenate.

Therefore, it is possible that the techniques used were not sensitive enough to detect

differences in a small upregulation of uPA from a limited number of OSE cells. However, the

temporal regulation of both uPA and its cell surface receptor, uPAR, in bovine follilcles

suggest that they may play roles in the ovulatory process and (or) corpus luteum formation.

Both uPA and its receptor have been shown to be important for cell migration and

angiogenesis. Colocalization of uPA and uPAR has been observed previously in migrating

endothelial cells [262], and infiltrating white blood cells [263]. Endothelial cell migration is a

key component of luteal development and localization of uPA to endothelial cells near the site

of capillary formation in developing CL has been reported [227]. I was unable, using the

techniques utilized here, to co-localize mRNA for both uPA and its receptor. However, future

immunocytochemistry on follicle sections could be done to identify the colocalization of these

two proteins.

I also detected an increase in plasmin activity in bovine follicular fluid collected after the

gonadotropin surge. The gonadotropin surge induced increase in plasmin activity in follicular

fluid can most likely be attributed to the observed increase in follicular fluid levels of tPA and
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enhanced activation of ubiquitous plasminogen in follicular fluid. Plasmin in follicular fluid

may 1) help degrade high molecular weight proteoglycans causing a decrease in follicular fluid

viscosity facilitating oocyte escape [24] (2) degrade fibrinogen and prevent premature blood

clot formation in the follicular antrum prior to rupture {232-236}. Future experiments with

intrafollicular injection of tPA antibodies and (or) antiplasmin into ovulatory follicles post the

LH surge may provide evidence supporting role of plasmin in follicular rupture in the bovine.

Since the regulation of the plasminogen activators (tPA and uPA) is different than other

species to date, it was not unexpected that plasminogen activator inhibitors (PAI-1 and PAI-2)

were also differentially regulated. Here I have demonstrated that PAI-1 and PAI-2 mRNAs

are upregulated in bovine preovulatory follicles in response to the preovulatory gonadotropin

surge with high levels of expression in ovulatory follicles near the time of ovulation and in

early corpora lutea. Significant plasminogen activator inhibitor activity (PAI-1 plus PAI-2) was

detected in the apex and base of bovine preovulatory follicles. However, no temporally or

spatially significant changes in plasminogen activator inhibitor activity were detected in

response to the gonadotropin surge. The technique used to measure PAI activity is a

measurement of free PAI activity. Therefore, in both plasminogen activator increases in

parallel with plaminogen activity inhibitor, then no net increase in free plasminogen activator

inhibitor activity would be detected. Interestingly, I did not detect a differential rise in

plasminogen activator inhibitor activity in the base of bovine preovulatory follicles near the

time of follicular rupture. Therefore, the differential upregulation of tPA activity in the

follicular apex versus the base is not like likely due to regional differences in upregulation of

the plasminogen activator inhibitor activity in response to the gonadotropin surge.
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Furthermore, the two different forms of PAI—2 (extracellular and intracellular) in monocytes

likely serve distinct functions. The extracellular form has been shown to inhibit uPA activity,

while the predominant intracellular form inhibits TNFa directed apoptosis [157, 218].

Plasmin production at the site of follicle rupture in sheep preovulatory follicles has been

shown to facilitate liberation of membrane anchored TNFa and subsequent ovarian surface

epithelial cell apoptosis [206, 209, 210, 275, 276]. Although the presence of the two forms of

PAI-2 in bovine granulosal cells has not been established, it is interesting to hypothesize that

intracellular PAI—2 may serve a protective role against TNFa directed apoptosis in the

granulosal layer of bovine preovulatory follicles. Furthermore, the marked increase in PAI-2

mRNA abundance observed in the early corpus luteum suggests an important role of protein

during the ovulatory follicle corpus luteum transition. Future localization experiments using

PAI-2 specific antibodies may further clarify the role of PAI-2 (extracellular and intracellular)

in the bovine ovulatory follicle and (or) corpus luteum.

In summary, the gonadotropin surge clearly regulates the plamininogen activator/plasmin

system differently in the in bovine preovulatory follicles and (or) corpus luteum than in other

species. Perhaps this knowledge will lead to better understanding of the ovulatory process

and (or) corpus luteum formation in the cow and other monoovulory species in the future.
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