
 
 

AN ABSTRACT OF THE DISSERTATION OF  

 

Anthony Kent McNeel for the degree of Doctor of Philosophy in 

Animal Science presented on September 24, 2010 

 

Title:  The Role of the Plasminogen Activator System in the Etiology 
of Ovarian Follicular Cysts in Dairy Cattle 
 
Abstract approved: 

 

Alfred R. Menino, Jr. 

Abstract: 

Cystic ovarian disease (COD) is an anovulatory condition in cattle 

that afflicts between 6-18% of all dairy cows in the US.    Ovulation is 

dependent on the plasminogen activator (PA) family of proteases 

and protease inhibitor for proteolysis, culminating in follicular rupture.  

Failure of the follicle to ovulate suggests an aberration in proteolysis 

in cystic follicles.  Polycystic ovarian disease in humans is 

phenotypically similar to COD is associated with elevated plasma 

PAI-1. PAI-1 regulates the proteolytic activity responsible for 

ovulation.  Vitamin E supplementation reduces plasma PAI-1 and 

reduces the incidence of COD.  Four experiments were conducted to 

elucidate the role of the plasminogen activator system in the etiology 

of COD and the ability of vitamin E supplementation to modulate the 



 
 

PA system in cattle.  In experiment one, blood samples were 

collected from lactating dairy cows upon diagnosis of a follicular cyst 

at least 3.0 cm in diameter by a licensed veterinarian.  Cows were 

classified based upon their history of follicular cysts.  Tissue-type 

plasminogen activator (tPA) and plasminogen activator inhibitor-1 

(PAI-1) concentrations and activities were measured using 

commercially available ELISA and chromogenic reagents.  No 

differences were detected between cystic and non-cystic dairy cows.  

In experiment two, six non-lactating beef cows were supplemented 

with 2750 IU of α-tocopherol every four days for 24 days.  Blood 

samples were collected every two days and assayed for tPA and 

PAI-1 concentrations and activities.  Supplementation with α-

tocopherol decreased the ratio of PAI-1 to tPA activities adjusted to 

the Day 0 measurement (P=0.097).  In experiment three, mRNA was 

isolated from follicular cysts and preovulatory follicles and relative 

quantitative RT-PCR was performed for tPA, urokinase-type 

plasminogen activator (uPA), urokinase-type plasminogen activator 

receptor (uPAR), PAI-1, and β-actin.  uPA expression was reduced 

(P<0.1) and uPAR expression was greater (P<0.1) in follicular cysts 

compared to preovulatory follicles. Lastly, in experiment four DNA 

was extracted from whole blood obtained from cystic and normal 

dairy cows and the promoter region of the PAI-1 gene was 



 
 

sequenced. More Jersey cows with COD possessed a four basepair 

deletion polymorphism than normal cows (P<0.1) and more Jerseys 

possessed the deletion polymorphism than Holsteins (P<0.01). 
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 The Role of the Plasminogen Activator System in the Etiology of 1 

Ovarian Follicular Cysts in Dairy Cattle 2 

 3 

1.  Introduction 4 

Cystic ovarian disease (COD) is a reproductive disorder in cattle 5 

estimated to afflict between 6% to 18% of all dairy cows over the 6 

course of their lifetime (Gaverick, 1997), 35% to 45% of which will 7 

repeatedly develop follicular cysts (Peter, 2004).  COD has been a 8 

significant cause of concern for US cattle producers for at least the 9 

last 100 years (Law, 1908).  Based on the estimated US dairy cow 10 

population in 2009, this equates to an estimated 920,100 cows, a 11 

third of which will develop multiple ovarian cysts during their lifetime.  12 

This figure is likely much greater as approximately 60% of cysts 13 

regress spontaneously prior to diagnosis (Peter, 2004).  The 14 

incidence of follicular cysts compromises the reproductive efficiency 15 

of dairy herds.  A review of the pertinent literature suggests that 16 

follicular cysts extend the calving interval (the length of time between 17 

subsequent parturitions) by 22 to 64 days as compared to non-cystic 18 

herdmates with an estimated economic loss of $137 per lactation 19 

(Peter, 2004).  Using these figures, it is estimated that the US dairy 20 

industry lost approximately $44 million to follicular cysts during 2009.  21 

The true cost of COD per incidence is most likely higher today given 22 



2 
 

the disproportionate increase in cost in both fuel and feedstuffs since 23 

the turn of the 21st century.  In 2005, the USDA listed increasing the 24 

efficiency of domestic agriculture and marketing systems as one of 25 

its objectives for the department’s strategic plan for 2005-10.  In 26 

addition, the Animal and Plant Health Inspection Service (APHIS) 27 

has estimated that approximately 26% of all dairy cows in the US are 28 

culled due to reproductive aberrations (USDA 1996, 2007).  Thus, by 29 

reducing the incidence of reproductive problems in US dairy herds it 30 

should be possible to increase the efficiency of the US dairy industry. 31 

 32 

COD is a well-documented disease in cattle and has been an area of 33 

intense debate and research during the last 25 years.  The most 34 

widely accepted explanation for the etiology of COD relies on an 35 

endocrine dysfunction in the ovulation process.  Hence, treatment of 36 

cystic ovarian disease most often relies on some form of ovulatory 37 

hormone such as gonadotropin-releasing hormone (GnRH), 38 

luteinizing hormone (LH), human chorionic gonadotropinv (hCG) 39 

and/or a progesterone releasing implant, which stimulate an LH 40 

surge upon removal (Seguin, 2005). 41 

 42 

Phenotypically similar to COD, polycystic ovarian syndrome (PCOS) 43 

is a reproductive syndrome in humans characterized by the presence 44 
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of large persistent follicle-like structures.  Interestingly, PCOS is 45 

associated with an elevated plasma concentration and activity of 46 

plasminogen activator inhibitor-1 (PAI-1).  A polymorphism in the 47 

PAI-1 promoter is associated with increased PAI-1 concentration and 48 

activity in humans with PCOS and a genetic component has been 49 

reported for COD.   PAI-1 is a key regulator of the fibrinolytic 50 

pathway involved in a variety of physiologic processes that require 51 

remodeling of the extracellular matrix, including ovulation.  In 52 

humans, PAI-1 concentrations can be modulated with vitamin E 53 

supplementation and there is evidence documenting that vitamin E 54 

supplementation reduces the incidence of follicular cysts in dairy 55 

cows (Harrison et al., 1984).  In order to elucidate the role of the 56 

plasminogen activator system in the development of PAI-1, we 57 

hypothesized the following: 58 

 59 

1) Lactating dairy cows diagnosed with COD possess aberrant 60 

concentrations and activities of plasma PAI-1 and tPA. 61 

2) The gene expression profile of the plasminogen activator system 62 

in cystic follicles is significantly different compared to that of 63 

normal preovulatory follicles. 64 
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3) Cows with follicular cysts possess a polymorphism in the PAI-1 65 

promoter causing them to express more PAI-1 than cows without 66 

the polymorphism. 67 

4)  The activity of the plasminogen activator system can be 68 

modulated by supplementation with vitamin E, thereby shifting the 69 

ratio of PAI-1 to tPA activities to a state favoring proteolysis. 70 

71 
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1.1 Literature review 72 

Since the middle of the 20th century, production practices in the US 73 

dairy industry have undergone modernization that has resulted in a 74 

dramatic increase in the production average of dairy cows.  Average 75 

annual production per cow in the US increased almost four-fold from 76 

5,333 lbs in 1951 to 20,516 lbs in 2007 (USDA National Agricultural 77 

Statistical Service).  Over the same period, first service conception 78 

rates decreased from 55% in 1961 to 45% in 1998 for spontaneous 79 

estrus (Lucy, 2001).  The composition of the dairy industry has 80 

changed as well.  Today many dairy farms are still owned and 81 

operated by a single family, however the number of ultralarge dairies 82 

(1000+ head of lactating cows), both family and corporate owned, 83 

has increased significantly during the last 20 years.   84 

 85 

Decreased reproductive function in dairy cattle is not a phenomenon 86 

isolated to US dairy operations.  The decline of reproductive 87 

efficiency in international dairy herds may be the result of a disparity 88 

between the animal’s genetic makeup and the management system, 89 

as US based genetics have spread throughout the global dairy 90 

industry (Lucy, 2001).  Fortunately, this discrepancy may be resolved 91 

in the next ten to twenty years as more quantitative trait loci are 92 

identified and the use of genomic breeding values becomes more 93 
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widespread (Hayes et al., 2009).  High milk production is a risk factor 94 

for reproductive disorders which lengthen calving interval (Gröhn and 95 

Rajala-Schultz, 2000).  In high producing dairy cows, poor 96 

reproductive performance is thought to be due to increased 97 

mobilization of body energy reserves which leads to a decrease in 98 

body condition score (BCS), and low BCS is known to have a 99 

negative impact on calving interval (Pryce et al., 2002; van Straten et 100 

al., 2009).  Carvaviello and coworkers (2006) published a study 101 

where machine learning algorithms were used to analyze the 102 

reproductive performance of lactating dairy cows from large dairy 103 

herds.  Percentage change in body condition score and milk yield at 104 

first AI were found to be the most important factors affecting 105 

reproductive performance.  Furthermore, milk production was 106 

positively correlated with number of inseminations and selecting 107 

cows to decrease the number of inseminations per conception would 108 

decrease milk production (Windig et al., 2006).  Regardless of the 109 

cause, decreased reproductive efficiency has severe consequences 110 

for the dairy industry including but not limited to: 1) decreased 111 

lifetime profitability due to a reduced percentage of time spent in 112 

ascending and peak milk production, 2) increased management 113 

costs associated directly or indirectly with reproduction (semen, 114 

pharmacologic intervention, feedstuff and labor costs) and 3) 115 
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increased age of the dam at parturition, which has been shown to 116 

negatively affect energy-corrected milk yield and longevity of 117 

daughters (Fuerst-Waltl et al., 2004).   118 

 119 

Reproductive performance in dairy cows is especially important for 120 

three reasons: 1) lactation is designed to support a calf and as such, 121 

proper mammary function is dependent upon the specific endocrine 122 

profile found during pregnancy and parturition, 2) peak milk 123 

production occurs between weeks 7 and 10 of lactation and 124 

increasing the proportion of time a cow spends in ascending and 125 

peak milk production maximizes her profit per lactation and 3) milk 126 

production is the most cost effective when a cow calves every 12-14 127 

months.  Deviation from this industry standard is a concern for many 128 

and has been the subject of much research and discussion as 129 

evidenced by the formation of the Dairy Cattle Reproduction Council 130 

in 2005. 131 

132 
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1.1.1  Defining cystic ovarian disease and what we know about this 133 
anovulatory condition. 134 
 135 

Cystic ovarian disease (COD) is an anovulatory condition 136 

characterized by the presence of large follicle-like structures at least 137 

2.5 cm in diameter which occur in the absence of corpora lutea for 138 

10 days or more (Kesler and Gaverick, 1982; Eyestone and Ax, 139 

1984; Lopez-Diaz and Bosu, 1992; Laporte 1994; Gaverick, 1997; 140 

Peter, 2004; Vanholder et al., 2006; Peter et al., 2009).  The 141 

applicability of this definition has been called into question for two 142 

reasons: 1) follicular cysts are rarely subject to subsequent 143 

examinations within 10 days of diagnosis and 2) approximately 60% 144 

of follicular cysts regress spontaneously (Peter, 2004).  Multiple 145 

observations have been made describing the biochemical 146 

composition of ovarian cystic follicular fluid and the endocrinological 147 

profile of affected cows (Table 1).148 
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Table 1.1: Summary of biomarkers for cystic ovarian disease 149 

Intrafollicular Inhibin Elevated Roberge et al., 1993 

Intrafollicular FSH Suppressed Roberge et al., 1993 

Plasma FSH No difference Hamilton et al., 1995 

FSH pulse frequency Suppressed Roberge et al., 1993 

Intrafollicular LH Suppressed Roberge et al., 1993 

Plasma LH Elevated Hamilton et al., 1995 

LH pulse frequency Suppressed Ribadu et al., 2000 

LH receptor mRNA Elevated Calder et al., 2001 

Intrafollicular progesterone 
Suppressed, 

Elevated 

Ortega et al., 2008; 

Monniux et al., 2008; 

Braw-Tal et al., 2009 

Plasma progesterone 
Elevated, 

Suppressed 

Dobson et al., 2000; 

Ribadu et al., 2000; 

Wiltbank et al., 2006 

Ovarian progesterone receptor 
Elevated, 

No difference 

Vesanen, 1993; 

Salvetti et al., 2009 

Plasma cortisol Elevated Kawate et al., 2004 

Adrenal response to an ACTH 
challenge No difference Silvia et al., 2005 

Intrafollicular estradiol 

No difference, 

Elevated, 

Suppressed 

Oretega et al., 2008; 

Monniux et al., 2008; 

Braw-Tal et al., 2009 

Plasma estradiol Elevated Hamilton et al., 1995 

Ovarian estrogen receptor 
No difference, 

Elevated 

Vesanen, 1993; 

Salvetti et al., 2009 

Intrafollicular testosterone Elevated Monniux et al., 2008 

Plasma testosterone No difference Kesler et al., 1979 

Intrafollicular  AMH No difference Monniux et al., 2008 

Plasma GH Elevated Kawashima et al., 2007 

150 
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Table 1 (continued): Summary of biomarkers for cystic ovarian disease 151 

Plasma IGF-1 
Suppressed, 

No difference 

Kawashima et al., 2007;  

Oretega et al., 2008 

Intrafollicular IGF-1 Suppressed 
Oretega et al., 2008; 

 Braw-Tal et al., 2009 

Intrafollicular IGF-2 No difference Rey et al., 2010 

Granulosa/Thecal IGF-2 Elevated Rey et al., 2010 

Intrafollicular IGFBP-2 Suppressed Rey et al., 2010 

% IGFBP bound in follicular fluid Elevated Braw-Tal et al., 2009 

Total IGFBP No difference Rey et al., 2009 

Intrafollicular glucose Suppressed Braw-Tal et al., 2009 

Intrafollicular insulin Supressed Braw-Tal et al., 2009 

Plasma insulin 
Suppressed,  

No difference 

Vanholder et al., 2005; 

Kawashima et al., 2007 

Plasma glucose Suppressed Kawashima et al., 2007 

Heat Shock Proteins Elevated 
Salvetti et al., 2009; 

 Velazquez et al., 2010 

Vitamin C and wall thickness Positive correlation Haliloglu et al., 2008 

Apoptosis Decreased (thecal) Isobe and Yoshimura, 2000 

3β-hydroxysteroid 

dehydrogenase mRNA 
Elevated Calder et al., 2001 

152 
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Follicular cysts are a complex pathology: 1) cysts are detrimental to 153 

efficient milk production as they increase the length of time between 154 

calves, commonly referred to as calving interval, and 2) the hormone 155 

profile accompanying cystic ovaries appears to drive increased milk 156 

production, providing a short term gain for the producer (Johnson et 157 

al., 1966).  Prolonged calving intervals: lengthen lactation, increase 158 

the amount of time a cow spends in declining and late lactation, 159 

decreases the proportion of time a cow is in peak milk production, 160 

increases costs in feed, health and reproductive management and 161 

finally, increases maternal age at calving.  While these effects have 162 

significant consequences on individual reproductive performance, 163 

COD does not appear to have a significant impact at the herd level 164 

(Hogeveen at al., 1994).    Ovarian cysts occur in two phenotypes: 165 

luteal and follicular.  Luteal cysts are thought to be follicular cysts in 166 

their latter stages (Garverick, 1997) and are of lesser importance to 167 

the dairy industry as they readily respond to a luteolytic dose of 168 

PGF2α (Whittier et al., 1989; Peter, 2004).  Currently, the most 169 

efficacious pharmacologic intervention for COD prescribes treatment 170 

with gonadotropin releasing hormone (GnRH), a controlled internal 171 

drug release (CIDR) device containing progesterone and 172 

prostaglandin F2α (PGF2α).  Approximately 80% of treated animals 173 
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respond to this therapy (Garverick, 1997; Nanda et al., 1991; 174 

Todoroki et al., 2000; Gümen and Wiltbank, 2005).   175 

 176 

1.1.2  Previous research regarding follicular cysts and the evidence 177 
supporting an endocrine disturbance within the hypothalamic-178 
pituitary-ovarian axis. 179 

 180 

The etiology of COD has been the focus of a great deal of research 181 

and debate during the previous century (Table 1).  The central tenet 182 

of this research relies on an impaired or mistimed GnRH surge 183 

during estrus, the causes of which are multifaceted.  Three models 184 

have been shown to be associated with or capable of causing 185 

follicular cysts and include: progesterone insufficency, 186 

cortisol/progesterone excess and a disconnect between the growth 187 

hormone(GH): insulin-like growth factor-1 signaling cascade. 188 

 189 

1.1.2.1  The role of progesterone insufficiency in COD and the 190 
evidence for and against.  191 
 192 

In this model, the hypothalamic-pituitary-gonadal (HPG) axis fails to 193 

reset during the luteal phase of the preceding estrous cycle due to 194 

insufficient concentrations of progesterone.  This failed 195 

reprogramming is thought be the result of increased steroid hormone 196 

metabolism (Gumen and Wiltbank 2002; Gumen et al., 2002; Gumen 197 
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and Wiltbank 2005a; Wiltbank et al., 2006) due to factors that are 198 

intrinsic to the CL and/or lactation.  Failed reprogramming of the 199 

hypothalamus is thought to result in suppressed FSH stimulation of 200 

the developing follicle (Roberge et al., 1993).  Timing of the GnRH 201 

surge also appears to be important as an early GnRH surge has 202 

been demonstrated to be detrimental to both follicular size and luteal 203 

function (Mussard et al., 2007).  Hyperbasal concentrations of 204 

progesterone have also been shown to induce follicular cysts 205 

(Robinson et al., 2006).  Whether or not this is due to a disconnect 206 

between the quantitative and temporal profile necessary for 207 

hypothalamic reprogramming remains unclear.  Ovarian reserves 208 

may also play a role in the development of COD.  Cows with a low 209 

antral follicle count (number of oocytes) possess reduced 210 

progesterone concentrations compared to animals with a high 211 

ovarian reserve (Ireland et al., 2008), potentially predisposing these 212 

animals to formation of ovarian cysts.  The defect does not appear to 213 

be at the level of the hypophysis as no differences were detected in 214 

the concentrations of estradiol, progesterone, and androgen 215 

receptors in the pituitary of cows with and without follicular cysts 216 

(Odore et al., 1999). 217 

 218 
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1.1.2.2  The use of an ACTH challenge to induce follicular cysts and 219 
the differences between induced cysts and COD. 220 
 221 

ACTH stimulation of lactating cows is capable of inducing follicular 222 

cysts (Dobson et al., 2000).  This mechanism is believed to be due to 223 

direct inhibition of GnRH mediated LH secretion from the pituitary 224 

(Dobson and Alam, 1987; Ribadu et al., 1999) via the actions of 225 

adrenal progesterone and/or cortisol in response to ACTH 226 

stimulation of the adrenal glands (Kawate, 2004; Ribadu et al., 227 

2000).  In contrast, lactating dairy cows with COD do not possess 228 

elevated adrenal function as measured by an ACTH challenge (Silvia 229 

et al., 2005), and high producing dairy cows possess lower 230 

concentrations of cortisol at 30 days in milk (DIM) compared 90 DIM 231 

and non-lactating cattle (Sartin et al., 1988).  Cysts induced via 232 

ACTH have a similar yet distinct gene expression profile.  Induced 233 

follicular cysts possess reduced follicular fluid IGF-1 concentrations 234 

than spontaneously occurring follicular cysts (Ortega et al., 2008). 235 

Heat stress exerts its effects on ovulation through cortisol (Wise et 236 

al., 1988) as cattle provided access to shade possessed dominant 237 

follicles of greater diameter (Badinga et al., 1993). 238 
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1.1.2.3  How a disconnect between the hepatic growth hormone 239 
(GH)/insulin-like growth factor-1 (IGF-1) axis contributes to poor 240 
reproductive performance in dairy cattle and its contribution to 241 
cystic ovarian disease. 242 
 243 

A potential unifying mechanism has been put forth by Dr. Lucy’s lab 244 

at the University of Missouri who has been investigating the role of 245 

GH and IGF-1 in the regulation of reproduction.  Peak milk 246 

production is a risk factor for developing COD (Hooijer et al., 2003).  247 

During early and peak lactation, energy expenditure is greater than 248 

energy intake resulting in hypoglycemia and hypoinsulinemia.  249 

Collectively called negative energy balance (NEB), this 250 

endocrine/energy profile is especially endemic in dairy cattle 251 

producing large quantities of milk.  Hypoglycemia and hypoinsulemia 252 

lead to negative energy balance and a disconnect between the 253 

hepatic GH/IGF-1 axis (elevated GH and reduced IGF-1 254 

concentrations) and suppressed GH receptor expression and binding 255 

capacity for GH in the liver (Butler et al., 2003; Rhoads et al., 2004; 256 

Lucy, 2008).  Milk production is the main factor contributing to the 257 

negative energy balance and while it suppresses estrus expression, 258 

milk production does not suppress resumption of ovarian activity 259 

(Harrison et al., 1990).  The disconnect between the liver and 260 

hypophsis has major implications for follicular development and 261 

ovulation:  1) IGF-1 is known to have synergistic effects with the 262 
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actions of the gonadotropins on sterodiogenesis and cell proliferation 263 

(Spicer et al., 2002; McArdle et al., 1989),  2) FSH stimulates 264 

increased expression of IGF receptor and pregnancy associated 265 

plasma protein (PAPP-A), a matrix metalloprotease known to cleave 266 

IGFBP-4 (Sudo et al., 2007), 3)  insulin suppresses the expression of 267 

enzymes responsible for progesterone catabolism in bovine 268 

hepatocytes (Lemley et al., 2008)  and 4) insulin upregulates the 269 

expression of enzymes responsible for cortisol catabolism in bovine 270 

hepatocytes (Agha and Monson, 2007).  Cattle with cystic follicles 271 

possess higher GH concentrations in plasma and follicular fluid 272 

(Borromeo et al., 1998), suggesting that these animals possess a 273 

disconnect between their GH and IGF-1 axis.  Contradictory 274 

evidence exists suggesting that negative energy balance does not 275 

play a central role in the pathogenesis of COD.  Cows diagnosed 276 

with COD and in negative energy balance, as measured by plasma 277 

beta-hydroxybutyrate concentrations, can respond to an ovulatory 278 

pharmacologic dose of estradiol (Dobson and Nanda, 1992). This 279 

suggests that the endocrine arm of the hypothalamic-pituitary-280 

gonadal axis is functional in animals with COD.  There are no 281 

differences in circulating insulin, IGF-1, nor glucagon concentrations 282 

between lactating dairy cows with low and high liver fat content.  283 

However, the ratio of glucagon to insulin concentrations was greater 284 
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in high liver fat individuals (Hammon et al., 2009).  Liver fat content is 285 

a marker of fat mobilization during negative energy balance and is 286 

used to indicate the degree to which an animal is suffering from 287 

NEB.  In high producing anovulatory dairy cattle, GH concentrations 288 

were elevated and insulin concentrations had a strong tendency to 289 

be suppressed compared to ovulatory animals (Kawashima et al., 290 

2007).  Both GH and glucagon attenuate the actions of insulin and 291 

the ratio of these hormones to insulin may be more important than 292 

overall concentrations.  GH regulation of follicular development and 293 

ovulation is most likely mediated at an extraovarian location.  GH 294 

hormone receptor is expressed at very low levels in the bovine ovary 295 

(Kirby et al., 1996), and IGF-1 concentrations are suppressed in the 296 

follicle but not in plasma of cattle with COD (Ortega et al., 2008).  297 

Cattle with a deficiency in the growth hormone receptor (GHRD) 298 

display distinctly different patterns of ovarian development with fewer 299 

follicles being recruited into the growing wave and a smaller CL upon 300 

ovulation with reduced progesterone concentrations (Chase et al., 301 

1998).  This suggests a central role of the GH axis in the regulation 302 

of normal ovarian activity.  Insulin insufficiency in cattle may exert 303 

effects similar to those of insulin resistance where insufficient insulin 304 

signaling results in impaired negative regulation of PAI-1 resulting in 305 

reduced plasminogen activator activity (Nagamine, 2008). 306 
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1.1.2.4  The similartities between polycystic ovarian syndrome and 307 
cystic ovarian disease and the genetic aspect in these anovulator 308 
conditions. 309 
 310 

Phenotypically similar to COD, polycystic ovarian syndrome (PCOS) 311 

is a condition that has been an area of great interest over the last 50 312 

years and shares biochemical markers with COD (Table 1.2).  PCOS 313 

was first described by Stein and Leventhal in 1935 and is defined as 314 

an anovulatory condition characterized by the development of many 315 

large periovulatory ovarian follicles and hyperandrogenism (Azziz et 316 

al., 2009).  PCOS is estimated to occur in 6-8% of women of 317 

reproductive age worldwide with afflicted individuals becoming 318 

symptomatic at the onset of puberty.  PCOS is associated with 319 

obesity and insulin resistance in approximately 50% of patients 320 

(Franks et al., 1996; Hirschberg, 2009) and treatment with metformin 321 

to lower insulin concentrations has been shown to re-sensitize 322 

women to insulin (Seli and Duleba, 2002).  Multiple groups have 323 

demonstrated an association between PAI-1 concentrations/activity 324 

and PCOS (Atiomo et al., 1998; Koutsouba and Bartzis, 2004; 325 

Tarkun et al., 2004; Orio et al., 2004; Lin et al., 2009; Oral et al., 326 

2009).  Supporting evidence for the role of PAI-1 in PCOS can also 327 

be found in the mouse where transgenic over expression of human 328 

PAI-1 leads to the development of PCOS and increased plasma 329 

androgen concentrations (Devin et al., 2007). 330 
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Table 1.2: Comparision of biochemical markers for polycystic ovarian 331 
syndrome and cystic ovarian disease. 332 

 PCOS Citation COD Citation 

Intrafollicular insulin Unknown - Suppressed 
Braw-Tal et al., 

2009 

Total intrafollicular 
IGFBP Elevated Cataldo and Giudice, 

1992 No difference Rey et al., 2010 

Plasma insulin Elevated 

Roldán et al., 2001; 

Phy et al., 2004; 
Bhatia, 2005 

Suppressed 

Vanholder et al., 
2005;  

Braw-Tal et al., 
2009 

Plasma glucose No difference Phy et al., 2004 - - 

Intrafollicular glucose Unknown - Suppressed  Braw-Tal et al., 
2009 

Plasma progesterone Suppressed Fiad et al., 1996 
Elevated, 

Suppressed 

Dobson et al., 

2000; 

Ribadu et al., 

2000; 

Wiltbank et al., 
2006 

Intrafollicular estrogen 
No 

difference, 
Suppressed 

Lambert-Messerlian 
et al., 1997; 

Naessen et al., 2010 

Elevated, 

Suppressed 

Oretega et al., 

2007; 

Monniux et al., 

2008 

Braw-Tal et al., 

2009 

Intrafollicular 
androgens 

No 
difference, 
Elevated 

Lambert-Messerlian 
et al., 1997; 

Naessen et al., 2010 

Elevated 
Monniux et al., 

2009 

Intrafollicular 
progesterone Suppressed 

Lambert-Messerlian 
et al., 1997 

Suppressed, 

Elevated 

Oretega et al., 

2007;  

Monniux et al., 

2008 

Braw-Tal et al., 

2009 

Plasma cortisol Elevated Invitti et al., 1998 Elevated Kawate et al., 
2004 

Adrenal function Elevated Invitti et al., 1998 No difference Silvia et al., 2005 
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Table 2 (continued): comparison of biochemical markers for PCOS 333 
and COD. 334 

 PCOS Citation COD Citation 

Plasma 
testosterone 
concentration 

Elevated 

Wajchenberg et 
al., 1986;  

Phy et al., 2004 

No difference Kesler et al., 1979 

Plasma PAI-1 
concentration 

Elevated Tarkun et al., 
2004 

Unknown - 

Plasma PAI-1 
activity Elevated 

Tarkun et al., 
2004 Unknown - 

Plasma Growth 
Hormone 

concentration 
Reduced Premoli et al., 

2005 
- - 

Plasma IGF-1 
concentrations Elevated 

Iwashita et al., 
1990 - - 

Intrafollicular 
IGF-2 

Suppressed Barreca et al., 
1996 

Suppressed Rey et al., 2010 

Intrafollicular 
IGFBP-2 

No difference Schiller et al., 
1993 

Suppressed Braw-Tal et al., 2009 

Plasma FSH No difference Phy et al., 2004 No difference Hamilton et al., 1995 

Intrafollicular 
FSH 

Suppressed Desforges-Bullet 
et al., 2010 

Suppressed Roberge et al., 1993 

Plasma LH Elevated Phy et al., 2004 Suppressed, 
elevated 

Kesler et al., 1979;  

Hamilton et al 1995 

Intrafollicular 
LH 

Unknown - Suppressed Roberge et al., 1993 

FSH pulse 
frequency 

No difference Minnani et al., 
1999 

Suppressed Roberge et al., 1993 

LH pulse 
frequency 

Elevated Minanni et al., 
1999 

Suppressed Ribadu et al., 2000 

Plasma renin 
concentrations 

Elevated Jaatinen et al., 
1995; 

Hacihanefioglu et 
al., 2000 

- - 

Intrfollicular 
AMH 

Lower Desforges-Bullet 
et al., 2010 

No difference Monniux et al., 2008 

Intrafollicular 
inhibin 

No difference, 
suppressed 

Magoffin and 
Jakimiuk, 1998; 
Welt et al., 2005  

Elevated Roberge et al., 1993 

Follicular 
angiotensin 
converting 

enzyme activity 

Unknown - No difference Nielson et al., 2002 

Ovarian 
reserve 

Elevated Broekmans et al., 
2008 

- - 

Blood follicle 
follicle 

selectivity 

Elevated Zhou et al., 2008 - - 
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Table 2 (continued): comparison of biochemical markers for PCOS 335 
and COD. 336 

 
PCOS Citation COD Citation 

Ovarian estrogen 
receptors Elevated Jakimiuk et al., 

2002 
Elevated, no 

difference 

Vesanen, 1993; 
Salvetti et al., 

2009 
Ovarian 

progesterone 
receptors 

Unknown - Elevated, no 
difference 

Vesanen, 1993; 
Salvetti et al., 2009 

Fibrinolysis Suppressed 
Carmassi et al., 

2005 - - 

337 
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Tarkun and collegues (2004) described PCOS in young lean women 338 

who have elevated PAI-1 concentrations and activities. This 339 

phenotype is similar to lactating dairy cows which are thin and 340 

chronically hypoglycemic due to the metabolic demands of lactose 341 

biosynthesis associated with lactation.  Insulin resistance has been 342 

reported in dairy cattle (Hayirli, 2006; Opsomer et al., 1999).  The 343 

validity of these observations are questionable, as lactating dairy 344 

cattle do not display the elevated insulin and glucose concentrations 345 

associated with the National Institute of Health’s definition for insulin 346 

resistance.  However, plasma insulin concentrations are suppressed 347 

in lactating cows which may cause a reduced rate of insulin signaling 348 

at the level of the cell, similar to that seen in insulin resistance. 349 

 350 

Some reports have identified a hereditary component to the 351 

development of COD (Kirk et al., 1982; Cole et al., 1986; Hooijer et 352 

al., 2001), albeit with low heritability.  PCOS appears to possess a 353 

genetic component as well, as multiple groups have observed an 354 

association between a 4G/5G polymorphism in the promoter 355 

sequence for PAI-1 and the development of PCOS (Bagos, 2009; Lin 356 

et al., 2009).  Additionally, fibrin clots have been observed in the 357 

follicular fluid of large follicular cysts in the absence of luteinization in 358 

lactating dairy cows (Jou et al., 1999), suggesting an impaired 359 
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fibrinolytic system in follicular cysts.  Aberrations in hemostatsis are 360 

not unheard of in dairy cattle.  A deficiency in factor XI in Holsteins, a 361 

serine protease involved in the thrombin activation cascade, results 362 

in increased clotting time (Kociba et al 1969; Gentry et al., 1975) and 363 

an altered follicular wave (Liptrap et al., 1995).  The allelic frequency 364 

of this mutation however is low (1.2%) in US Holstein sires (Marron 365 

et al., 2004). The 4G/5G deletion/insertion polymorphism 675 366 

basepairs upstream from the transcriptional start site of the human 367 

PAI-1 gene identified by Eriksson and collegues (1995) is correlated 368 

with increased PAI-1 activity.  This polymorphism is associated with 369 

certain types of breast cancer (Castelló et al., 2006), colorectal 370 

cancer (Smolarz et al., 2003), prostate cancer (Jorgenson et al., 371 

2006), recurrent spontaneous miscarriage (Bucholz et al., 2003), 372 

myocardial infarction and cardiovascular risk (Eriksson et al., 1995; 373 

Hoekstra et al., 2004), asthma susceptibility (Hizawa et al., 2006), 374 

endomometriosis (Bedaiwy et al., 2006; Ramon et al., 2008), and 375 

first trimester miscarriage in women afflicted with PCOS (Glueck et  376 

al., 2006). 377 

 378 

The 4G/5G polymorphism has major implications for both 379 

reproductive and cardiovascular health.  The region around bp 675 380 

possesses dual functionality.  Both the 4G and 5G allele bind a 381 
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transcriptional activator but only the 5G allele binds a transcriptional 382 

inhibitor at an overlapping recognition site (Eriksson et al., 1995) and 383 

is thought to be due to altered recognition of an overlapping E-box by 384 

USF-1 (Ma et al., 2009).  This is not the only polymorphism which 385 

alters PAI-1 expression.  Recently, it has been demonstrated that 386 

“silent” mutations, those mutations within an intron or exon which do 387 

not change the amino acid sequence, can affect gene expression by 388 

modulating translational kinetics (Nackely et al., 2006) and a similar 389 

polymorphism has been described in the human SERPINE1 gene 390 

resulting in increased PAI-1 expression (Ju et al.,2010). 391 

 392 

1.1.3  Oogenesis and the endocrinology of normal follicular 393 
development. 394 
 395 

Mammalian germ cells invade the developing gonad early during 396 

gestation and begin mitotic divisions shortly thereafter.  In the 397 

mammalian female, these mitotic divisons continue until the end of 398 

gestation when mitosis appears to cease (Edson et al., 2009), 399 

although some researchers have challenged this long accepted 400 

notion (Johnson et al., 2004).  Oocytes are held in a suspended state 401 

at the dictyate stage of Prophase I of Meiosis I until just prior to 402 

ovulation (Edson et al., 2009). 403 

 404 
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Mammalian follicular development encompasses five stages divided 405 

between three phases, for in depth reviews see Fortune (2003), Lucy 406 

(2007), Aerts and Bols (2008a & b), Mihm and Evans (2008), Liu et 407 

al (2009).  Briefly, the first third of follicular development is a 408 

gonadotropin-independent phase characterized by the progression of 409 

primordial follicles through primary and secondary follicle stages.  410 

Factors contributing to follicular atresia at this phase of development 411 

are not well understood, but it is thought to rely heavily on paracrine 412 

signaling within the ovary (Fortune, 2003). 413 

 414 

The latter two thirds of follicular development is a gonadotropin 415 

dependent phase and encompass the progression of follicles through 416 

formation of the antrum to the preovulatory Graafian or mature 417 

follicle.  Progression of the follicle through antrum formation is highly 418 

dependent upon endocrine input, including the gonadotropins, 419 

growth hormone and insulin-like growth factors.  Follicular 420 

development occurs in three steps: recruitment, selection and 421 

dominance.  During recruitment in the cow, tonic FSH and LH 422 

secretion, induced by secretion of GnRH from the tonic center of the 423 

hypothalamus, stimulates the recruitment of small antral follicles 424 

(3.0-5.0 mm in diameter) into follicular waves occuring between 2-4 425 

times per estrous cycle.  Follicular development is primarily 426 
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dependent upon FSH support at this time.  The FSH receptor is a G-427 

protein coupled receptor (GPCR) Gαs and utilizes cyclic adenosine 428 

monophosphate (cAMP) as its second messenger.  Recruited 429 

follicles begin to secrete increasing concentrations of estradiol under 430 

stimulation of the gonadotropins via the two cell-two hormone model.  431 

In this model, LH stimulation of thecal cells results in increased 432 

androgen sysnthesis which then diffuse into granulosa cells where 433 

they are converted into estrogens, most notably estradiol.  Estradiol 434 

exerts three main effects that are important for follicular development 435 

and dominance: 1) negative feedback on the tonic center of the 436 

hypothalamus decreasing GnRH secretion, 2) stimulation of GnRH 437 

secretion from the surge center of the hypothalamus and 3) in 438 

cooperation with inhibin-A which is also secreted by recruited 439 

follicles, selective inhibition of FSH secretion from the pituitary.  440 

During recruitment, those follicles which cease further development 441 

are referred to as atretic follicles and are resorbed by the ovary.   442 

 443 

Follicles which progress past recruitment enter the selection phase.  444 

During this phase, follicles continue to increase in size and secrete 445 

increasing amounts of estradiol and inhibin-A.  This decreases the 446 

amount of FSH released from the pituitary, further shifting the ratio of 447 

gonadotropins in favor of LH.  By this stage of follicular development 448 



27 
 

the granulosa cells of the dominant follicle have begun to express LH 449 

receptors and grow independent of FSH stimulation.  Thus, by 450 

supressing FSH secretion the dominant follicle starves subordinate 451 

follicles of the FSH they require for continued maturation.  Synthesis 452 

and secretion of estradiol by the dominant follicle continues until 453 

threshold concentration and duration is achieved, which prompts a 454 

surge in GnRH from the hypothalamic surge center and downstream 455 

FSH/LH surge from the pituitary gland. While both gonadotropins are 456 

released during this surge, the fold increase in LH is greater than the 457 

fold increase in FSH.  Thus, from here on the gonadotropin surge will 458 

be referred to as the LH surge. 459 

 460 

The LH surge is the endocrine event responsible for initatiating the 461 

physiological cascade that is ovulation.  Within the preovulatory 462 

follicle, target tissues for LH include the granulosa and theca interna 463 

cells.  LH binds to its receptor on the plasma membrane of both cell 464 

types and initiates a signaling cascade which alters cell 465 

differentiation and behavior.  The LH receptor, like FSH, is a GPCR 466 

of the Gαs family of receptors which utilize cAMP as its second 467 

messenger.  LH stimulation triggers many physiological and 468 

biochemical processes, most notably increased expression of 469 

cycloxygenase-2 (COX-2) (Sirois, 1994).  COX-2 is responsible for 470 
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the synthesis of prostaglandins responsible for increased expression 471 

of the plasminogen activators (PA) and matrix mettalloproteinases 472 

(MMP) which then mediate the proteolysis necessary for ovulation. 473 

 474 

1.1.4  The role of the hypothalamic-pituitary-gonadal axis in ovulation 475 
and its regulation. 476 
 477 

Ovulation is one of the most dynamic and highly regulated processes 478 

in the mammalian female and relies on endocrine, physiologic, 479 

biochemical and molecular mechanisms to facilitate liberation of the 480 

oocyte from the Graafian follicle.  Disruption of any of these 481 

processes can have dire consequences for the reproductive health of 482 

the female.  483 

 484 

The HPG axis is the mechanism by which the central nervous 485 

system controls reproduction in the mammalian female.  Within the 486 

HPG axis, there are many steps regulating the secretion of 487 

reproductive hormones via both positive and negative feedback 488 

mechanisms which culminate in the hypothalamus.  Mammalian 489 

females possess two hypothalamic centers responsible for secretion 490 

of the decapeptide GnRH: the tonic center and surge center.  Both 491 

the tonic and surge centers of the hypothalamus secrete GnRH into 492 

the primary capillary bed within the median eminence.  From the 493 



29 
 

median eminence, GnRH is transported to the secondary capillary 494 

bed within the anterior pituitary via the portal veins.  Upon entering 495 

the anterior lobe of the pituitary, GnRH leaves the secondary 496 

capillary bed and enters the extracellular fluid where it binds to 497 

receptors on target cells.  The GnRH receptor is a Gαq GPCR which 498 

utilizes Ca2+ as its second messenger.  In the pituitary, binding of 499 

GnRH to its receptor results in a calcium influx depolarizing the cell 500 

and stimulating secretion of the gonadotropins.  The anterior pituitary 501 

contains six endocrine pertinent cell types which have been 502 

classified according to their affinity for histological stains (basophils, 503 

acidophils and chromophobes) and more discreptively, based upon 504 

the peptide hormone which they secrete.  The cell types most 505 

important to follicular development are collectively referred to as 506 

gonadotropes.  Gonadotropes synthesize and secrete the 507 

glycoproteins follicle stimulating hormone (FSH) and luteinizing 508 

hormone (LH) with in the bovine pituitary (Bastings et al., 1991). 509 

 510 

1.1.5  Destruction of the extracelllar matrix by the plasminogen 511 
activator and matrix metalloprotease systems during ovulation . 512 
 513 

Ovulation is a unique process requiring destruction of a healthy 514 

tissue and the corresponding release of the oocyte (Russell and 515 

Robker, 2007).   Destruction of the follicular wall is a proteolytic 516 
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process dependent upon the action of the PA and MMP systems, to 517 

facilitate degradation and reorganization of the extracellular matrix 518 

(ECM).   519 

 520 

The ECM provides the three-dimensional scaffolding for cellular 521 

attachment and movement.  A dynamic structure, the ECM contains 522 

numerous growth factors responsible for regulating cell growth and 523 

function, including differentiation.  The main constituents of the ECM 524 

include: glycosoaminoglycans, proteoglycans, fibril proteins, 525 

fibronectin, laminin, vitronectin, collagens, elastins, hyaluronic acid, 526 

heparin, keratin, and chondroitin and dermatan sulfates (Rodgers 527 

and Rodgers, 2002; Rodgers et al., 2003; Hynes, 2009).  Growth 528 

factors found within the ECM include hepatocyte growth factor 529 

(HGF), insulin-like growth factor (IGF), fibroblast growth factor (FGF), 530 

platelet-derived growth factor (PDGF) and transforming growth 531 

factor-β (TGF-β) (Taipale et al., 1997) and are known to play 532 

significant roles in regulation of peri-cellular proteolysis (Laiho and 533 

Keski-Oja, 1989).  Degradation/remodeling of the ECM via 534 

proteolysis plays a critical role during angiogenesis, cell migration, 535 

wound healing, fetal development and ovulation.  Three types of 536 

ECM are found in the follicular wall and include the basal lamina, 537 

intercellular ECM and the tunica albuginea.  Bovine membrana 538 
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granulosa cells synthesize and secrete ECM components throughout 539 

follicular development (Rodgers et al., 2003) and while each of these 540 

subtypes of ECM are spatially distinct, ovulation is dependent upon 541 

degradation of these matrices by the actions of the MMP and PA 542 

systems. 543 

 544 

Initiation of ovulation begins with the preovulatory LH surge.  Binding 545 

of LH to its target cells initiates a signaling cascade that induces 546 

luteinization, proliferation of both granulosa and thecal cells and 547 

increased proteolysis.  Activation of the LH receptor stimulates 548 

expression of COX-2 which is responsible for synthesis of 549 

prostaglandin E2 (PGE2) from both the granulosa and thecal cells.  550 

PGE2, in turn stimulates secretion of PA from the granulosa cells via 551 

both autocrine (from granulosa cells) and paracrine (from thecal 552 

cells) actions, into the intercellular space and follicular fluid within the 553 

antrum. Follicular fluid is a suspension of various proteins similar to 554 

plasma in composition and protein concentration (Desjardins et al., 555 

1966) and the folliclar vasculature is semi-permeable to proteins less 556 

than 850 kDa (Andersen et al., 1976).  While a majority of follicular 557 

fluid proteins are plasma products, granulosa cells do contribute to 558 

the milieu by secreting various growth factors, proteases and 559 

protease inhibitors (Spicer, 2004; Ebisch et al., 2008; Hsieh et al., 560 
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2009) and include members of both the PA and MMP systems.  The 561 

PA system is a family of serine proteases and inhibitors which 562 

regulate the conversion of the zymogen plasminogen into the active 563 

serine protease plasmin.  Plasmin degrades components of the ECM 564 

and activates pro-MMPs, enzymes responsible for the majority of 565 

follicular ECM degradation. 566 

 567 

LH also causes thecal cells to synthesize and secrete prostaglandin 568 

F2α (PGF2α).  Like PGE2, PGF2α utilizes the Gαq second messenger 569 

system to stimulate contraction of smooth muscle cells in the blood 570 

vessels and the tunica albuginea.  Smooth muscle contractions in 571 

the wall of blood vessels results in vasoconstriction, leading to local 572 

hypoxia and ischemia.  Smooth muscle contractions in the tunica 573 

albuginia exert mechanical strain on the follicular wall contributing to 574 

degradation of the follicle.    PGF2α also targets granulosa cells and 575 

thecal fibroblasts stimulating secretion of proteases, mainly pro-576 

MMP, which must be converted into active MMP by plasmin (Linjen, 577 

2002).  Binding of PGF2α to cells within the germinal epithelium 578 

stimulates lysosomal exocytosis responsible for degradation of the 579 

tunica albuginia, the last layer of the ECM found in the follicular wall.  580 

Combined, the actions of the PA and the MMP systems are 581 

responsible for ECM breakdown necessary for ovulation.  A third as 582 
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yet unidentified enzyme system may also participate in ovulation as 583 

plasminogen knockout mice ovulate in the presence of broad 584 

spectrum MMP inhibitors (Ny et al., 1999; Liu et al., 2006).  Indeed, a 585 

novel ovarian serine protease, PRSS35, has been identified in a 586 

multitude of species using genomic and bioinformatic methods 587 

(Miyakosh et al., 2006) and has been shown to be up-regulated by 588 

the gonadotropin surge in preovulatory mouse follicles (Wahlberg et 589 

al.,  2008). 590 

 591 

1.1.5.1  The matrix metalloprotease (MMP) system and its role in 592 
extracellular matrix remodeling. 593 
 594 

MMP are Ca2+,Zn2+ dependent endoproteases which currently 595 

include 26 enzymes in the human MMP family (as reviewed by 596 

Nagase and Woessner,1999; Maskos and Bode, 2003; and 597 

Somerville et al., 2003).  MMP are involved in a wide range of ECM 598 

remodeling processes in reproduction (Curry and Osteen, 2003) 599 

including spermatogenesis (Siu and Cheng, 2004), embryonic 600 

development and placentation (Schatz et al., 1999,), menstruation 601 

(Dong et al., 2002), and ovulation (McIntush and Smith, 1998; Ny et 602 

al., 2002).  Most MMP are synthesized as zymogens or pro-MMP, 603 

which must be proteolytically cleaved into an active enzyme by either 604 

intracellular or extracellular proteases.  How this is accomplished in 605 
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vivo has not been completely elucidated (Ny et al., 2002).  MMP 606 

digest a multitude of ECM components including: collagens, gelatins, 607 

fibronectin, vitronectin, laminin, elastin, tenascin and entactin 608 

(Overall, 2002).  MMP are classified into one of six groups according 609 

to their proteolytic activity/cellular location and include: collagenases 610 

(MMP-1, 8, 13 and 18), gelatinases (MMP-2 and 9), membrane 611 

anchored MMP (MMP-14, 15, 16, 17, 23, 24 and 25) stromelysins 612 

(MMP-3, 10 and 11), matrilysins (MMP-7 and 26) and a miscellanous 613 

group consisting of 6 unclassified enzymes (MMP-12, 19, 20, 21, 22, 614 

27 and 28 ) (Overall, 2002; Curry and Osteen, 2003). MMP are 615 

inhibited by physiologic inhibitors known as tissue inhibitors of matrix 616 

metalloproteases (TIMP).  TIMPs are the four small (22-28 kDa) 617 

proteins that non-covalently bind MMP via a one-to-one 618 

stoichiometry.  The degree to which proteolysis and tissue 619 

remodeling takes place is dependent upon the ratio of MMP to TIMP 620 

in the extracellular environment.  Ratios favoring proteolysis are high 621 

in MMP while ratios favoring ECM accumulation are high in TIMP.  622 

While both MMP-2 and 14 are expressed in the preovulatory follicle 623 

only MMP-14 is expressed by granulosa cells and only after the 624 

GnRH surge (Bakke et al., 2002).  Among the broad spectrum of 625 

physiologic processes MMP and TIMP are involved, MMP can also 626 

cleave insulin-like growth factor binding proteins (IGFBP) (Miyamoto 627 
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et al 2007; Rorive et al., 2008) and IGFBP proteolysis increases as 628 

follicles progress through development (Spicer, 2004). 629 

 630 

1.1.5.2 The plasminogen activator system and their role in ovulation 631 
of the bovine preovulatory follicle. 632 
 633 

The plasminogen activator (PA) system is a family of serine 634 

proteases and inhibitors most commonly associated with fibrin 635 

degradation within clots.  Constiuents of the PA system are 636 

synthesized by a variety of cell types and is known to participate in 637 

ECM degradation/remodeling and cell migration. Constituents of the 638 

PA system have been identified in the follicular fluid of many species 639 

including cattle, horse, sheep and humans (Beers, 1975).  The PA 640 

system is expressed in a variety of tissue types and aberrant 641 

expression of system constituents has been correlated with 642 

increased risk of stroke (Lindgren et al., 1996), sub-fertility (Ebisch et 643 

al., 2008) and aggressive forms of cancer (Duffy, 2004).   The PA 644 

system has a significant role in ovulation and as such, the hormonal 645 

regulation of its constituents is extensive (Ny et al., 1993, 2002). 646 

 647 

The most abundant of the enzymes within the plasminogen activator 648 

system is plasmin.  A broad-spectrum trypsin-like serine 649 

endoprotease, plasmin is secreted as the zymogen plasminogen by 650 
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many cell types, most notably hepatocytes.  Plasminogen is found in 651 

plasma at a concentration of 0.1-0.2 µM in humans (Miyashita et al., 652 

1988).  Bovine plasminogen is the product of a 47.6 kb gene divided 653 

between 19 exons and 18 introns located on chromosome nine 654 

(Zimin et al., 2009) and is transcribed into a 3.0 kb mRNA.  Bovine 655 

plasminogen is translated and secreted as a single chain 786 amino 656 

acid glycoprotein with a molecular mass of 90 kDa.  Plasminogen is 657 

glycosylated at residues 289 (Asn) and 339 (Ser) and shares 78% 658 

homology with human plasminogen  (Schaller et al., 1985).   659 

Plasminogen contains several domains within its secondary structure 660 

including a PAN (plasminogen, apple, nematode) domain, five 661 

kringles (K1-K5) and a serine protease domain.  Each kringle domain 662 

is a polypeptide of 80 amino acids stabilized by at least two disulfide 663 

bonds.  Kringles are also found in several plasma proteins including 664 

prothrombin, factor XII, tissue-type plasminogen activator (tPA), 665 

urokinase-type plasminogen activator (uPA) and lipoprotein 666 

(Castellino and Ploplois, 2005).   667 

 668 

The kringles of plasmin play important roles in the biochemical 669 

function of the protein, namely conformational regulation and 670 

localization of the protein to its major binding partners: fibrin and cell 671 

surface receptors via lysine-binding sites.  Each kringle, with the 672 
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exception of K3 which lacks a lysine binding site, has varying 673 

affinities for lysine.  K1 and K4 have the highest, K5 possesses 674 

moderate and K2 has the lowest affinity for lysine (Kwon et al., 675 

2005). 676 

 677 

Human plasminogen exists in two major isoforms that differ in 678 

glycosylation state: plasminogen-1 (Plgn-1), glycosylated at Asn289 679 

and Thr346 and plasminogen-2 (Plgn-2) glycosylated at Thr346.  This 680 

difference in plasminogen glycosylation has dramatic consequences 681 

on fibrinolysis as Plgn-2 possesses a 10x greater affinity for cellular 682 

receptors over Plgn-1 (Kwon et al., 2005).  Both PA proteolytically 683 

cleave the bovine plasminogen monomer between Arg557 and Ile558 684 

(The UniProt Consortium, 2010) resulting in the formation of a 685 

dimeric protein comprised of heavy and light chains stabilized by a 686 

disulfide bridge (Robbins et al., 1967; Haber et al., 1989).  The light 687 

chain of plasmin contains the serine protease domain, which 688 

includes the catalytic triad of His603, Asp646 and Ser741.  689 

 690 

The role plasmin plays in the breakdown of fibrin is a well-691 

documented physiologic event (as reviewed by Vassalli et al.,1991; 692 

Castellino & Ploplis, 2005; and Rijken & Lijnen, 2009).  Briefly, upon 693 

cleavage and removal of fibrinopeptides A and B from fibrinogen by 694 
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thrombin, the fibrin monomers spontaneously polymerize to form the 695 

major protein component of a thrombus.  Fibrin monomers attract 696 

both plasminogen and tPA to its surface via exposed lysine residues.  697 

In this way fibrin not only acts as a substrate for these proteases but 698 

also as a receptor, which via cross activation between single chain 699 

tPA (sctPA) and plasminogen, forms a self propagating cycle of 700 

proteolysis hastening thrombus breakdown.  Plasmin digests 701 

insoluble fibrin clots into soluble fibrin degradation products within 702 

the circulatory system.   703 

 704 

Besides its main substrate fibrin, plasmin is also capable of 705 

proteolytically cleaving ECM proteins such as vitronectin, laminin and 706 

collagen, the zymogens of other proteases (PA and pro-MMP), 707 

growth factors (Gray and Ellis, 2008) and growth factor binding 708 

proteins (Marcinkiewicz and Gordon, 2008).  Plasmin is also known 709 

to facilitate ovulation, cell migration and metastasis in certain 710 

cancers.  711 

 712 

Plasminogen/plasmin does not appear to be expressed by either the 713 

granulosa or thecal cells in the bovine peri-ovulatory follicle (Dow et 714 

al., 2002b) and is most likely a plasma exudate due to its abundance 715 

in plasma.  Plasminogen’s molecular mass does not exclude it from 716 
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crossing the basement membrane of the developing follicle 717 

(Andersen et al., 1976).  Plasmin activity is not present in the 718 

follicular wall of bovine preovulatory follicles.  However, plasmin 719 

activity increases with time after the GnRH surge (Dow et al., 720 

2002b).  Proteolytic degradation of the ECM is essential for the 721 

breakdown of the follicular wall during ovulation as sections of 722 

follicular wall treated with plasminogen in vitro possess reduced 723 

tensile strength compared to control sections (Beers, 1975).  And 724 

yet, plasmin generation is completley dependent upon the activity of 725 

the plasminogen activators; tissue-type plasminogen activators (tPA) 726 

and urokinase-type plasminogen activator (uPA). 727 

 728 

The role of the plasminogen activators (PA) in the testis and ovary 729 

are well documented (as reviewed by Le Magueresse-Battistoni, 730 

2007; Ny et al., 2002).  tPA and uPA are serine endoproteases 731 

sharing a highly homologous carboxy terminus responsible for the 732 

proteolytic activity of both enzymes (Haber et al., 1989).  Both are 733 

secreted as single chain polypeptides possessing little to no 734 

proteolytic activity (Petersen et al., 1988).  Knockout mice lacking 735 

both uPA and tPA genes, while fertile, have severely impaired 736 

ovulation rates, reduced growth rates and poor cardiovascular health 737 
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(Carmeliet et al., 1994; Carmeliet and Collen, 1995; Liu et al., 2006; 738 

Whalberg et al., 2007).   739 

 740 

The most abundant of PA in plasma is tPA and it is this protease that 741 

is responsible for helping to maintain vascular patency.  Bovine 742 

tissue-type plasminogen activator (tPA) is encoded by a 24 kb gene 743 

and is transcribed into a 2.5 kb mRNA (Zimin et al., 2009).  Single 744 

chain tPA (sctPA) is a 540 amino acid polypeptide containing 17 745 

disulfide bonds and three N-linked glycosylation sites at amino acids 746 

152, 219 and 483 (The UniProt Consortium, 2010).  Secreted as a 747 

72 kDa polypeptide, sctPA is comprised of five structural domains.  748 

Four domains are in the “heavy”, or A chain, includes a fibronectin 749 

finger domain, an epidermal growth factor-like domain and two 750 

kringles.  The EGF domain is located between amino acids 83-121 751 

and is homologous to the EGF domains in uPA, protein C and 752 

coagulation factors IX and X.  The two kringle domains are similar to 753 

the kringles found in plasminogen, uPA and prothrombin.  The fifth 754 

domain, the catalytic domain, is located in the light or B chain of two 755 

chain tPA and is similar to other serine proteases (Haber et al., 756 

1989).  Proteolytic cleavage occurs between Arg275 and Ile276 of 757 

sctPA to produce the disulfide-linked A and B chain of two-chain tPA 758 

(tctPA).  Conversion of sctPA to tctPA results in a 15-fold increase in 759 
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tPA activity in the absence of fibrin or presence of IGFBP-5 (Sorrell 760 

et al., 2006).  However, both forms of tPA possess similar activity 761 

when in the presence of fibrin (Lijnen et al., 1990). 762 

 763 

tPA converts plasminogen into plasmin and is necessary for 764 

degradation of fibrin clots.  The primary source of tPA synthesis is 765 

endothelial cells.  In the reproductive tract, tPA is expressed by 766 

cultured Sertoli cells under positive regulation of testosterone (Guo 767 

et al., 2007) and cultured granulosa cells under the influence of FSH, 768 

IGF-1, and BMP-7 (Cao et al., 2006).  tPA expression is both 769 

transient and specific in the preovulatory follicle (Peng et al., 1993).  770 

Three separate groups have identified tPA expression as being up-771 

regulated by GnRH in the bovine peri-ovulatory follicle (Dow et al., 772 

2002b; Cao et al., 2006; Berisha et al., 2008).  In the bovine follicle, 773 

tPA is localized primarily to granulosa cells, with low expression in 774 

the thecal cell layers (Dow et al., 2002b).  tPA expression follows a 775 

temporal pattern as well, with elevated tPA expression observed 776 

between 6 and 24 hr post GnRH.  tPA activity was maintained 777 

through 24 hr post GnRH surge in the apex of the periovulatory 778 

follicle (Dow et al., 2002b).   779 

 780 
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In terms of abundance, uPA expression is much more reserved 781 

compared to tPA and is typically localized to the surface of the 782 

plasma membrane.  uPA is encoded by a six kb gene located on 783 

chromosome 28 of the bovine genome  and is composed of ten 784 

exons and nine introns (Zimin et al., 2009).  uPA is transcribed into a 785 

2.2 kb mRNA (Ravn et al., 1995) and is initially translated as a 433 786 

amino acid polypeptide in the bovine.  uPA is secreted as a 411 787 

amino acid single chain polypeptide with a molecular mass of 48.5 788 

kDa after proteolytic cleavage at residues 20-21 (Buko et al., 1991).  789 

Cleavage of the peptide bond between Phe179 and Ile181 results in a 790 

two-chain protein, chain A and chain B, and activation of the 791 

proteolytic activity of uPA (Petersen et al., 1998).  Based on 792 

homology with human uPA, Lys180 is lost during activation of single 793 

chain uPA (Scahller et al., 1982; Gunzler et al., 1982).  Amino acids 794 

29-65 comprise the epidermal growth factor domain of the A-chain, 795 

which is responsible for binding the enzyme to its receptor 796 

(urokinase-type plasminogen activator receptor: uPAR) (Vassalli et 797 

al.,1985).   Amino acids 72-153 comprise the kringle domain in chain 798 

A, which contributes to stabilization of uPA and uPAR (Bdeir et al., 799 

2003).  The catalytic site of uPA is located in the C-terminus of the B-800 

chain and is comprised of amino acids His226, Asp277 and Ser378.  801 

uPA contains 12 disulfide bonds, with the interchain bond being 802 
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located between amino acids 168 and 299.  uPA is secreted by 803 

various cell types including thecal cells, hepatocytes, endothelial 804 

cells and a number of cancers in which uPA is known to play a role 805 

in malignancy (Duffy, 2004). 806 

 807 

In the bovine preovulatory follicle, uPA mRNA was present in both 808 

granulosa and thecal cells at 6 and 12 hr and declined at 24 hr post 809 

GnRH surge (Dow et al., 2002b).  uPA is also secreted by the 810 

germinal epithelium in response to estradiol in vitro (Murdoch et al., 811 

1999).  uPA expression in the bovine peri-ovulatory follicle has been 812 

demonstrated by three separate labs (Dow et al., 2002b; Cao et al., 813 

2006a; Berisha et al., 2008).  uPA up-regulation begins with the 814 

preovulatory GnRH surge and is maintained throughout formation of 815 

the CL (Berisha et al., 2008).  Expression of uPA is ubiquitous in the 816 

preovulatory follicle with no apparent tissue specificity as in situ 817 

hybridization has demonstrated uPA expression throughout 818 

granulosa and thecal cell layers (Dow et al., 2002b).  In contrast to 819 

the observed up-regulation of uPA expression in response to LH 820 

stimulation in vivo, in vitro culture of bovine granulosa cells treated 821 

with FSH or IGF-1 stimulated uPA activity while expression did not 822 

change; possibily due post-translational modifications or 823 

internalization of uPAR (Cao et al., 2006a).  Interestingly, uPA 824 
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activity is negatively correlated with estrogen:progesterone ratios in 825 

dominant follicles and positively correlated with 826 

estrogen:progesterone ratios in subordinate follicles, possibly 827 

indicative of increased ECM remodeling associated with follicular 828 

atresia (Cao et al., 2006b). 829 

 830 

While uPA possesses a receptor dedicated to binding and 831 

localization of uPA to the plasma membrane, plasmin and tPA 832 

appear to be dependant upon a heterotetramer of annexin A2 and 833 

S100A10 to localize them to the plasma membrane. 834 

 835 

Annexin A2 is a member of the vertebrate family of annexins 836 

comprising 12 proteins (A1-A11 and A13) with multiple splicing 837 

variants.  The classical function of annexins is to bind anionic 838 

phospholipids in a Ca2+ dependent manner.  Annexins are highly 839 

expressed genes, with estimates of annexin translation accounting 840 

for 0.5 to 20% of total cellular protein.   Annexins differ from other 841 

Ca2+-binding proteins in that their chemistry allows binding of these 842 

proteins to the plasma membrane to be both peripheral and 843 

reversible.  Peripheral binding of Annexin A2 to the plasma 844 

membrane is facilitated by Ca2+ binding of acidic phospholipids.  The 845 

reversibility of annexin A2 binding to the plasma membrane is 846 
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dependent upon the availability of Ca2+. Internalization of annexin A2 847 

from the outer leaflet of the plasma membrane is most likely 848 

mediated by lipid rafts where annexin A2 has been localized 849 

(Rescher and Gerke, 2004).  Annexin A2 was first identified as a 36 850 

kDa protein which was phosphorylated when cells were transformed 851 

using Rous sarcoma virus (Kwon et al., 2002).  Bovine annexin A2 is 852 

encoded by a 44.4 kb gene organized into 13 exons and 12 introns 853 

and is located on chromosome 10 of the bovine genome (Zimin et 854 

al., 2009).  Bovine annexin A2 is transcribed into a one kb mRNA 855 

(Chen et al., 2008) and is translated into a 339 amino acid 856 

polypeptide.  The amino terminal domain contains two 857 

phosphorylation sites, Tyr23 and Ser25, and the binding site for 858 

SA100A10 (Kwon et al., 2002; Burger et al., 1996).  The remaining 859 

309 residues comprise the carboxy core domain (CCD), which spans 860 

multiple ligand binding domains and is the most highly conserved 861 

domain among annexins.  CCD secondary structure is made up of 862 

four 70 amino acids repeats that are predominatly α- helical in 863 

composition and form a compact, slightly curved disc with a convex 864 

surface.  Most of the documented functions of annexins have 865 

focused on lipid binding and cytoskeletal interactions (Resher and 866 

Gerke, 2004).  It was originally hypothesized that AnnexinA2 was a 867 

plasminogen/tPA receptor by Hajjar and collegues (1994).  However, 868 
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the validity of this observation has been questioned as the 869 

preparation of annexin A2 used in this experiment may have been 870 

denatured, as denatured proteins are capable of activating 871 

plasminogen in a non-specific fashion (Kwon et al., 2002).  Along 872 

with S100A10, annexin A2 has been identified as part of the 873 

heterotetramer complex responsible for binding plasminogen and 874 

tPA (Kwon et al., 2005). 875 

 876 

S100A10 is a member of the S100 family of proteins is a group of 25 877 

genes found solely in vertebrates.  Bovine S100A10 is organized into 878 

10.4 kb gene divided between two exons and one intron and is 879 

located on chromosome 3 (Zimin et al., 2009).  S100 proteins are 880 

dimeric EF-hand calcium binding proteins which possess significant 881 

hydrophobic regions allowing homodimerization.  The classical 882 

characteristic of the S100 family is their capacity to bind Ca 2+ and 883 

subsequent change in conformation.  S100A10 is an exception to 884 

this rule, as it possesses a three amino acid deletion (residues 28, 885 

29, and 30) leaving S100A10 unable to bind Ca2+.  Human S100A10, 886 

also refered to as p11, is synthesized as an immature 97 amino acid 887 

polypeptide which is proteolytcially modified by having the initiator 888 

methionine removed.  S100A10 possesses six modified amino acids: 889 
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five N6 acetylysines at residues 23, 28, 37, 54, 57 (Choudhary et al., 890 

2009) and a phosphorylation site at Tyr25 (Heibeck et al., 2009).   891 

 892 

S100A10 appears to possess an active binding site for both 893 

plasminogen/plasmin and tPA for three reasons: 1) FITC activity of 894 

FITC labeled plasminogen was quenched when incubated with 895 

S100A10, indicating that SA100A10 was able to bind plasminogen 896 

(Kwon et al., 2002), 2) removal of the carboxy lysines from the 897 

S100A10 subunits in a Annexin A2/S100A10 heterotetramer inhibits 898 

S100A10 binding of both tPA and plasminogen (Macleod et al., 899 

2003) and 3) preincubation of S100A10 with tPA or plasmin 900 

protected these enzymes from their physiological inhibitors (Kassam 901 

et al., 1998a). 902 

 903 

In combination with Annexin A2, SA100A10 forms the heterotetramer 904 

responsible for localizing plasmin and tPA to the plasma membrane.  905 

The structural and biochemical properties of the 906 

AnnexinA2/S100A10 heterotetramer (AII/SA100ht) have been 907 

extensively reviewed (Kang et al., 1999; Resher and Gerke, 2004; 908 

Kwon et al., 2005; Rinatala-Dempsey et al., 2008).  S100A10 forms 909 

a homodimer which, by homologous interaction between 910 

hydrophobic regions, links two annexin A2 proteins by binding to 911 
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residues within the amino terminus.   AnnexinA2 is capable of 912 

binding phospholipids when bound to Ca2+, thus linking the 913 

heterotetramer to the surface of the plasma membrane (Kassam et 914 

al., 1998b).  AII/SA100ht has also been co-localized with uPAR 915 

(Zhang et al., 2004) and combined with its ability to bind both tPA 916 

and plasminogen, the heterotetramer is capable of localizing the 917 

three major components of plasmin generation to the cell surface. 918 

 919 

The structure and function of uPAR has been extensively reviewed 920 

(Behrendt et al., 1995; Mondino et al., 1999).  Bovine uPAR is 921 

encoded by a 24 kb gene organized into seven exons and six introns 922 

and is localized to chromosome 18.  Bovine uPAR is transcribed into 923 

1.3 kb mRNA (GenBank: accession BC142002.1) and synthesized 924 

as a 330 amino acid polypeptide with a molecular mass of 36 kDa.  925 

The mature form of uPAR is proteolytically cleaved between residues 926 

20-21 and 288-289 and is anchored to the plasma membrane via a 927 

glycosyl phosphatidylinositol (GPI) moiety at residue 300 (Ploug et 928 

al., 1991).  uPAR possesses four N-linked glycosylation sites and 14 929 

disulfide bonds (Llinas et al., 2005).  The N-terminus domain is 930 

comprised of three structurally related domains and is responsible for 931 

binding uPA via its growth factor domain.  The three domains (DI, DII 932 

and DIII) are structurally similar but differ in amino acid sequence 933 
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(Barinka et al., 2006).  Adjacent domains are connected via a linker 934 

region which is susceptible to various proteases including uPA, 935 

trypsin and pepsin (Ploug et al., 2002).  Liang and collegues (2001) 936 

demonstrated each of the three domains within uPAR is responsible 937 

for the high affinity binding of uPA.  uPA binding to uPAR is 938 

responsible for cell adhesion and migration in conjunction with the 939 

α5β1 integrin and subsequent signal transduction (Tarui et al., 2003).   940 

uPAR is expressed by a variety of cells, including bovine granulosa 941 

and thecal cells and follows a temporal expression pattern similar to 942 

that of uPA (Dow et al 2002b; Berisha et al., 2008).  uPA-mediated 943 

cleavage of uPAR appears to regulate multiple functions of uPAR, as 944 

constructed truncates of uPAR were able to modulate signal 945 

transduction and cell migration (Montouri et al., 2002). 946 

 947 

Once secreated, the actitity of the PA family is regulated by a group 948 

of inhibitors collectively refered to as serine protease inhibitors or 949 

SERPINs.  The SERPINs are a superfamily of functionally related 950 

proteins that display a conserved three-dimensional structure 951 

comprised of nine α–helices and a three β-sheet sandwich 952 

(Silverman et al., 2001).  SERPINs possessing serine protease 953 

inhibitory capacity do so via a suicidal inhibitory mechanism 954 

(Silverman et al., 2001; Rau et al., 2007; Medcalf and Stasinopoulos, 955 
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2005).  SERPINs classically inhibit the proteolytic capacity of serine 956 

proteases within the fibrinolytic cascade but also regulate proteolytic 957 

activity within the ovarian follicle. 958 

 959 

α-2 anti-plasmin (SERPINF2) is the main inhibitor of plasmin and is 960 

encoded by a 7.6 kb gene organized into nine exons and eight 961 

introns.  α-2 anti-plasmin is located on chromosome 19 in the bovine 962 

genome (Zimin et al., 2009).  α-2 anti-plasmin is transcribed into a 963 

2.2 kb mRNA and is primarily synthesized in the liver.  Bovine α-2 964 

anti-plasmin is a 470 amino acid single chain polypeptide with a 965 

molecular mass of 54.7 kDa that is proteolytically cleaved from a 492 966 

amino acid propeptide between Gln22 and Phe23 (Christensen and 967 

Sottrup-Jensen., 1992).  α-2 anti-plasmin contains five N-linked 968 

glycosylation sites at amino acids 127, 249, 296, 310 and 317 and a 969 

disulfide bond between Cys71 and Cys144 (Christensen et al., 1994).  970 

α-2 anti-plasmin possesses overlapping inhibitory function for both 971 

plasmin, at residues 404-405, and trypsin, at residues 405-406. 972 

 973 

Within plasma, the main SERPIN regulating plasminogen activation 974 

is plasminogen activator inhibitor-1 (PAI-1 or SERPINE1).  975 

SERPINE1 is encoded by a 8.3 kb gene organized into 8 introns and 976 

9 exons and is located on chromosome 25 in the bovine genome 977 
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(Zimin et al., 2009 and is transcribed as a two kb mRNA.  PAI-1 is 978 

the protein translated from the SERPINE1 mRNA and in the bovine 979 

is a 43 kDa single-chain glycoprotein consisting of 379 amino acids.  980 

bPAI-1 is synthesized as a 402 polypetide  that is proteolytically 981 

cleaved between Ala23 and Ser24 to form the mature peptide (Katagiri 982 

et al., 1988).  PAI-1 possesses three N-linked glycosylation sites at 983 

amino acids 232, 288 and 352.  The reactive site peptide bond of 984 

bPAI-1 is Arg369 and Meth370.  PAI-1 plays a large role in the 985 

regulation of fibrinolysis as it maintains vascular patency by limiting 986 

undesirable fibrinolysis.  PAI-1 inhibits both PA at identical rates 987 

(Thorsen et al., 1988) and binds its ligands in an irreversible 1:1 988 

stoichiometry (Oslon et al., 2001).  PAI-1 also regulates cellular 989 

adhesion (Czekay and Loskutoff, 2004) by blocking uPAR and 990 

integrin binding to the ECM.  PAI-1 blocks integrin access to the 991 

somatomedin B domain of vitronectin by binding to an adjacent 992 

binding protein sequence (Deng et al., 2001) and inhibits uPA 993 

mediated binding of the ECM.  Furthermore, high plasma PAI-1 994 

concentrations are associated with poor prognosis in cancer patients 995 

(Durand et al., 2004) as it is believed that elevated PAI-1 results in 996 

decreased affinity of cells to the ECM and an increased rate of 997 

metastisis. 998 

 999 
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While the major sites of synthesis for PAI-1 are vascular endothelial 1000 

cells, PAI-1 is also expressed by macrophages, hepatocytes, 1001 

adipocytes (Huber, 2001), Sertoli cells (Le Magueresse-Battistoni, 1002 

2007) and granulosa cells (Ny et al., 2002).  PAI-1 is up-regulated in 1003 

both thecal cells and granulosa cells in reposnse to the LH surge in 1004 

the preovulatory follicle in the cow (Dow et al., 2002a) and is up-1005 

regulated in the immature bovine CL and during PGF2α induced 1006 

luteolysis (Kliem et al., 2007).  Regulation of PAI-1 expression is 1007 

extensive (Andreasen et al., 1986; Andreasen et al., 1990; Dimova 1008 

and Kietzmann, 2008) and includes LH (Dow et al., 2002a; Cao et 1009 

al.,  2006a), androgens (Winkler,1996, Jin et al., 2007), estrogen 1010 

(Madamanchi et al., 2004), progesterone (Schatz et al., 2005) 1011 

transforming growth factor-β (Keeton et al., 1991), epidermal growth 1012 

factor (Hopkins et al., 1991), hepatocyte growth factor and glucose 1013 

(Iwasaki et al., 2008).   1014 

 1015 

Originally isolated from human placenta 40 years ago (Kawano et al., 1016 

1968), plasminogen activator inhibitor-2 (PAI-2 or SERPINB2) is 1017 

encoded by a 17.3 kb gene organized into six introns and seven 1018 

exons located on chromosome 24 in the bovine genome (Zimin et 1019 

al., 2009). Bovine PAI-2 is transcribed as a two kbp mRNA and 1020 

translated into a predicted 416 amino acid polypeptide (NCBI 1021 
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sequence: XP_002683851.1). It has since been shown to be 1022 

expressed a variety of cell types including: keratinocytes, leukocytes 1023 

(Medcalf and Stasinopoulos, 2005), various types of cancer cells 1024 

(Croucher et al., 2008), granulosa cells (Dow et al., 2002a) and luteal 1025 

cells (Kleim et al., 2007).  PAI-2 is synthesized as a glycosylated and 1026 

non-glycosylated form.  Non-glycosylated PAI-2 is believed to 1027 

possess intracellular functions due to its presence within the nucleus 1028 

(Medcalf and Stasinopoulos, 2005) and the ability of PAI-2 to 1029 

polymerize during normal physiologic conditions (Mikus and Ny, 1030 

1996; Croucher et al., 2008). The glycosylated form of human PAI-2 1031 

(hPAI-2) is a 415 amino acid 60 kD glycoprotein with the reactive site 1032 

of the protein at residues Arg380 and Thr381.  PAI-2 possesses three 1033 

N-linked glycosylation sites at residues 75, 115, and 339 and 1034 

possesses a disulfide bond between Cys5 and Cys405.  The reactive 1035 

site of PAI-2 includes amino acids Arg380-Thr381 and like PAI-1, PAI-2 1036 

plays an important role in regulating fibrinolysis.  PAI-2 is capable of 1037 

binding to and quenching PA activity, but displays a tenfold greater 1038 

affinity for uPA than tPA (Thorsen et al., 1988).  PAI-2 is upregulated 1039 

by the preovulatory LH surge in the preovulatory follicle in the cow 1040 

(Dow et al., 2002a) and the developing CL (Kleim et al., 2007).   PAI-1041 

2 expression can be induced by variety of factors including, 1042 

transforming growth factor- α, epidermal growth factor, macrophage 1043 
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colony stimulating factor, retinoic acid, dexamethasone, vtiamin D3, 1044 

cytokines, angiotensin II, dioxin and phorbol esters (Medcalf and 1045 

Stasinopoulos, 2005).  The extent to which the ECM is remodeled is 1046 

dependent upon PAI regulation of the PA system and subsequent 1047 

activation of the MMP system. 1048 

  1049 

The interplay between the MMP and PA systems is a well 1050 

documented physiologic event (Tsafriri and Reich, 1999; Linjen, 1051 

2002; Ny et al., 2002; and Ohnishi et al., 2005).  The expression 1052 

pattern of both of these enzyme systems have been characterized by 1053 

various research groups in the bovine ovary (Bakke et al., 2002; Dow 1054 

et al., 2002a, Cao et al., 2006, Kliem et al., 2007).  Briefly, scPA are 1055 

secreted locally and/or translocated from plasma into the 1056 

extracellular space where they can either bind to their receptors, 1057 

uPAR and AIIht, or fibrin to co-localize and activate plasminogen.  1058 

Once activated, plasmin digests fibrin and other extracellular matrix 1059 

proteins, as well as converting scPA into tcPA thereby increasing 1060 

their proteolytic activity.  Plasmin also proteolytically cleave/activate 1061 

other plasminogen molecules and/or convert pro-MMP-2 and 9 into 1062 

active proteases capable of ECM degradation necessary for 1063 

ovulation. 1064 

 1065 
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1.1.5.3  The ability of vitamin E supplementation to reduce the 1066 
incidence of cystic ovarian disease and retained placenta in cattle by 1067 
regulation of the PA system. 1068 
 1069 

Vitamin E (α-tocophreol) is a powerful antioxidant with multiple health 1070 

benefits.  A growing body of evidence suggests that vitamin E may 1071 

have important health benefits outside of its role as an antioxidant, 1072 

specifically the role which vitamin E plays in the prevention of 1073 

arteriosclerosis (Zingg and Azzi, 2004; Munteanu and Zingg, 2007; 1074 

Villacorta et al., 2007).  Dietary supplementation of vitamins C and E 1075 

was capable of preventing hypercholesteremic induced PAI-1 1076 

expression in pigs (Orbe et al., 2001) by preventing down regulation 1077 

of endothelial NO synthesis (Rodríguez  et al., 2002).  1078 

Supplementation with vitamin E at high levels was able to 1079 

significantly reduce PAI-1 concentrations in type-2 diabetics (Bonfigli 1080 

et al., 2001; Devaraj et al., 2002).  Vitamin E supplementation 1081 

appears to modulate fibrinolytic capacity through the nitric oxide 1082 

(NO) pathway.  Vitamin E supplementation alone decreased PAI-1 1083 

concentrations and increased NO synthesis in humans with type 2 1084 

diabetes (Viginni et al., 2008).   NO is a known inhibitor of PAI-1 1085 

release from platelets (Korbut et al., 1995) and is also known to 1086 

modulate epinephrine stimulated tPA release in hypertensive and 1087 

normotensive humans (Giannarelli et al., 2007).  Some evidence 1088 

suggests NO can only modulate PAI-1 and tPA concentrations and 1089 
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activities under the influence of angiotensin I converting enzyme 1090 

(ACE) inhibitors (Brown et al., 2006).  ACE converts angiotensin I 1091 

into angiotensin II, which stimulates PAI-1 expression in cultured 1092 

bovine aortic endothelial cells (Vaughan et al., 1995) via the 1093 

hexapeptide angiotensin IV (ATIV) (Kerins et al., 1995).  The ATIV 1094 

receptor is a 186 kD glycoprotein which shares properties consistent 1095 

with cytokine or growth factor receptors (Bernier et al., 1998) and 1096 

has been localized to a variety of tissues (Swanson et al., 1992).  1097 

Ablation of the ATIV receptor results in increased fibrinolysis due to 1098 

suppressed PAI-1 expression (Numaguchi et al., 2009). 1099 

Vitamin E also reduced the amount of oxidative stress experienced 1100 

by first lactation animals within two weeks of calving (Bouwstra et al., 1101 

2008) and decreased the incidence of clinical mastitsis (Weis et al., 1102 

1997).  Some investigators have observed a reduced incidence of 1103 

both COD (Harrison et al., 1984) and retained placenta (Harrison et 1104 

al., 1984; Arechiga et al., 1994; Erksine et al., 1997) in cows 1105 

supplemented with vitamin E, however the results are not consistent 1106 

(Allison and Laven, 2000).  Further research is necessary to 1107 

completely elucidate the actions of Vitamin E regulation of 1108 

proteolysis in cattle. 1109 

1110 
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1.1.5.4  A potential pathogenesis for cystic ovarian disease in 1111 
lactating dairy cows. 1112 
 1113 

COD is multifactoral ovarian dysfunction which manifests as 1114 

persistent large follicles as the result of impaired ovulation.  The 1115 

physiologic demands of lactation initiate a cascade of metabolic 1116 

changes resulting in suppressed ovarian activity.  Up-regulated 1117 

expression of an insulin-independent glucose transporter (GLUT1) in 1118 

the mammary gland during ascending and peak lactation (Komatsu 1119 

et al., 2004; Zaho et al., 1996; Zhao and Keating, 2007) results in 1120 

hypoglycemia and concurrent hypoinsulinemia.  GLUT1 expression 1121 

also displays a temporal expression pattern in adipose where it is 1122 

low during peak lactation and high in non-lactating animals (Komatsu 1123 

et al., 2004).  Hypoinsulemia and hypoglycemia stimulates 1124 

decreased GH receptor expression in the liver and an uncoupling of 1125 

the GH-IGF-1 axis, which is characterized by high GH and low IGF-1 1126 

in the circulation (Radcliff et al., 2003).  The importance of insulin in 1127 

maintaining the hepatic GH-IGF-1 axis is demonstrated by the 1128 

abilitity of insulin administration by a euglycemic clamp to rescue GH 1129 

receptor expression (Butler et al., 2003).  IGF-1 is an important 1130 

regulator of steroidogenesis in both granulosa and luteal cells 1131 

(McArdle and Holtorf, 1989; Schams et al., 2001).  Reduced plasma 1132 

IGF-1 would lead to reduced rates of IGF-1 signaling in the ovary, 1133 
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resulting in impaired steroidogenesis in the dominant follicle and CL 1134 

(Butler, 2000; Lucy 2008). There appears to be a reciprocal 1135 

relationship between progesterone and IGF-1.  Blockade of IGF-1 1136 

signaling in the hypothalamus of rats disrupted the timing of the 1137 

GnRH surge in the rat hypothalamus (Todd et al., 2010) and treating 1138 

ovariectomized animals with progesterone restored IGF-1 receptor 1139 

density in the hypothalamus to that of control animals (El-Barki et al., 1140 

2004).  Thus, the post-partum ablation of progesterone 1141 

concentrations reduces IGF-1 receptor density in the hypothalamus 1142 

and hypoglycemic uncoupling of the GH/IGF-1 axis alters timing of 1143 

the GnRH surge impainr ovulation.  Low insulin signaling also results 1144 

in increased expression of key proteins in progesterone catabolism, 1145 

stimulating a further disconnect in the HPG axis (Lemly et al., 2008).  1146 

The GH-IGF-1 axis stimulates increased expression of the enzyme 1147 

11β HSD1, a key mediator of cortisol catabolism (Agha and Monson, 1148 

2007).  Thus, low IGF-1 concentrations in early lactation may further 1149 

exascerbate the problem by reducing progesterone synthesis and 1150 

increasing progesterone catabolism to drive progesterone 1151 

concentrations down and altering the timing of the preovulatory 1152 

GnRH surge resulting in the formation of a follicular cyst.  IGF-1 also 1153 

indirectly regulates expression of the proteolytic cascade.  IGF-1 1154 

increases COX-2 expression in human ovarian cancer cells (Cao et 1155 
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al., 2007) and COX-2 is the main mediator of prostaglandin (PG) 1156 

synthesis which are responsible for stimulation of tPA and MMP 1157 

expression in the preovulatory bovine follicle (Li et al., 2006).  The 1158 

effects of low concentrations of IGF-1 in sera and follicular fluid 1159 

maybe exacerbated by high ACE activity in the lactating mammary 1160 

gland (Roa and Gupta, 2007) which could stimulate an increased 1161 

expression of PAI-1 via the actions of Angiotensin II.  1162 

1163 
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1.2  Objectives 1164 

Given the information presented in this review of the literature, where 1165 

PCOS in humans is associated with aberrant expression of PAI-1 1166 

and tPA is the main ligand of PAI-1 in plasma, this dissertation 1167 

recounts four experiments investigating whether a similar 1168 

phenomenom is associated with COD in dairy cattle, a disease 1169 

pathologically similar to PCOS.   1170 

1. Characterize the plasma PAI-1 and tPA profile in normal and 1171 

cystic dairy cows. 1172 

2. Determine the effects of vitamin E supplementation on plasma 1173 

PAI-1 and tPA system in cattle. 1174 

3. Compare the mRNA profiles of key plasminogen activator 1175 

members in follicular cysts and preovulatory follicles. 1176 

4. Characterize the promoter sequence of PAI-1 for 1177 

polymorphisms and compare the incidence of these 1178 

polymorphisms between cystic and non-cystic animals. 1179 

1180 
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2.  Cystic ovarian disease in dairy cattle is not associated with 1181 

changes in plasma fibrinolytic markers 1182 

 1183 

Anthony K. McNeel and Alfred R. Menino, Jr. 1184 

1185 
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Keywords: follicular cysts, tPA, PAI-1, bovine, reproduction 1186 

 1187 

Abstract: 1188 

Cystic ovarian disease (COD) is an endemic problem within the US 1189 

dairy industry and afflicts 6 to 18% of all animals during their 1190 

production lifespan.  COD is phenotypically similar to a reproductive 1191 

pathology in humans known as polycystic ovarian syndrome (PCOS) 1192 

where women develop multiple persistent preovulatory follicles.  The 1193 

incidence of PCOS has been associated with increased 1194 

concentrations and activities of plasminogen activator inhibitor-1 1195 

(PAI-1), one of the main regulators of the plasminogen activator (PA) 1196 

system of serine proteases.  The PA system regulates activation of 1197 

the matrix-metalloprotease system of enzymes and together these 1198 

enzyme systems are responsible for the proteolytic degradation of 1199 

the extracellular matrix necessary for ovulation.  As elevated PAI-1 1200 

would inhibit proteases in the follicle, we hypothesized that cows 1201 

afflicted with COD would possess higher plasma PAI-1 activity than 1202 

ovulatory cows.  Blood was collected from cows never diagnosed 1203 

with cysts (Normal cows) or cows diagnosed with a follicular cyst 1204 

possessing an external diameter of at least 3.0 cm.  Cystic cows 1205 

were classified based on the incidence of follicular cysts in their 1206 

health history: 1 lactation, 2 lactation and chronic.  Plasma tissue-1207 
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type PA (tPA) and PAI-1 concentrations and activities were 1208 

measured using commercially available ELISA kits and reagents.  1209 

tPA and PAI-1 concentrations and activities did not differ due to 1210 

disease status (P>0.10).  Ratios of PAI-1 to tPA concentrations and 1211 

activities also did not differ due to disease status (P>0.10).  These 1212 

data suggest that plasma indicators of fibrinolysis cannot be used as 1213 

markers or predictors of COD. 1214 

 1215 

Implications:  Altered plasma fibrinolytic activity is not a biomarker for 1216 

COD in lactating dairy cows. 1217 

 1218 

Introduction: 1219 

Cystic ovarian diseae (COD) is an anovulatory condition in cattle that 1220 

has been a known source of reproductive inefficiency for more than 1221 

one hundred years (Law, 1908) and is a documented cause for 1222 

reduced reproductive efficiency in dairy cattle. COD is characterized 1223 

by the presence of large follicles, at least 2.5 cm in diameter, which 1224 

persist in the absence of a corpus luteum for at least 10 days 1225 

(Garverick, 1997; Peter, 2004; Vanholder, 2006).  The exact 1226 

proteolytic mechanisms of ovulation are still unclear at this time (Liu 1227 

et al., 2006; Wahlberg et al., 2008).  However, it is believed that 1228 

plasmin, a member of the plasminogen activator (PA) system of 1229 
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serine proteases and inhibitors, converts pro-matrix 1230 

metalloproteases (MMP) into their active form which then digests the 1231 

extracellular matrix and together are responsible for the proteolysis 1232 

of ovulation (Ny et al., 2002; Linjen, 2002).  The PA system has been 1233 

a target of intense research over the last 30 years, in such diverse 1234 

fields as cancer metastasis (Tang and Wei, 2008), stroke (Lindgren 1235 

et al., 1996), heart disease (Hoekstra et al., 2004) and reproduction 1236 

(Curry and Osteen, 2003).  As key proteases in remodeling of the 1237 

extracellular matrix, MMPs are involved in such reproductively 1238 

important events as angiogenesis (van Hinsbergh et al., 2006), 1239 

implantation (Curry and Osteen, 2003), ovulation and formation of 1240 

the corpus luteum (Ny et al., 2002).  Inhibition of cycloxygenase 1241 

mediated prostaglandin synthesis resulted in reduced tissue-type PA 1242 

(tPA) and PA inhibitor-1 (PAI-1) expression in GnRH stimulated 1243 

bovine follicles, suggesting that these two PA system constituents 1244 

are integral members of the proteolytic cascade of ovulation (Dow et 1245 

al., 2002; Li et al., 2006).  As the main regulator of soluble two-chain 1246 

tPA activity (Thorsen et al., 1988), PAI-1 plays a significant role in 1247 

the regulation of the fibrinolytic cascade by limiting the ability of tPA 1248 

to convert the zymogen plasminogen into the active protease 1249 

plasmin, thus reducing overall proteolysis.  PAI-1 inhibits tPA activity 1250 

by covalently binding tPA in a 1:1 stoichometery which is irreversible 1251 
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under physiologic conditions (Olson et al., 2001).  COD is 1252 

phenotypically similar to a disease found in humans called polycystic 1253 

ovarian syndrome (PCOS), where periovulatory follicles fail to 1254 

ovulate and persist on the free surface of the ovary.  PCOS is 1255 

associated with elevated PAI-1 concentrations and activities (Atiomo 1256 

et al., 1998; Oral et al., 2009; Tarkun et al., 2004; Orio et al., 2004).  1257 

As one of the key regulators in the fibrinolytic system, PAI-1 is 1258 

primarily synthesized by vascular endothelial cells but has also been 1259 

observed in granulosa cells, thecal cells and Sertoli cells (Dow et al., 1260 

2002; Le Magueresse-Battistoni, 2007).  Supporting evidence for the 1261 

role of PAI-1 in PCOS can also be found in the mouse where 1262 

transgenic over expression of PAI-1 leads to the development of 1263 

PCOS (Devin et al., 2007).  Due to the evidence supporting a 1264 

relationship between PAI-1 and PCOS in humans and mice and the 1265 

dependence of ovulation upon tPA and PAI-1, we hypothesized that 1266 

dairy cattle with follicular cysts possess an aberrant fibrinolytic profile 1267 

characterized by an altered PAI-1/tPA ratio favoring a thrombic state. 1268 

 1269 

Materials and methods: 1270 

All animals were housed at the Oregon State University Dairy Center 1271 

(OSUDC) in Corvallis, Oregon.  Feed and water were provided ad 1272 

libitum for both lactating cows.  Lactating cows were provided a total 1273 
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mixed ration which met the NRC requirements for lactating dairy 1274 

cows and were milked twice daily at 0500 and 1600.  As part of the 1275 

reproductive management program for the OSUDC, the reproductive 1276 

tracts of lactating cows were examined via palpation per rectum by a 1277 

licensed veterinarian once every 14 d.  Animals diagnosed with an 1278 

ovarian follicular cyst with a diameter greater than 3.0 cm (n= 69) 1279 

were included in this study as were a group of individuals with no 1280 

record of follicular cysts (n=14).  Cows were assigned to one of four 1281 

groups based on their follicular cyst history: Normal (N; no history of 1282 

follicular cysts), one lactation (One Lac; one lactation with a least 1283 

one follicular cyst), two lactations (Two Lac; two lactations with at 1284 

least one follicular cyst) and chronic (Chronic; three or more 1285 

lactations with at least one follicular cyst).  Animals were eligible to 1286 

change status until they left the OSUDC.  All experimental work was 1287 

performed in accordance with Oregon State University Institutional 1288 

Animal Care and Use Committee. 1289 

 1290 

Blood collection: 1291 

For PAI-1 and tPA assays, blood samples were collected via jugular 1292 

or coccygeal venipuncture using 10 mL Vacutainer (BD) blood 1293 

collection tubes containing 100 uL of EDTA as the anti-coagulant.  1294 

Samples were transported back to the laboratory within 1 h of 1295 
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collection.  Plasma was separated from whole blood by 1296 

centrifugation at 2500 x g for 15 minutes.  Aliquots of plasma were 1297 

collected from the top half of the plasma column and samples were 1298 

stored at -20°C in 0.5 ml microcentrifuge tubes unt il analysis. 1299 

 1300 

Assays: 1301 

PAI-1 concentration: 1302 

Plasma PAI-1 concentrations were quantified using the IMUCLONE 1303 

Rat PAI-1 ELISA (American Diagnostica, Stamford, CT).  Briefly, 100 1304 

µl of standard or unknown were incubated in duplicate with 100 µl of 1305 

anti-rat PAI-1 horseradish peroxidase conjugate for two h at RT in 1306 

the provided microwells.  After the initial incubation, microwells were 1307 

washed five times with 300 µl of wash solution.  Two hundred 1308 

microliters of 3,3’,5,5’ tetramethylbenzidine (TMB) solution were 1309 

added and the microwells were incubated for 5 min at RT.  The 1310 

reaction was stopped with the addition of 50 µl of 0.45 M H2SO4 to 1311 

each microwell.  Microwells were incubated for 10 min at RT to 1312 

facilitate color stabilization and absorbance at 450 nm was measured 1313 

on a microplate reader (Benchmark Microplate Reader, Bio-Rad 1314 

Laborartories Inc., Hercules, CA).  PAI-1 concentrations were 1315 

determined from equation of the line calculations.  Intra and inter-1316 

assay coefficients of variation were 8.1% and 7.6%, respectively. 1317 
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 1318 

PAI-1 activity: 1319 

PAI-1 activity in bovine plasma was quantified using 1320 

SPECTROLYSE PAI-1 (American Diagnostica, Stamford, CT) with 1321 

some modifications.  Briefly, 25 µl of plasma were incubated with 25 1322 

µl of 40 IU/ml tPA solution in a 1.5 ml microcentrifuge tube for 15 min 1323 

in a 25° C water bath to quench α2-antiplasmin activity.  Following 1324 

incubation, 50 µl of acetate buffer were added to the microcentrifuge 1325 

tube and incubated for 20 min in a 39°C water bath.   At the end of 1326 

this incubation, 1 ml of distilled water was added to the tube and 1327 

mixed.   Twenty microliters of diluted standard or plasma were 1328 

aliquoted to individual microwells in duplicate.   To each microwell, 1329 

200 µl of ice cold Plasminogen Activator Reagent was added and the 1330 

microtiter plate was covered and incubated for 90 minutes at 39˚C.  1331 

The reaction was stopped using 50 µl of provided Stop Reagent and 1332 

absorbance at 405 nm was measured on a microplate reader 1333 

(Benchmark Microplate Reader, Bio-Rad Laborartories Inc., 1334 

Hercules, CA) within 30 min.  PAI-1 activity was determined 1335 

according to the manufacturer’s instructions.  Intra and inter-assay 1336 

coefficients of variation were 2.5% and 7.5%, respectively. 1337 

 1338 

tPA concentration: 1339 



69 
 

Plasma tPA concentrations were measured in duplicate using the 1340 

IMUBIND tPA ELISA (Amercian Diagnostica, Stamford, CT).    1341 

Briefly, 50 µl of the reconstituted supplied PBS-EDTA-TWEEN 20 1342 

(PET) buffer were added to each of the provided microwells with 20 1343 

µl of either standards or plasma.  The 96-well plate was covered with 1344 

an acetate sheet and agitated on a plate shaker at 500-600 rpm at 1345 

RT for 1 hr.  The acetate sheet was removed and 50 µl of the 1346 

detection antibody conjugate solution were added to each well. The 1347 

acetate sheet was replaced and the plate was agitated for an 1348 

additional 15 min at 500-600 rpm at RT.  Microwells were emptied 1349 

and washed with 300 µl of PET buffer four times.  After the last 1350 

wash, 100 µl of chromogenic substrate were added to each 1351 

microwell, the plate was again covered with the acetate sheet and 1352 

agitated on a plate shaker for 15 min at 500-600 rpm at RT.  The 1353 

reaction was stopped by the addition of 50 µl of Stop solution (1.5 M 1354 

H2SO4) to each microwell and the plate was allowed to stabilize for 1355 

10 min in the dark at RT.  Absorbance at 490 nm was measured 1356 

within 30 min of adding the stop solution using a microplate reader 1357 

(Benchmark Microplate Reader, Bio-Rad Laborartories Inc., 1358 

Hercules, CA).  tPA concentrations were determined using equation 1359 

of the line calculations.  Intra and inter-assay coefficients of variation 1360 

were 5.5% and 9.5%, respectively. 1361 
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 1362 

tPA activity: 1363 

tPA activity was quantified using a chromogenic assay.  Ten 1364 

microliters of tPA standards or plasma, 90 µl of 1X Tris-Imidazole 1365 

buffer (0.003 M Tris and Imidazole, 0.023 M NaCl, pH 8.0) and 10 µl 1366 

of 5 nmol/ml SPECTROZYME, a tPA specific chromogenic 1367 

substrate, were aliquoted into a 96-well microtiter plate, covered and 1368 

incubated at 39°C for 2 hr.  Plasma samples incubat ed with 1369 

chromogenic substrate were designated as CH. An additional 1370 

replicate was prepared for plasma samples where the 1371 

SPECTROZYME reagent was replaced with 10 µl of the Tris-1372 

Imidazole buffer and designated as NC.  Absorbance was measured 1373 

at 405 nm on a microplate reader (Benchmark Microplate Reader, 1374 

Bio-Rad Laborartories Inc., Hercules, CA) and, for plasma, the NC 1375 

absorbance was subtracted from the CH absorbance. For the 1376 

standards, the absorbance for 0 IU/mL was subtracted from all 1377 

standards before activities were determined by equation of the line 1378 

calculations.   Intra and inter-assay coefficient of variation were 1.2% 1379 

and 11.8% respectively. 1380 

 1381 

Statistics: 1382 



71 
 

Data were analyzed using two-way ANOVA where breed, COD 1383 

classification and the interaction were the main effects.  All analyses 1384 

were conducted using the Number Cruncher Statistical Software 1385 

(NCSS, version 2000, J. Hintze, Kaysville, UT).  Differences between 1386 

means were determined using Fisher’s least significant differences 1387 

test if significant differences were observed in the ANOVA. 1388 

  1389 

Results: 1390 

PAI-1 concentrations and activities: 1391 

No differences (P≥0.1) in PAI-1 concentrations or activities were 1392 

detected between cows diagnosed with follicular cysts and normal 1393 

cows or by breed (Table 2.1). 1394 

 1395 

tPA concentration and activities: 1396 

No differences (P≥0.1) in tPA concentrations or activites were 1397 

detected between cattle diagnosed with follicular cysts and normal 1398 

cows or breed (Table 2.2).  1399 

 1400 

PAI-1/tPA concentration and activity ratios: 1401 

No differences (P≥0.1) in PAI-1 to tPA concentration or activity ratios 1402 

were detected between cows diagnosed with follicular cysts and 1403 

normal cows or by breed (Table 2.3). 1404 



72 
 

 1405 

Discussion: 1406 

These data suggest that cattle afflicted with COD do not display an 1407 

altered plasma fibrinolytic profile unlike humans with PCOS.  This 1408 

observation does not exclude the possibility that PA activity differs at 1409 

the ovarian level.  Mutations within the PAI-1 gene may isolate 1410 

aberrant expression to specific cell types (e.g., thecal cells) and may 1411 

help explain the genetic component of COD as reported by various 1412 

authors (Kirk et al., 1982; Cole et al., 1986; Hooijer et al., 2001).  1413 

Preliminary experiments in our lab indicated that plasma PAI-1 1414 

activity in cows does not change over the course of the estrous cycle 1415 

and during pregnancy (data not shown).  Whether or not plasma 1416 

fibrinolytic activity changes during the course of a lactation is 1417 

unknown.  However, ultrasonographical examination of follicular 1418 

cysts have documented the presence of fibrin clots within the 1419 

follicular fluid of afflicted individuals (Jou et al., 1999).  Furthermore, 1420 

it stands to reason that changes in plasma fibrinolytic capacity could 1421 

have potentially dire consequences for the health of the animal (e.g. 1422 

greater incidence of fibrin clots leading to potential stroke).  Elevated 1423 

PAI-1 activity in women with PCOS (Orio et al., 2004) is believed to 1424 

contribute to the unfavorable cardiovascular risk profile associated 1425 

with PCOS (Alexander et al., 2009).  Our data does not exclude the 1426 



73 
 

PA system from playing a pivotal role in ovulation.  Inhibiting 1427 

cycloxygenase mediated prostaglandin synthesis in the ovary 1428 

impairs the ability of GnRH to stimulate tPA and PAI-1 expression 1429 

and adds weight to the role of the PA system (Li et al., 2006).  While 1430 

our research has focused on the plasma PA system, it is unknown if 1431 

there are differences in matrix metalloproteinase (MMP) expression 1432 

in the plasma or in the ovaries of dairy cows with COD.  1433 

Furthermore, microarray analysis of the transcriptome from bovine 1434 

preovulatory follicles indicates that proteases A Disintegrin-like And 1435 

Metalloprotease domain with ThromboSpondin type I motifs 1436 

(ADAMTS) 10 and 17 are differentially regulated in preovulatory 1437 

follicles (Li et al., 2009) and would be a potential target for future 1438 

research regarding impaired proteolysis in COD.   1439 

 1440 

Conclusions:  The activity of the fibrinolytic system is not significantly 1441 

altered at the level of plasma in cows diagnosed with cystic ovarian 1442 

disease. 1443 

1444 
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Table 2.1. Plasma PAI-1 concentrations and activities in normal and 1445 
cystic Holstein and Jersey cows (means ± s.e.). 1446 
 1447 

 Concentration (ng/ml) Activity (IU/ml) 

Normal 3.3 ± 1.6 18.0 ± 1.6 

Cystic 3.6 ± 0.7 18.3 ± 0.7 

 1 lactation 3.5 ± 0.9 19.9 ± 1.0 

 2 lactations 4.3 ± 1.3 17.0 ± 1.3 

 Chronic 2.5 ± 1.3 15.6 ± 2.1 

Jersey 4.6 ± 0.9 20.0 ± 1.0 

Holstein 2.8 ± 0.8 16.7 ± 0.9 

1448 
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Table 2.2. Plasma tPA concentrations and activities in normal and 1449 
cystic Holstein and Jersey cows (means ± s.e.). 1450 
 1451 

 Concentration (ng/ml) Activity (IU/ml) 

Normal 6.6 ± 1.7 46.3 ± 6.4 

Cystic 5.1 ± 0.7 54.4 ± 2.9 

 1 lactation 6.1 ± 1.0 54.4 ± 4.0 

 2 lactations 3.9 ± 1.3 52.7 ± 4.8 

 Chronic 4.4 ± 2.0 60.5 ± 9.2 

Jersey 5.4 ± 1.0 53.2 ± 3.6 

Holstein 5.4 ± 0.9 52.9 ± 3.8 

1452 
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 Table 2.3. Ratios of PAI-1:tPA concentrations and activities in 1453 
normal and cystic Holstein and Jersey cows (means ± s.e.). 1454 
 1455 

 
PAI-1:tPA 

concentration 
PAI-1:tPA activity  

Normal 4.5 ± 4.6 0.5 ± 0.2 

Cystic 5.5 ± 2.1 0.5 ± 0.1 

 1 lactation 9.3 ± 3.1 0.6 ± 0.1 

 2 lactations 2.2 ± 3.7 0.5 ± 0.1 

 Chronic 0.8 ± 5.6 0.3 ± 0.3 

Jersey 4.0 ± 2.9 0.5 ± 0.1 

Holstein 7.0 ± 2.7 0.6 ±  0.1 

1456 
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 3.  The effects of Vitamin E supplementation on plasma 1457 

plasminogen activator inhibitor-1 and tissue-type plasminogen 1458 

activator in non-lactating beef cattle 1459 

 1460 

Anthony K. McNeel and Alfred R. Menino, Jr. 1461 

1462 
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Abstract: 1463 

The effects of supplementing vitamin E on plasma plasminogen 1464 

activator inhibitor-1 (PAI-1) and tissue-type plasminogen activator 1465 

(tPA) concentrations and activities were investigated in beef cattle.  1466 

Six non-lactating beef cows (n= 3 per treatment) were injected with 0 1467 

(Control) or 2750 IU of vitamin E (Vitamin E) once every four days for 1468 

24 days (Day 0 = first day of injection).  Blood samples were 1469 

collected from the coccygeal or jugular veins every two days for 28 1470 

days starting on Day 0.  Plasma was isolated by centrifugation and 1471 

frozen at -20 C until assayed for PAI-1 and tPA concentrations and 1472 

activities.  No differences (P>0.10) were observed in plasma PAI-1 1473 

and tPA concentrations and activities due to vitamin E 1474 

supplementation.  Likewise, neither ratios of PAI-1 to tPA 1475 

concentrations nor activities differed due to vitamin E 1476 

supplementation (P>0.10).  Because of significant individual animal 1477 

variation, data were adjusted relative to the Day 0 measurement for 1478 

each cow.  Although the ratio of adjusted PAI-1 to tPA 1479 

concentrations did not differ (P>0.10) due to vitamin E 1480 

supplementation, the adjusted ratio of PAI-1 to tPA activity was 1481 

greater (P<0.10) in Control compared to Vitamin E cows (1.0 ± 0.1 1482 

and 0.7 ± 0.1, respectively).  These data provide evidence that 1483 



79 
 

vitamin E supplementation may be able to shift the ratio of plasma 1484 

PAI-1 to tPA activity to a state favoring proteolysis. 1485 

 1486 

Keywords: bovine, cystic ovarian disease, retained placenta, 1487 

fibrinolysis, α-tocopherol 1488 

 1489 

Implications: 1490 

Supplementation with vitamin E alters the ratio of plasma PAI-1 to 1491 

tPA activity towards increased proteolysis and may serve to reduce 1492 

the development of pathologies related to aberrant proteolysis 1493 

including cystic ovarian disease and retained placenta in cattle. 1494 

 1495 

Introduction: 1496 

Cystic ovarian disease (COD) is a reproductive disease that is 1497 

particularly prominent in lactating dairy cattle (Gaverick, 1997; Peter, 1498 

2004; Vanholder et al., 2006).  The pathogenesis of COD has been 1499 

an area of significant research during the last 30 years with multiple 1500 

pathologies proposed (Gumen and Wiltbank, 2002; Robinson et al., 1501 

2006; Dobson et al., 1987; Kawashima et al., 2007).  COD is defined 1502 

as a follicle at least 2.5 cm in diameter, which persists for at least 10 1503 

days (Peter et al., 2009).  Polycystic ovarian syndrome (PCOS) in 1504 

women is phenotypically similar to COD and is associated with 1505 
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elevated plasma plasminogen activator inhibitor-1 (PAI-1) 1506 

concentrations and activity (Atiomo et al., 1998; Tarkun et al., 2004; 1507 

Orio et al., 2004; Oral et al., 2009).  PAI-1 inhibits the serine 1508 

proteases tissue-type plasminogen activator (tPA) and urokinase 1509 

plasminogen activator (uPA) by covalently binding in 1:1 1510 

stoichiometry (Olson et al., 2001), thereby limiting conversion of 1511 

plasminogen to the active protease plasmin by either PA.  tPA and 1512 

PAI-1 are members of the plasminogen activator (PA) family of 1513 

serine proteases and inhibitors which have a primary role in 1514 

fibrinolysis.  The PA system also participates in ovulation by 1515 

activating the MMP system (Ny et al., 2002; Linjen, 2002; Curry and 1516 

Osteen, 2003).  Double knockout mice for tPA and urokinase-type 1517 

plasminogen activator (uPA) possess an ovulation rate 26% less 1518 

than wild type controls (Leonardsson et al., 1995).  Furthermore, 1519 

mice genetically engineered to overexpress PAI-1 display ovaries 1520 

phenotypically similar to PCOS (Devin et al., 2007).  High plasma 1521 

PAI-1 concentration is a risk factor for coronary heart disease (Lyon 1522 

and Hsueh, 2003) and dietary supplementation with vitamin E at high 1523 

levels in humans was able to significantly reduce PAI-1 1524 

concentrations (Devaraj et al., 2002).  Vitamin E (α-tocopherol) is a 1525 

common dietary supplement in cattle and some investigators have 1526 

observed a reduced incidence of both COD (Harrison et al., 1984) 1527 
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and retained placenta (Harrison et al., 1984; Arechiga et al., 1994; 1528 

Erksine et al., 1997; Bourne et al., 2007).  If COD and retained 1529 

placenta are associated with an altered fibrinolytic profile, similar to 1530 

PCOS, the reduced incidence of these aberrations in cows receiving 1531 

vitamin E may be due to suppressed PAI-1 activity.  Therefore, the 1532 

objective of this study was to evaluate the effect of vitamin E 1533 

supplementation on plasma tPA and PAI-1 concentrations and 1534 

activities in non-lactating beef cattle.   1535 

 1536 

Materials and methods: 1537 

Animals: 1538 

Six cross-bred beef cows were housed at the Oregon State 1539 

University Campus Way Beef Center.  Cows were provided grass 1540 

hay and water.  Cows were allocated into one of two groups (Control 1541 

and Vitamin E, n = 3 per group) and were sorted among treatments 1542 

by age with each group having a mean age of 5.3 years.   All 1543 

experiments were performed in accordance with the Oregon State 1544 

University Institutional Animal Care and Use Committee. 1545 

 1546 

Vitamin E supplementation: 1547 

Animals in the Vitamin E group received 2750 IU (2.75 X the 1548 

recommended minimum dose) of vitamin E (dl-α-tocopherol) in an 1549 



82 
 

injectable solution (ROCAVIT E, Hoffman-LAROCHE, Nutley, NJ) 1550 

once every four days for 24 days beginning on Day 0 (Day 0 = day of 1551 

first injection).  Likewise, Control animals received an equal volume 1552 

of vehicle identical to the solution used to suspend the vitamin E in 1553 

ROCAVIT E (20% ethanol, 1% benzyl alcohol and 79% sterile-1554 

DPBS, v:v).  1555 

 1556 

Blood collection: 1557 

Blood samples were collected via jugular or coccygeal venipuncture 1558 

using 10 ml Vacutainer (Becton, Dickinson and Company, Franklin 1559 

Lakes, NJ) blood collection tubes containing 100 µl of EDTA as the 1560 

anti-coagulant.  Samples were transported back to the laboratory 1561 

within 1 h of collection.  Plasma was separated from whole blood by 1562 

centrifugation at 2500 X g for 15 minutes.  Aliquots of plasma were 1563 

aspirated from the top half of the plasma column and samples were 1564 

stored at -20°C in 0.5 ml microcentrifuge tubes unt il analysis. 1565 

 1566 

Assays: 1567 

PAI-1 concentration: 1568 

Plasma PAI-1 concentrations were quantified using the IMUCLONE 1569 

Rat PAI-1 ELISA (American Diagnostica, Stamford, CT).  Briefly, 100 1570 

µl of standard or unknown were incubated in duplicate with 100 µl of 1571 
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anti-rat PAI-1 horseradish peroxidase conjugate for two h at RT in 1572 

the provided microwells.  After the initial incubation, microwells were 1573 

washed five times with 300 µl of wash solution.  Two hundred 1574 

microliters of 3,3’,5,5’ tetramethylbenzidine (TMB) solution were 1575 

added and the microwells were incubated for 5 min at RT.  The 1576 

reaction was stopped with the addition of 50 µl of 0.45 M H2SO4 to 1577 

each microwell.  Microwells were incubated for 10 min at RT to 1578 

facilitate color stabilization and absorbance at 450 nm was measured 1579 

on a microplate reader (Benchmark Microplate Reader, Bio-Rad 1580 

Laborartories Inc., Hercules, CA).  PAI-1 concentrations were 1581 

determined from equation of the line calculations.  Intra and inter-1582 

assay coefficients of variation were 8.1% and 7.6%, respectively. 1583 

 1584 

PAI-1 activity: 1585 

PAI-1 activity in bovine plasma was quantified using 1586 

SPECTROLYSE PAI-1 (American Diagnostica, Stamford, CT) with 1587 

some modifications.  Briefly, 25 µl of plasma were incubated with 25 1588 

µl of 40 IU/ml tPA solution in a 1.5 ml microcentrifuge tube for 15 min 1589 

in a 25° C water bath to quench α2-antiplasmin activity.  Following 1590 

incubation, 50 µl of acetate buffer were added to the microcentrifuge 1591 

tube and incubated for 20 min in a 39°C water bath.   At the end of 1592 

this incubation, 1 ml of distilled water was added to the tube and 1593 



84 
 

mixed.   Twenty microliters of diluted standard or plasma were 1594 

aliquoted to individual microwells in duplicate.   To each microwell, 1595 

200 µl of ice cold Plasminogen Activator Reagent was added and the 1596 

microtiter plate was covered and incubated for 90 minutes at 39˚C.  1597 

The reaction was stopped using 50 µl of provided Stop Reagent and 1598 

absorbance at 405 nm was measured on a microplate reader 1599 

(Benchmark Microplate Reader, Bio-Rad Laborartories Inc., 1600 

Hercules, CA) within 30 min.  PAI-1 activity was determined 1601 

according to manufacturer’s instructions.  Intra and inter-assay 1602 

coefficients of variation were 2.5% and 7.5%, respectively. 1603 

 1604 

tPA concentration: 1605 

Plasma tPA concentrations were measured in duplicate using the 1606 

IMUBIND tPA ELISA (Amercian Diagnostica, Stamford, CT).    1607 

Briefly, 50 µl of the reconstituted supplied PBS-EDTA-TWEEN 20 1608 

(PET) buffer were added to each of the provided microwells with 20 1609 

µl of either standards or plasma.  The 96-well plate was covered with 1610 

an acetate sheet and agitated on a plate shaker at 500-600 rpm at 1611 

RT for 1 hr.  The acetate sheet was removed and 50 µl of the 1612 

detection antibody conjugate solution were added to each well. The 1613 

acetate sheet was replaced and the plate was agitated for an 1614 

additional 15 min at 500-600 rpm at RT.  Microwells were emptied 1615 
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and washed with 300 µl of PET buffer four times.  After the last 1616 

wash, 100 µl of chromogenic substrate were added to each 1617 

microwell, the plate was again covered with the acetate sheet and 1618 

agitated on a plate shaker for 15 min at 500-600 rpm at RT.  The 1619 

reaction was stopped by the addition of 50 µl of Stop solution (1.5 M 1620 

H2SO4) to each microwell and the plate was allowed to stabilize for 1621 

10 min in the dark at RT.  Absorbance at 490 nm was measured 1622 

within 30 min of adding the stop solution using a microplate reader 1623 

(Benchmark Microplate Reader, Bio-Rad Laborartories Inc., 1624 

Hercules, CA).  tPA concentrations were determined using equation 1625 

of the line calculations.  Intra and inter-assay coefficients of variation 1626 

were 5.5% and 9.5%, respectively. 1627 

 1628 

tPA activity: 1629 

tPA activity was quantified using a chromogenic assay.  Ten 1630 

microliters of tPA standards or plasma, 90 µl of 1X Tris-Imidazole 1631 

buffer (0.003 M Tris and Imidazole, 0.023 M NaCl, pH 8.0) and 10 µl 1632 

of 5 nmol/ml SPECTROZYME, a tPA specific chromogenic 1633 

substrate, were aliquoted into a 96-well microtiter plate, covered and 1634 

incubated at 39°C for 2 hr.  Plasma samples incubat ed with 1635 

chromogenic substrate were designated as CH. An additional 1636 

replicate was prepared for plasma samples where the 1637 
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SPECTROZYME reagent was replaced with 10 µl of the Tris-1638 

Imidazole buffer and designated as NC.  Absorbance was measured 1639 

at 405 nm on a microplate reader (Benchmark Microplate Reader, 1640 

Bio-Rad Laborartories Inc., Hercules, CA) and, for plasma, the NC 1641 

absorbance was subtracted from the CH absorbance. For the 1642 

standards, the absorbance for 0 IU/mL was subtracted from all 1643 

standards before activities were determined by equation of the line 1644 

calculations.   Intra and inter-assay coefficient of variation were 1.2% 1645 

and 11.8% respectively. 1646 

 1647 

Statistical analysis: 1648 

Plasma PAI-1 and tPA concentrations and activities and the ratios of 1649 

plasma PAI-1 to tPA concentrations and activities were analyzed by 1650 

repeated measures ANOVA where vitamin E supplementation, day 1651 

of plasma collection and the vitamin E supplementation X day of 1652 

plasma collection interaction were the main effects.  Differences 1653 

between means were determined using Duncan’s multiple 1654 

comparison’s test if significant differences were observed in the 1655 

ANOVA.  All analyses were performed using the Number Cruncher 1656 

Statistical System software program (NCSS, version 2000, J. Hintze, 1657 

Kaysville, UT, USA). 1658 

 1659 
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Results: 1660 

Plasma PAI-1 antigen concentrations were similar (P=0.64) between 1661 

Control and Vitamin E cows (4.0 ± 1.5 and 7.4 ± 6.7 ng/ml, 1662 

respectively).  Neither day of plasma collection nor the vitamin E X 1663 

day of plasma collection interaction were significant sources of 1664 

variation in plasma PAI-1 concentrations. 1665 

 1666 

Plasma PAI-1 activities also did not differ (P=0.32) between Control 1667 

and Vitamin E cows (18.9 ± 1.8 and 21.2 ± 1.1 IU/ml, respectively).  1668 

Day of plasma collection nor the interaction between vitamin E X day 1669 

of plasma collection were not significant sources of variation in 1670 

plasma PAI-1 activity. 1671 

   1672 

No difference (P=0.42) was observed in plasma tPA concentrations 1673 

between Control and Vitamin E cows (1.0 ± 0.5 and 0.5 ± 0.2 ng/ml, 1674 

respectively).   tPA concentrations differed (P<0.01) by day of 1675 

plasma collection where concentrations were lower on Days 0, 2, 6, 1676 

8, 10, 12 and 28 compared to Days 14, 16, 20 and 22 (Figure 3.1).  1677 

The interaction was not significant. 1678 

  1679 

Similar to plasma tPA concentrations, no difference was observed in 1680 

plasma tPA activities between Control and Vitamin E cows (70.6 ± 1681 
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3.3 and 71.7 ± 3.7, respectively).  tPA activity differed (P<0.01) by 1682 

day of plasma collection where activities were lower on Day 0 1683 

compared to Days 6, 18 and 20 and Day 4 compared to Day 18 1684 

(Figure 3.2). The interaction was not significant. 1685 

 1686 

Because of significant variation in the analysis due to cow effects, 1687 

concentration and activity data were expressed relative to the Day 0 1688 

measurement for each cow.  Neither adjusted PAI-1 concentrations 1689 

nor activities differed (P>0.10) due to vitamin E supplementation 1690 

(Table 3.1).   Day of plasma collection and the interaction were not 1691 

sources of variation for either adjusted PAI-1 concentrations or 1692 

activities. 1693 

 1694 

Adjusted tPA concentrations and activities did not differ (P>0.10) due 1695 

to vitamin E supplementation (Table 3.1).  However, day of plasma 1696 

collection exerted significant effects on both adjusted tPA 1697 

concentrations and activities.  Adjusted tPA concentrations were 1698 

lower (P<0.05) on Days 0, 2, 4, 6, 8, 10, 12 and 28 compared to 1699 

Days 14, 16, 18, 20 and 22 (Figure 3.3) and adjusted tPA activity 1700 

was lower (P<0.05) on Day 0 compared to Day 18 (Figure 3.4).  1701 

Neither interaction was significant for adjusted tPA concentrations 1702 

nor activities. 1703 
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 1704 

Neither vitamin E supplementation nor the interaction were 1705 

significant sources of variation for effects on the ratios of adjusted 1706 

PAI-1 to tPA concentration (Table 3.2; Figure 3.5).  However, 1707 

adjusted PAI-1 to tPA concentration ratios differed by day of plasma 1708 

collection where ratios were greater (P<0.05) on Days 2 and 10 1709 

compared to Days 18, 22, 26. 1710 

 1711 

The ratio of adjusted PAI-1 to tPA activity was greater (P<0.10) in 1712 

Control compared to Vitamin E cows (Table 3.2).  Neither day of 1713 

plasma collection nor the interaction were significant sources of 1714 

variation for the ratios of adjusted PAI-1 to tPA activities.  1715 

 1716 

Discussion: 1717 

Plasma tPA and PAI-1 concentrations and activities, as well as 1718 

adjusted concentrations and activities, were not significantly affected 1719 

by supplementing cows every four days with 2750 IU of vitamin E for 1720 

24 days.  However, variation in plasma PAI-1 and tPA concentrations 1721 

and activities observed between animals likely contributed to the lack 1722 

of significant differences observed between Control and Vitamin E 1723 

cows.  Factors contributing to the source of variation between 1724 

animals are unknown at this time.  Genetic differences between 1725 
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individuals, such as single nucleotide polymorphisms in the PAI-1 1726 

gene, have been identified as having an effect on PAI-1 expression 1727 

in humans (Eriksson et al., 1995; Ju et al., 2010).  When adjusted 1728 

PAI-1 and tPA activities were expressed relative to the Day 0 1729 

measurement, the ratio of adjusted PAI-1 to tPA activity was lower in 1730 

Vitamin E cows compared to Control cows.  Furthermore, the time 1731 

effect observed in tPA may indicate increased expression due to 1732 

stress resulting from repeated blood collections.  Vitamin E 1733 

supplementation appears to modulate fibrinolytic capacity through 1734 

the nitric oxide (NO) pathway.  Vitamin C and E supplementation 1735 

prevented hypercholesteremic induced PAI-1 expression (Orbe et 1736 

al., 2001) by preventing down regulation of endothelial NO synthesis 1737 

(Rodríguez  et al., 2002).  Vitamin E supplementation alone 1738 

decreased PAI-1 concentrations and increased NO synthesis in 1739 

humans with type 2 diabetes (Viginni et al., 2008).   NO is a known 1740 

inhibitor of PAI-1 release from platelets (Korbut et al., 1995) and has 1741 

also been demonstrated to modulate epinephrine stimulated tPA 1742 

release in hypertensive and normotensive humans (Giannarelli et al., 1743 

2007).  Some evidence suggests NO can only modulate PAI-1 and 1744 

tPA concentrations and activities under the influence of angiotensin I 1745 

converting enzyme (ACE) inhibitors (Brown et al., 2006).  ACE 1746 

converts angiotensin I into angiotensin II, which stimulates PAI-1 1747 
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expression in cultured bovine aortic endothelial cells (Vaughan et al., 1748 

1995) via the hexapeptide angiotensin IV (ATIV) (Kerins et al., 1995).  1749 

The ATIV receptor is a 186 kD glycoprotein which shares properties 1750 

consistent with cytokine or growth factor receptors (Bernier et al., 1751 

1998) and has been localized to a variety of tissues (Swanson et al., 1752 

1992).  Ablation of the ATIV receptor results in increased fibrinolysis 1753 

due to suppressed PAI-1 expression (Numaguchi et al., 2009). 1754 

 1755 

The inconsistent results of vitamin E and Se supplementation on 1756 

reproduction in cattle is most likely due to pre-supplementation 1757 

differences in vitamin E and Se concentrations in individual animals 1758 

(Le Blanc et al., 2004).  Plasma vitamin E concentration drops 1759 

precipitously two weeks prior to parturition, most likely due to 1760 

reduced intake of feedstuffs, and begins to increase at four weeks of 1761 

lactation (Calderón et al., 2007a).  As a fat soluble vitamin, vitamin E 1762 

is secreted in the milk of lactating animals with fluctuations in 1763 

concentration determined by sire and ration composition (Jensen et 1764 

al., 1999; Calderón et al., 2007b) and preservation method 1765 

(Shingfield et al., 2005).  How vitamin E decreases the incidence of 1766 

retained placenta (Harrison et al., 1984; Arechiga et al., 1994; Le 1767 

Blanc et al., 2002; Bourne et al., 2007) and COD as reported by 1768 

Harrison and colleagues (1984) is currently unknown.  Plasma 1769 



92 
 

vitamin E concentrations are associated with a decreased incidence 1770 

of retained placenta; as an increase of 1µg/ml one week prepartum 1771 

reduced the risk of retained placenta by 20% (Le Blanc et al., 2004).  1772 

The effects of vitamin E supplementation on retained placemta may 1773 

also be exerted via the actions of NO.  Extravillous trophoblasts 1774 

isolated from term human placenta express endothelial nitric oxide 1775 

synthase (NOS) (Martin and Conrad, 2000).  Retained placentomes 1776 

possess more collagen than normal placentomes (Sharpe et al., 1777 

1990) and MMP acitivity and expression are suppressed in 1778 

placentombes from retained placenta (Gross et al., 1985 ;Takagi et 1779 

al., 2007).  NO is known to regulate MMP-9 expression (Marcet-1780 

Palacios et al., 2007 ) and NO increases MMP expression and 1781 

activity in human trophoblasts in vitro (Novaro et al., 2001).  1782 

Furthermore, NOS inhibition reduces expression of MMP-9 in mouse 1783 

peri-implantation uteri (Zhang et al., 2004). 1784 

 1785 

Our results indicate that supplementation with vitamin E shifts the 1786 

activity of the plasminogen activator system towards a state favoring 1787 

plasma proteolysis which could increase the proportion of active 1788 

MMP via reciprocal activation (Ny et al., 2002).  The placentome 1789 

expresses a variety of extracellular matrices and integrins (Burghardt 1790 

et al., 2009), including collagens I, II and IV (Boos et al., 2003).   The 1791 
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bovine placentome expresses both MMP-2 and 9 during the third 1792 

phase of parturition (Walter and Boos, 2001; Takagi et al., 2007).  1793 

Cows with retained placenta possess reduced in vitro proteolytic 1794 

(collagenase/MMP) activity compared to normal cows (Gross et al., 1795 

1985), specifically MMP-2 (Maj and Kankofer, 1997).  The role of the 1796 

PA and MMP systems in ovulation are well established (Ny et al., 1797 

2002; Linjen, 2002; Curry and Osteen, 2003) and increased 1798 

proteolytic activity due to vitamin E supplementation would be 1799 

beneficial in the prevention of COD by shifting these enzymatic 1800 

systems towards proteolysis.  While our work has focused on the 1801 

ability of vitamin E to modulate PA, evidence exists suggesting that 1802 

vitamin E can also modulate the MMP system (Zingg and Azzi, 1803 

2004).  Further experiments need to be conducted to elucidate the 1804 

effects of vitamin E supplementation on PAI-1, tPA and MMP 1805 

expression, and activities in the ovary and periparturient placentome 1806 

to establish a physiologic link between the vitamin E, COD and 1807 

retained placenta. 1808 

1809 
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Table 3.1.  Plasma plasminogen activator inhibitor-1 (PAI-1) and 1810 
tissue-type plasminogen activator (tPA) concentrations and activities 1811 
adjusted to Day 0 in Control and Vitamin E cows (means ± s.e.). 1812 
 1813 

  PAI-1 tPA 

Vitamin E 

(IU) 
n Concentration Activity Concentration Activity 

0 3 0.7 ± 0.2 1.1 ± 0.1 1.4 ± 0.1 1.2 ± 0.04 

2750 3 1.0 ± 0.2 1.1 ± 0.1 1.3 ± 0.1 1.9 ± 0.5 

1814 
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Table 3.2.  Ratios and adjusted ratios of plasma plasminogen 1815 
activator inhibitor (PAI-1) to tissue-type plasminogen activator (tPA) 1816 
concentrations and activities in Control and Vitamin E cows (means 1817 
±s.e.). 1818 
 1819 

 Vitamin E (IU) 

Ratio 0 2750 

PAI-1 / tPA concentration 5.6 ± 1.4 9.7 ± 8.9 

PAI-1 / tPA activity 0.3 ± 0.03 0.3 ± 0.03 

Adjusted PAI-1 /  tPA 

concentration 
0.6 ± 0.1 0.9 ± 0.1 

Adjusted PAI-1 / tPA activity 1.0 ± 0.1 0.7 ± 0.2* 

*Different from 0 IU vitamin E (P=0.097) 1820 

1821 
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Figure 3.1.  Plasma tPA concentrations in Control (open circles) and 1823 
Vitamin E (closed circles) cows. 1824 
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Figure 3.2.  Plasma tPA activities in Control (open circles) and 1826 
Vitamin E (closed circles) cows. 1827 
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Figure 3.3.  Adjusted plasma tPA concentrations in Control (open 1829 
circles) and Vitamin E (closed circles) cows. 1830 
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Figure 3.4.  Adjusted plasma tPA activities in Control (open circles) 1833 
and Vitamin E (closed circles) cows. 1834 
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Figure 3.5.  Ratio of adjusted PAI-1 to tPA activities in control (open 1838 
circles) and vitamin E cows (closed circles) expressed as relative to 1839 
day zero of the experimental period.1840 
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4.   Differences in expression in the plasminogen activator family of 1841 
genes in normal preovulatory follicles and follicular cysts in dairy 1842 
cattle 1843 

 1844 

Anthony K. McNeel and Alfred R. Menino, Jr. 1845 

1846 
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Abstract: 1847 

Differences in expression in the plasminogen activator (PA) family of 1848 

genes in follicular cysts and preovulatory follicles were determined 1849 

by relative quantitative RT-PCR.    Spontaneously occurring follicular 1850 

cysts (≥ 3.0 cm) and synchronized preovulatory follicles were 1851 

collected from a local abattoir and snap frozen on liquid nitrogen.  1852 

RNA was extracted from whole tissue and stored at - 80°C.  Two 1853 

micrograms of total RNA was reverse transcribed and relative 1854 

quantitative PCR was performed for tissue-type plasminogen 1855 

activator (tPA), urokinase-type plasminogen activator (uPA), 1856 

urokinase plasminogen activator receptor (uPAR), plasminogen 1857 

activator inhibitor-1 (PAI-1) and β-actin.  Gene expression was 1858 

expressed relative to 18S subunit rRNA.  Expression of tPA and PAI-1859 

1 did not differ (P>0.10) between preovulatory follicles and follicular 1860 

cysts.  More uPA  (P=0.08), but less uPAR (P<0.05) was expressed 1861 

in preovulatory follicles compared to follicular cysts, respectively.  1862 

The ratio of PAI-1 to uPA expression was greater (P<0.10) in 1863 

follicular cysts compared to preovulatory follicles.  Expression of β-1864 

actin, the ratio of PAI-1 to tPA and PAI-1 to total PA did not differ 1865 

(P>0.10) between preovulatory follicles and follicular cysts.  These 1866 

data demonstrate that the proteolytic profile of gene expression in 1867 

follicular cysts is shifted towards a state of impaired proteolysis at the 1868 
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cellular level and may help to explain the molecular mechanisms 1869 

behind cystic ovarian disease. 1870 

 1871 

Key words: bovine, ovulation, cystic ovarian disease, fibrinolysis 1872 

 1873 

Introduction: 1874 

Cystic ovarian disease (COD) is an insidious reproductive disorder of 1875 

cattle which extends calving interval and decreases reproductive 1876 

efficiency.  Ovarian cysts occur in two phenotypes: follicular and 1877 

luteal cysts.  Follicular cysts are anovulatory follicles at least 2.5 cm 1878 

in diameter that fail to ovulate and occur in the presence or absence 1879 

of corpora lutea for at least 10 days (Garverick, 1997; Peter, 2004; 1880 

Vanholder et al., 2006; Peter et al., 2009).  Luteal cysts are proposed 1881 

to be aged follicular cysts which have undergone partial luteinization 1882 

(Garverick, 1997).  COD has been estimated to afflict between 10 1883 

and 18% of dairy cows at least once during their production life 1884 

(Gaverick, 1997; Peter, 2004).  The proposed pathogenesis for COD 1885 

is an endocrine imbalance resulting in an anovulatory follicle 1886 

(Garverick, 1997; Dobson et al., 2000; Gumen and Wiltbank, 2002; 1887 

Robinson et al., 2006).    Ovulation is one of the keystone processes 1888 

in reproduction and relies upon various hormonal inputs and 1889 

enzymatic processes.  The plasminogen activator (PA) family of 1890 
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serine proteases and inhibitors is a potent enzymatic system and is 1891 

most often associated with fibrinolysis.  However, it is also 1892 

responsible for activaton of the matrix metalloprotease system during 1893 

remodeling of the extracellular matrix in ovulation (Ny et al., 2002; 1894 

Murdoch and Gottsch, 2003; Curry and Osteen, 2003; Curry and 1895 

Smith, 2006).  Constituents of the PA family have been localized in 1896 

the bovine preovulatory follicle (Dow et al., 2002a and b) and are 1897 

known to be regulated via a prostaglandin mediated pathway (Li et 1898 

al., 2006; Markosyan and Duff, 2009).  Tissue-type plasminogen 1899 

activator (tPA) and plasminogen activator inhibitor-1 (PAI-1) 1900 

expression were suppressed in follicles treated with indomethacin (a 1901 

COX inhibitor) compared to control preovulatory follicles.   1902 

Urokinase-type plasminogen activator (uPA) and urokinase-1903 

plasminogen activator receptor (uPAR) expression were lower in 1904 

thecal cells from treated follicles compared to controls.  Thus, it 1905 

appears likely that prostaglandin mediated modulation of PA system 1906 

expression is responsible for the mechanisms behind ovulation.  To 1907 

our knowledge, the precise role that the fibrinolytic system plays in 1908 

the development of COD has yet to be elucidated.  Therefore, the 1909 

objective of this study was to characterize the expression of tPA, 1910 

uPA, uPAR and PAI-1 in preovulatory and cystic follicles. 1911 

 1912 



105 
 

Materials and Methods: 1913 

 1914 

Tissue collection:   1915 

Normal preovulatory follicles from three non-lactating dairy cattle (1 1916 

Holstein, 2 Jersey) with no previous history of cysts were estrous 1917 

synchronized with two 25 mg injections of PGF2α (Lutalyse, Pfizer, 1918 

New York, NY) administered IM eleven days apart.  Cows were 1919 

transported to a local abattoir within 24 hr of the second PGF2α 1920 

injection and tissues were harvested within 20 min of 1921 

exsanguination.  Ovaries were placed on ice and inspected for 1922 

significant ovarian structures.  Only follicles from ovarian pairs 1923 

lacking a functional corpus luteum and possessing only one 1924 

dominant follicle were collected.  Follicles were dissected from the 1925 

ovary and follicular diameter was measured with digital calipers and 1926 

recorded.  Tissues were snap frozen in liquid nitrogen.  Tissues were 1927 

stored in liquid nitrogen until RNA extraction.   1928 

 1929 

Cystic follicles greater than 4.0 cm in diameter (n=4) were collected 1930 

from lactating Holstein dairy cattle at a local abattoir and placed on 1931 

ice within 30 min of exsanguination.  Cysts were excised from the 1932 

ovary and cut into four equal sections longitudinally.  Each section 1933 
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was snap frozen in liquid nitrogen where they were stored until RNA 1934 

extraction.   1935 

 1936 

For comparison, a section of ovary not possessing a dominant follicle 1937 

or a corpus luteum were collected from non-lactating beef cattle at a 1938 

local abattoir.  Sections were snap frozen in liquid nitrogen where 1939 

they were stored until RNA extraction.   1940 

 1941 

RNA extraction: 1942 

RNA was extracted from whole tissue using the procedure described 1943 

by Chomczynski and Sacchi (1987).  RNA was suspended in sterile 1944 

distilled water by gentle vortexing and heating to 70°C for 10 min.  1945 

RNA concentrations were quantified using a Nanophotometer 1946 

(Implen, Westlake Village, CA) and only those samples with 1947 

A260/280 greater than 1.7 were used for RT-PCR.  RNA was stored 1948 

at -80° C. 1949 

 1950 

Reverse transcription (RT): 1951 

Two micrograms of total RNA and two µl of random decamers 1952 

(50µM) (Ambion, Austin, TX) in a final volume of 12 µl were 1953 

incubated for 10 min at 70°C.  The mixture was cool ed to 4°C and 7 1954 

µl of a master mix containing 4 µl 5X reaction buffer, 2 µl 0.1 M DTT 1955 
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and 1 µl dNTPs mix (10 mM each, Illustra, GE Healthcare) were 1956 

added to the reaction tube, gently vortexed and centrifuged briefly.  1957 

One microliter (200 units) of reverse transcriptase (Superscript II, 1958 

Invitrogen, Carlsbad, CA) was added to the reaction tube and mixed 1959 

by repeated pipetting.  The reaction mixture was incubated for two 1960 

hrs at 42˚C and the enzyme was heat inactivated at 95°C for 7 min. 1961 

 1962 

Relative Quantitative PCR: 1963 

Relative quantitative PCR was conducted according to the 1964 

manufacturer’s instructions provided for Platinum Taq (Invitrogen) 1965 

and QuantumRNA™ 18S Internal Standards (Ambion).  Forty-five 1966 

microliters of a PCR master mix containing 5 µl 10X PCR buffer, 1.5 1967 

µl MgCl2 (50 mM), 2 µl each (0.2 uM final concentration) of the 5’ and 1968 

3’ primers for the genes of interest (Table 4.1), 4 µl of the 18S 1969 

Primer:Competimer mixture, 1 µl dNTP mix (10 mM each, Illustra, 1970 

GE Healthcare), 0.4 µl Platinum Taq (2 units) and 29.1 µl sterile 1971 

distilled water were added to 5 µl of RT product and mixed via 1972 

repeated pipetting.  For each gene of interest, cycle number was 1973 

optimized to target the linear phase of ampilification.  The primer to 1974 

competimer ratio was empirically determined for each gene of 1975 

interest (Table 4.1).  PCR were run in triplicate for each gene of 1976 

interest.  In order to validate RNA purity, amplicon size generated by 1977 
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the primer pair for β-actin was used to detect contamination with 1978 

genomic DNA.  If genomic β-actin was present, the primer pair would 1979 

generate a band at 330 bp versus 243 bp for mRNA primers.  PCR 1980 

products were visualized on 2% or 3% agarose gels (w:v) stained 1981 

with SYBR Green (Invitrogen) (Figure 4.1).  In order to validate 1982 

primer fidelity in the multiplex reaction, PCR products were isolated 1983 

using the QIAquick PCR purification Kit (QIAgen, Valencia, CA) 1984 

according to the manufacturer’s instructions.  Isolated DNA was 1985 

submitted to the Center for Genome Research and Biocomputing for 1986 

DNA sequencing using BigDye® Terminator v. 3.1 Cycle Sequencing 1987 

Kit, an ABI Prism® 3730 Genetic Analyzer, ABI Prism® 3730 Data 1988 

Collection Software v. 3.0  and ABI Prism® DNA Sequencing 1989 

Analysis Software v. 5.2.  Sequencing data were viewed using the 1990 

Sequence Scanner v. 1.0 (Applied Biosystems, Carlsbad, CA).  Both 1991 

strands of the PCR products were sequenced using sense and 1992 

antisense primers. 1993 

 1994 

Statistics: 1995 

Densitometric analyses of band intensities and areas were 1996 

performed using the Kodak 1D Image Analysis software (Eastman 1997 

Kodak Company, Rochester, NY).  Relative amounts of target genes 1998 

in the tissue were expressed as the ratio of a target gene to 18S 1999 
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rRNA.  Target gene expression was analyzed by one-way ANOVA 2000 

where tissue type (cyst, preovulatory follicle and ovary) was the main 2001 

effect.  Statistical analyses were conducted using Number Cruncher 2002 

Statistical System (NCSS, version 2000, J. Hintze, Kaysville, UT, 2003 

USA).    Differences between means were determined using Fisher’s 2004 

least significant differences procedure where appropriate. 2005 

 2006 

Results: 2007 

Tissue-type plasminogen activator expression was not significantly 2008 

different (P> 0.1) between cysts preovulatory follicles or ovary 2009 

(Figure 4.2).  uPA expression was greater in preovulatory follicles 2010 

than follicular cysts (P<0.1) and ovary (P<0.01) (Figure 4.3).  uPAR 2011 

expression was less in preovulatory follicles than follicular cyst 2012 

(P<0.01), while ovary was not different (P>0.1) from either cyst or 2013 

follicle (Figure 4.4).  There was no difference (P>0.1) in PAI-1 2014 

expression between cysts, preovulatory follicles or ovary (Figure 2015 

4.5).  β-actin expression did not differ (P>0.1) between cysts and 2016 

preovulatory follicles  but was greatest in ovarian tissue (P<0.01) 2017 

(Figure 4.6).  No differences (P= 0.56) were detected in the ratio of 2018 

PAI-1:tPA  in cysts, preovulatory follicles or ovary (Figure 4.7).  The 2019 

ratio of PAI-1 to uPA expression was less in preovulatory follicles 2020 

compared to follicular cysts, while ovary possessed the greatest 2021 
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expression (P<0.01) (Figure 4.7).  No difference (P>0.1) was 2022 

detected in the ratio of PAI-1 expression to that of total PA between 2023 

cysts, preovulatory follicles and ovary (Figure 4.7). 2024 

 2025 

Discussion: 2026 

These data suggest that the fibrinolytic system in follicular cysts is 2027 

different at the mRNA level compared to preovulatory follicles.  2028 

Suppressed uPA expression and translation into protein would impair 2029 

both PA and MMP mediated proteolysis of the follicular wall 2030 

necessary for ovulation.  Our observation that uPA expression was 2031 

suppressed in cysts versus preovulatory follicles may be due to our 2032 

control follicles expressing a gene profile closer to that of an ovulated 2033 

follicle (Berisha et al., 2008).  Ovulated follicles express more uPA 2034 

than preovulatory follicles, but this elevation may be due to increased 2035 

uPA expression by capillary endothelial cells (Pepper et al., 1987; 2036 

Strand et al., 2000) during vascularization of the developing CL.  2037 

Increased expression of uPAR in follicular cysts may be an attempt 2038 

by cells within the follicle to localize proteolysis to the plasma 2039 

membrane as suggested by the observation that uPA is localized to 2040 

the plasma membrane in rat granulosa cells (Macchione et al., 2041 

2000).  While our results indicate that neither tPA or PAI-1 2042 

expression differs at the level of mRNA in follicular cysts compared 2043 
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to preovulatory follicles, this discrepancy may be due to the unknown 2044 

age of the cysts.  As the ratio of PAI-1 to uPA expression was 2045 

significantly greater in follicular cysts compared to preovulatory 2046 

follicles it would appear that development of COD may be due to 2047 

aberrant regulation of these genes.  Outside of prostaglandins, 2048 

research into the role of IGF-1 in regulation of the PA system is a 2049 

promising avenue of research.  Hypoglycemia results in reduced 2050 

insulin concentrations and a disconnect between the GH/IGF axis 2051 

during early lactation (Lucy, 2008).  Furthermore, high producing 2052 

anovulatory dairy cows display reduced plasma IGF-1 and increased 2053 

GH concentrations (Kawashima et al., 2007) and follicular fluid from 2054 

cystic follicles also displays less IGF-1 and increased bound IGFBP 2055 

(Rey et al., 2010).  This could have detrimental affects on the PA 2056 

system of lactating dairy cows as Cao and coworkers (2006) have 2057 

demonstrated that tPA, uPA and the serine protease inhibitor 2058 

protease nexin-1 (aka SERPINE2) expression are regulated by IGF-2059 

1 in cultured bovine granulosa cells.  However, while both tPA and 2060 

SERPINE2 mRNA and protein secretion were modulated by IGF-1, 2061 

only uPA activity increased in response to treatment with IGF-1, 2062 

while mRNA did not (Cao et al., 2006a).  uPA activity also appears to 2063 

decrease as follicles grow (Cao et al., 2006b) and corroborates 2064 

observations by Dow and coworkers (2002b) who demonstrated that 2065 
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tPA is the primary PA in bovine follicular fluid with granulosa cells as 2066 

the primary site of expression and expression increases as ovulation 2067 

approaches.  Furthermore, increased expression of both uPA and 2068 

tPA appears to be mediated by prostaglandins in the bovine as 2069 

intrafollicular injections of the cycloxygenase inhibitor indomethacin 2070 

suppressed tPA expression and activity in preovulatory bovine 2071 

follicles.  Aberrations in the PA system may not be the only source of 2072 

enzymatic impairment in follicular cysts.  Triple knockout mice for 2073 

tPA, uPA and plasminogen that have been treated with broad 2074 

spectrum MMP inhibitors are capable of ovulation, though at a 2075 

reduced rate, (Liu et al., 2006).  Identification of a novel ovarian 2076 

serine protease, PRSS35 (Miyakoshi et al., 2006) and its localization 2077 

to preovulatory mouse follicles may account for this apparent 2078 

discrepancy (Wahlberg et al., 2008).  Recent work by Dr. George 2079 

Smith’s lab at MSU may shed some further light on this subject.  2080 

Microarray analysis of the transcriptome of bovine preovulatory 2081 

follicles indicates that ADAMTs (A Disintegrin And 2082 

Matrixmettalloprotease with Thrombospondin motifs:ADAMTS) 10 2083 

and 17 are upregulated in the preovulatory bovine follicle (Li et al., 2084 

2009).  Future work focusing on the differences and similarities of the 2085 

transcriptome and proteome of follicular cysts and preovulatory 2086 
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follicles would provide interesting insight into the molecular 2087 

mechanisms behind this reproductive aberration. 2088 

2089 
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Table 4.1. Primers and reaction conditions for relative quantitative 2090 
RT-PCR 2091 
 2092 

Gene 
Amplicon 

size  
(bp) 

Cycles Sense Antisense Primer: 
Competimer 

Location  
(nt 

cDNA) 

Sequence 
 Source 

tPA 408 28 

CCTGG
TGCTA
CGTCT
TCAAG

G 

AGGTGA
TGTCCG
CGAAGA

GG 

1:9 575-982 
Ravn et al., 

1995 

uPA 302 28 

ACTCT
CCCAC
CGTCC
TTCTG 

GGCTGC
AAACCA
AGGCTG 

1:9 407-708 
Kräätzschmar 

et al., 1993 

uPAR 345 28 

GCAAT
GAGAT
GAACG
TGGTG

AG 

AGCCAG
GAAGGA
TGCCAC

AG 

1:9 192-536 
Krätzschmar 
et al., 1993 

PAI-1 379 28 

CCATC
CCAAG
GCACT

GCG 

CGGCTG
TGCTGA
TCTCATC

C 

1:9 95-473 
Prendergast 
et al.,1990 

ß-
actin 

243 28 

CGTGG
GCCGC
CCTAG
GCACC

A 

TTGGCC
TTAGGG
TTCAGG
GGGG 

3:7 

181-423 
(mouse) 
131-374 
(bovine) 

Tokunaga et 
al., 1986 
(mouse); 

Zimin et al., 
2009 (bovine)  

 
2093 
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A.      B. 2094 

 2095 

    2096 

 2097 

C.      D. 2098 

 2099 

    2100 

 2101 

   E. 2102 

 2103 

Figure 4.1.  Representitve gels depicting tPA , uPA, uPAR, PAI-1 2104 
and β-actin expression in ovary, follicular cyst and preovulatory 2105 
bovine follicles.  PCR products using primers specific for tPA (408 2106 
bp) uPA (302 bp), uPAR (345 bp), PAI-1 (379) and β-actin (243) are 2107 
in panels A-E.  18S rRNA tPA, PAI-1, β-actin: 324 bp; uPA and 2108 
uPAR: 488 bp.  Lanes contain ladder (1), water (2), ovary (3), 2109 
follicular cyst (4) and preovulatory follicle (5). 2110 

2111 
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 2112 
Figure 4.2. Expression of tPA in follicular cysts, preovulatory follicles 2113 
and ovary. 2114 

2115 
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 2116 
Figure 4.3. Expression of uPA in follicular cysts, preovulatory follicles 2117 
and ovary.  a,b,c Means without similar superscripts differ (P<0.1). 2118 

2119 
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 2121 
Figure 4.4. Expression of uPAR in follicular cysts, preovulatory 2122 
follicles and ovary.  a,b Means without similar superscripts differ 2123 
(P<0.1) 2124 

2125 

a 

b 
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2127 
Figure 4.5. Expression of PAI-1 in follicular cysts, preovulatory 2128 
follicles and ovary. 2129 

2130 
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2131 
Figure 4.6. Expression of β-actin in follicular cysts, preovulatory 2132 
follicles and ovary.  a,b Means without similar superscripts differ 2133 
(P<0.1). 2134 

2135 
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Figure 4.7. Expression of PAI-1 to tPA, tPA+uPA and uPA.  a,b,c 2137 
Means without similar superscripts differ (P<0.1). 2138 

2139 
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5. Polymorphisms in the GAGA box of the Serine Protease Inhibitor 2140 
E1 (SERPINE1) promoter may be associated with cystic ovarian 2141 
disease in dairy cattle 2142 
 2143 

Anthony K. McNeel and Alfred R. Menino, Jr. 2144 

2145 
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Abstract: 2146 

Polycystic ovarian syndrome (PCOS) in humans is a reproductive 2147 

disorder characterized by persistent preovulatory follicles and has 2148 

been associated with a SNP in the promoter region of the serine 2149 

protease inhibitor E1 (SERPINE1) gene.  As Cystic ovarian disease 2150 

(COD) in cattle is phenotypically similar to PCOS, we hypothesized 2151 

that a similar polymorphism may be present in the promoter region of 2152 

bovine SERPINE1.  Whole blood samples were collected from 78 2153 

dairy cows.  Genomic DNA was isolated and PCR performed to 2154 

characterize the 1200 bp upstream from the translational start site.  2155 

DNA was sequenced using BigDye® Terminator v. 3.1 Cycle 2156 

Sequencing Kit, an ABI Prism® 3730 Genetic Analyzer, ABI Prism® 2157 

3730 Data Collection Software v. 3.0  and ABI Prism® DNA 2158 

Sequencing Analysis Software v. 5.2 by the Center for Genome 2159 

Research and Biocomputing at OSU.  A four basepair 2160 

insertion/deletion polymorphism -165 bp upstream from the 2161 

transcriptional start site was detected in 27 of 78 animals examined.  2162 

Jersey cows had a higher (P< 0.01) incidence of the deletion (22/39: 2163 

56.4%) than Holstein cows (5/39: 12.8%).  A greater proportion of 2164 

Jerseys with COD possessed the deletion polymorphism than normal 2165 

Jerseys (P=0.07).  No differences (P>0.10) in the deletion 2166 

polymorphism frequency were observed among Holstein cows.   2167 
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Plasma SERPINE1 activity (IU/ml) was affected by neither breed nor 2168 

the presence or absence of the insertion/deletion (P>0.10) but 2169 

surprisingly, cows with COD exhibited less (P<0.01) plasma PAI-1 2170 

activity than normal cows (18.4 ± 1.0 vs 25.0 ± 1.3), respectively).  2171 

These data suggest that a deletion polymorphism in Jersey cattle 2172 

may predispose individuals to development of COD. 2173 

  2174 

Keywords:  reproduction, fibrinolysis, follicular cysts, plasminogen 2175 

activator inhibitor-1 2176 

 2177 

Introduction: 2178 

Cystic ovarian disease (COD) is a known cause of reproductive 2179 

failure in dairy cattle that significantly extends the calving interval and 2180 

decreases lifetime profitability of afflicted animals (Garverick, 1997; 2181 

Peter, 2004).  COD is characterized by the presence of one or more 2182 

large follicle-like structures, at least 2.5 cm in diameter, which persist 2183 

in absence of corpora lutea for at least 10 days (Peter et al., 2009).   2184 

Some authors have established a genetic predisposition for COD, 2185 

albeit with low heritability (Kirk et al., 1982; Cole et al., 1986; Hooijer 2186 

et al., 2001).  Successful ovulation requires proper expression and 2187 

activity of a complex system of proteases responsible for 2188 

degradation of the extracellular matrix in the follicle wall and release 2189 
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of the oocyte (Ny et al., 2002).   One of these enzyme systems is the 2190 

plasminogen activator (PA) family of serine proteases and inhibitors, 2191 

including the serine protease inhibitor SERPINE1.  SERPINE1, also 2192 

known as PA inhibitor-1 (PAI-1), irreversibly binds to PA quenching 2193 

their proteolytic activity (Thorsen et al., 1988).  Increased plasma 2194 

PAI-1 activities and concentrations have been observed in women 2195 

afflicted with polycystic ovarian syndrome (PCOS) (Aitomo et al., 2196 

1998; Orio et al., 2004; Tarkun et al., 2004; Oral et al., 2009; Lin et 2197 

al., 2009), an anovulatory condition characterized by persistent 2198 

preovulatory follicles (Azziz et al., 2009). A 4G/5G deletion/insertion 2199 

polymorphism 675 bp upstream from the translational start site in the 2200 

promoter sequence of SERPINE1 has been identified in women with 2201 

PCOS (Bagos, 2009; Lin et al., 2009).  The region around bp -675 2202 

possesses dual functionality, whereas both 4G and 5G alleles bind a 2203 

transcriptional activator, only the 5G allele is capable of binding a 2204 

transcriptional repressor at an overlapping recognition site (Eriksson 2205 

et al., 1995).  Supporting evidence for the role of PAI-1 in PCOS can 2206 

also be found in mice where transgenic over-expression of PAI-1 2207 

leads to the development of PCOS (Devin et al., 2007).  Bovine PAI-2208 

1 is a 43 kDa single-chain glycoprotein consisting of 379 amino acids 2209 

and is primarily synthesized by vascular endothelial cells.  Bovine 2210 

SERPINE1 has been localized to chromosome 25 and is encoded by 2211 
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a 8.3 kb gene divided into eight introns and nine exons.  Because 2212 

COD shares a similar pathology with PCOS, polymorphisms in the 2213 

PAI-1 promoter may predispose cows to COD.  The objectives of this 2214 

study were to 1) indentify polymorphisms in the bovine PAI-1 2215 

promoter and 2) determine if detected polymorphisms were 2216 

associated with COD in dairy cattle. 2217 

  2218 

Interpretive summary: Jersey cows with COD possess a higher 2219 

deletion polymorphism frequency in the SERPINE1 promoter than 2220 

normal Jerseys cows. 2221 

 2222 

Materials and Methods: 2223 

Animals: 2224 

Animals were housed at the Oregon State University Dairy Center 2225 

(OSUDC) in Corvallis, Oregon.   All experimental work was 2226 

performed in accordance with the Oregon State University 2227 

Institutional Animal Care and Use Committee.  Lactating cows were 2228 

provided a total mixed ration which met the NRC requirements for 2229 

lactating dairy cows and were milked twice daily at 0500 and 1600.  2230 

Feed and water were provided ad libitum.  As part of the 2231 

reproductive management program for the OSUDC, the reproductive 2232 

tracts of lactating were examined via palpation per rectum by a 2233 
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licensed veterinarian once every two weeks. Cows diagnosed with 2234 

an ovarian follicular cyst with a diameter greater than 3.0 cm (Cystic, 2235 

n=39) and a group of individuals with no history of follicular cysts 2236 

(Normal, n=39) were included in the study.  Whole blood samples 2237 

were collected via jugular or coccygeal venipuncture using 10 mL 2238 

Vacutainer (BD) blood collection tubes containing 100 µL of EDTA as 2239 

the anti-coagulant. Samples were transported back to the laboratory 2240 

within 1 h of collection.  Five-hundred microliters of whole blood were 2241 

isolated and stored at -20°C for characterization o f the PAI-1 2242 

promoter and reactive site sequences. For PAI-1 activity, plasma 2243 

was separated from whole blood by centrifugation at 2500 X g for 15 2244 

minutes.  Aliquots of plasma were aspirated from the top half of the 2245 

plasma column and samples were stored at -20°C in 0 .5 ml 2246 

microcentrifuge tubes until analysis. 2247 

 2248 

PAI-1 activity: 2249 

PAI-1 activity in bovine plasma was quantified using 2250 

SPECTROLYSE PAI-1 (American Diagnostica, Stamford, CT) with 2251 

some modifications.  Briefly, 25 µl of plasma were incubated with 25 2252 

µl of 40 IU/ml tissue-type PA solution in a 1.5 ml microcentrifuge tube 2253 

for 15 min in a 25° C water bath to quench α2-antiplasmin activity.  2254 

Following incubation, 50 µl of acetate buffer were added to the 2255 
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microcentrifuge tube and incubated for 20 min in a 39°C water bath.  2256 

At the end of this incubation, 1 ml of distilled water was added to the 2257 

tube and mixed.   Twenty microliters of diluted standard or plasma 2258 

were aliquoted to individual microwells in duplicate.   To each 2259 

microwell, 200 µl of ice cold Plasminogen Activator Reagent was 2260 

added and the microtiter plate was covered and incubated for 90 2261 

minutes at 39˚C.  The reaction was stopped using 50 µl of provided 2262 

Stop Reagent and absorbance at 405 nm was measured on a 2263 

microplate reader (Benchmark Microplate Reader, Bio-Rad 2264 

Laborartories Inc., Hercules, CA) within 30 min.  PAI-1 activity was 2265 

determined according to manufacturer’s instructions.  Intra and inter-2266 

assay coefficients of variation were 2.5% and 7.5%, respectively. 2267 

 2268 

DNA Extraction: 2269 

DNA was extracted from whole blood using the Extract and Amp for 2270 

Blood PCR kit (Sigma-Aldrich, Inc. St Louis, MO) according to the 2271 

manufacturer’s instructions with slight modifications.  Briefly, 10 ul of 2272 

whole blood were mixed with 20 ul of Lysis solution via gentle 2273 

pipetting in a 0.5 ml microcentrifuge tube and incubated for 5 2274 

minutes at room temperature.  Following incubation, 180 µl of 2275 

Neutralization buffer were added and mixed using gentle vortexing.  2276 
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The extraction product was either used immediately in a PCR 2277 

reaction or frozen at -20°C for later use.  2278 

 2279 

PCR: 2280 

Polymerase chain reactions were conducted using 25 µl of 2X 2281 

Extract and Amp reaction buffer, 2.5 µl of each primer (final 2282 

concentration 0.5 µM), 10 µl of sterile distilled water and 10 µl of 2283 

extraction product in a 0.5 ml microcentrifuge tube overlaid with 2284 

mineral oil.  Reactions were performed in duplicate in order to 2285 

generate sufficient quantities of DNA for sequencing.   PCR 2286 

conditions were as follows: 6 min at 94°C; 40 cycle s of: 1 min at 2287 

94°C, 2 min at the annealing temperature specific f or a primer set 2288 

(Table 1) and 2 min at 72°C; and a 7-min extension at 72°C.  To 2289 

validate amplification fidelity, PCR products were visualized on 2% 2290 

agarose gels, stained with SYBR green (Invitrogen, Carlsbad, CA) 2291 

and images were captured using the KODAK 1D System. 2292 

 2293 

Primers:   2294 

Primers were designed using the published bovine genome build 4.0 2295 

(Zimin et al., 2009) and Primer3 (Rozen and Skaletsky, 1998).  The 2296 

3’ end of this set of primers was anchored in the 5’ UTR of 2297 

SERPINE1 and three sets of overlapping primers were designed to 2298 
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characterize the 1200 bp directly upstream from the transcriptional 2299 

start site (Table 5.1; Figure 5.1).  An additional pair of nested primers 2300 

was designed to target the polymorphism identified in a preliminary 2301 

group of cows.  A fifth set of primers was designed to investigate 2302 

potential polymorphisms in the 8th exon (exon containing the active 2303 

site of SERPINE1) which may affect binding affinities of PAI-1 to 2304 

plasminogen activators. 2305 

 2306 

DNA isolation: 2307 

PCR products were isolated using the QIAquick PCR purification Kit 2308 

(QIAgen, Valencia, CA) according to the manufacturer’s instructions.  2309 

The eluant containing the purified DNA was assessed for 2310 

concentration and purity using a Nanophotometer (Implen, Westlake 2311 

Village, CA).  Only dsDNA with 260/280 absorbance ratios greater 2312 

than 1.75 were used for sequencing. 2313 

 2314 

DNA Sequencing: 2315 

DNA sequencing was conducted by the Center for Genome 2316 

Research and Biocomputing at Oregon State University.  DNA was 2317 

sequenced using BigDye® Terminator v. 3.1 Cycle Sequencing Kit, 2318 

an ABI Prism® 3730 Genetic Analyzer, ABI Prism® 3730 Data 2319 

Collection Software v. 3.0 and ABI Prism® DNA Sequencing 2320 
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Analysis Software v. 5.2.  Sequencing data were viewed using the 2321 

Sequence Scanner v. 1.0 (Applied Biosystems, Carlsbad, CA).  Both 2322 

strands of the PCR products were sequenced using sense and 2323 

antisense primers.  Antisense sequences were reversed and 2324 

complemented using the Revseq function and aligned with the 2325 

Sense sequences to eliminate sequencing gaps via the Merger 2326 

function of EMBOSS (Rice et al., 2000).  The Stretcher function of 2327 

EMBOSS was used to make pair-wise alignments between cows.  2328 

Transcription factor binding sites were identified using the 2329 

Transcription Element Search Software (TESS) (Schug and Overton, 2330 

1998). 2331 

 2332 

Statistics: 2333 

Differences in frequencies of the polymorphisms among breed 2334 

(Holstein and Jersey) and COD status (Cystic and Normal) were 2335 

analyzed using Chi-Square procedures.  Plasma PAI-1 activities 2336 

were analyzed using multivariate ANOVA where breed (Holstein and 2337 

Jersey), COD status (Cystic and Normal), polymorphism length (20 2338 

bp and 24/26 bp) and the interactions were the main effects.  2339 

Differences between means were determined using Fisher’s least 2340 

significant differences procedure.  All analyses were performed using 2341 

the Number Cruncher Statistical System software program (NCSS, 2342 



132 
 

version 2000, J. Hintze, Kaysville, UT, USA). 2343 

 2344 

Results: 2345 

Initially, a preliminary group five Cystic (3+ lactations with a follicular 2346 

cyst) and five Normal cows (no previous diagnosis of a follicular cyst) 2347 

were selected for characterization of the 1200 bp directly upstream 2348 

from the transcriptional start site and the active site of SERPINE1.  2349 

Only the segment of the promoter containing the transcriptional start 2350 

site possessed a consistant polymorphism, which occurred at the 3’ 2351 

end of a CT repeat between bp -185 and -165 of the SERPINE1 2352 

promoter (Figure 5.2).   Of the 78 animals selected to characterize 2353 

the frequency of this insertion, 34.6% (27/78) possessed a CT repeat 2354 

of 20 bases compared to other genotypes (Figure 5.5).  The 2355 

incidence of the 20-mer was greater (P<0.01) among Jersey than 2356 

Holstein cows (56.4 vs 12.8%, respectively).  The predominant 2357 

genotype in Holstein cows was the 24-mer (76.9%) with the 20- and 2358 

26-mer observed among the remaining cows (12.8 and 10.3 %, 2359 

respectively).  No differences (P>0.1) were detected in the frequency 2360 

of the three CT lengths due to COD status in Holstein cows (Figure 2361 

5.3). 2362 

 2363 
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The predominant genotype in Jersey cows was the 20-mer (56.4%).  2364 

The 24- and 26-mers were observed in 23.1 and 12.8% of the Jersey 2365 

cows examined respectively, and the balance (7.8%) was comprised 2366 

of cows possessing 18-, 23- and 25-mers.  When all genotypes were 2367 

considered, no differences (P>0.10) were observed in the frequency 2368 

of the CT length due to COD status (Figure 5.4).  When frequencies 2369 

of the CT-genotypes were compared among Normal Holstein and 2370 

Jersey cows, no differences (P>0.10) were observed due to breed 2371 

(Figure 5.5).  However, among cystic cows, frequencies of the CT 2372 

genotypes differed (P<0.01) due to breed (Figure 5.6).  The 2373 

incidence of the 20-mer in cystic cows was greater (P<0.01) in 2374 

Jersey compared to Holstein cows (66.7 vs 9.1%, respectively).  2375 

Likewise, the incidence of the 24-mer in cystic cows was greater in 2376 

Holstein (P<0.01) compared to Jersey cows (81.8 vs 12.5%). 2377 

 2378 

Frequencies of the 20-mer genotype in Jerseys were reanalyzed with 2379 

the three minor genotypes omitted (18-, 23-, 25-mers) and compared 2380 

with the sum of cows possessing the 24- and 26-mers.  The 2381 

incidence of the 24- and 26-mer was twofold greater (P=0.07) in 2382 

Normal cows compared to Cystic cows (57.1 vs 27.3, respectively; 2383 

Figure 5.7).  Conversely, the incidence of the 20-mer was greater 2384 
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(P=0.07) in Cystic cows compared to Normal cows (72.7 vs 42.95, 2385 

respectively). 2386 

 2387 

No differences (P>0.1) were detected in plasma PAI-1activity due to 2388 

breed (20.5 ± 1.1 vs 21.4 ± 1.2 for Holstein and Jersey cows, 2389 

respectively) or CT length (21.3 ± 1.3 vs 20.7 ± 1.0 for the 20-mer 2390 

and 24- and 26-mer, respectively).  Cystic cows possessed less 2391 

(P<0.05) plasma PAI-1 activity compared to Normal cows (18.3 ± 1.0 2392 

vs 25.3 ± 1.3, respectively).  Only the breed x genotype x COD 2393 

status interaction was significant.  Normal Holstein cows possessing 2394 

the 24-mer and Normal Jersey cows possessing the 20-mer 2395 

exhibited greater (P<0.05) plasma PAI-1 activities than Cystic Jersey 2396 

cows and Cystic Holstein cows possessing the 24 and 26-mer 2397 

(Figure 5.8). 2398 

 2399 

Discussion: 2400 

These data demonstrates for the first time a potential mutation in the 2401 

DNA of dairy cows afflicted with COD.  While our data does not 2402 

completely account for all cases of COD, it does provide a starting 2403 

point for further investigations exploring the molecular genetics of 2404 

COD.  While it is surprising that Normal cows with the insertion 2405 

polymorphism possessed greater PAI-1 activity than Cystic cows, 2406 
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this may be due to an inability of mutations in this section of the 2407 

SERPINE1 promoter to interact with upstream segments of DNA in 2408 

differing cell types (endothelial cells versus thecal cells).  The four bp 2409 

deletion polymorphism which we are describing in the SERPINE1 2410 

promoter would result in a reduced number of binding sites for TFII-2411 

1.  TFII-1 is a general transcription factor which interacts with 2412 

upstream segments of the promoter in order to facilitate the initiation 2413 

of transcription (Roy, 2001).  Deletion of these four bp may impair 2414 

the ability of TFII-1 to interact with these segments of DNA and are 2415 

now unavailable due to steric hindrance.  By impairing the ability to 2416 

TFII-1 to interact with these segments of DNA, suppressor proteins 2417 

may no longer be able to modulate translation of PAI-1 and may 2418 

facilitate increased expression of PAI-1.  This could genetically 2419 

predispose animals possessing this deletion polymorphism for 2420 

impaired fibrinolysis and ECM degradation.  The high incidence of 2421 

this mutation (79.6%) in cystic Jerseys may help explain the 2422 

increased incidence of COD among certain lines of cattle (Kirk et al., 2423 

1982; Hooijer et al., 2001).  However, further work needs to be done 2424 

to fully elucidate the role of this polymorphism on PAI-1 expression.  2425 

Additionally, the nature of this polymorphism makes characterization 2426 

of the allelic frequency difficult.  Preliminary research in our lab 2427 

demonstrated that plasma PAI-1 activity did not change during the 2428 
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course of the estrous cycle (data not shown).  What role, if any, 2429 

lactation and its endocrine profile have in regulating plasma PAI-1 2430 

activity is unknown at this time and would be a valuable avenue of 2431 

exploration.    Similar work by Erikson and colleagues (1995) 2432 

indicated that only individuals homozygotic for the insertion/deletion 2433 

polymorphism were significantly different in plasma PAI-1 activity.  2434 

The promoter region of SERPINE1 is not the only site that may lead 2435 

to elevated plasma SERPINE1 activities. Nackely and colleagues 2436 

(2006) demonstrated that mutations within exons and/or introns that 2437 

do not affect the protein sequence can play a significant role in the 2438 

development of a disease.  A similar mutation in the seventh intron of 2439 

the human SERPINE1 gene is associated with an increased 2440 

susceptibility to gastric cancer (Ju et al., 2010). 2441 

 2442 

While not a definitive answer to pathogenesis of COD, the 2443 

association between the deletion polymorphism in the SERPINE1 2444 

promoter and COD in Jersey cows demonstrates for the first time a 2445 

genetic basis at the molecular level for this reproductive disease.  2446 

Furthermore, this polymorphism could serve as a genetic marker for 2447 

COD in Jersey cows. 2448 

2449 
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Table 5.1. Primers used to identify the SERPINE1 promoter and 2450 
reactive site in Holstein and Jersey dairy cows. 2451 

*Relative to the transcriptional start site of SERPINE1 2452 

2453 

Location 
Product 

size 
(bp) 

Sense Anti-sense 
Tm 
(˚C) *location  

1st 
segment  477 

AGGAGCAAC
GGAGAAAAC

AA 

GGAGTGGCAA
GAGCAGAGAT 

59 -1372 to -
895 

2nd 
segment  

506 
ATCTCTGCT
CTTGCCACT

CC 

GGAGAATCGG
ATCAGTGCAT 

59 -915 to -409 

3rd 
segment  489 

ATGCACTGA
TCCGATTCT

CC 

CTGAATTTCGC
AGTGCCTTG 

59 -389 to 100 

Nested 
primer  196 

TGGCTCAAT
TGTTCCAGA

GC 

GAAGTAGCTC
TGCTCCACTG

C 

59 -207 to -11 

Reactive 
site 

496 
CCCGGACCA
GGGAGCAAA

CC 

TGTGCCGCAC
CACGAAGAGG 

69 5797 to 
6292 
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 2454 
 2455 

 2456 

 2457 

 2458 

 2459 

Figure 5.1.  Schematic representation of the location of primers used 2460 
for to identify polymorphisms in the promoter region and reactive site 2461 
of the bovine SERPINE1 gene in dairy cows. 2462 

2463 

5’ UTR  

8th exon 

5797 

6292 

-1372 -915 -389 -207 

-11 100 -409 -895 
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 2464 

 2465 
 2466 
 2467 
 2468 
 2469 
 2470 
 2471 
 2472 
 2473 
Figure 5.2:  2474 
DNA sequence of the GAGA box in the SERPINE1 promoter with a 2475 
20 and 24 bp CT repeats. 2476 

2477 

5’ –TCCAGAGCCCTCTCTCTCTCTCTCTCTCTCTCTCAC-3’ 

3’-AGGTCTCGGGAGAGAGAGAGAGAGAGAGAGAGTG-5’ 

 

5’-TCCAGAGCCCTCTCTCTCTCTCTCTCTCTCAC-3’ 

3’-AGGTCTCGGGAGAGAGAGAGAGAGAGAGTG-5’ 
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Figure 5.3.  Percentages of Cystic (filled bars) and Normal (open 2479 
bars) Holstein cows and their corresponding CT repeat lengths in the 2480 
SERPINE1 promoter. 2481 

2482 
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Figure 5.4.  Percentages of Cystic (filled bars) and Normal (open 2485 
bars) Jersey cows and their corresponding CT repeat lengths in the 2486 
SERPINE1 promoter.  2487 

2488 
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Figure 5.5.  Percentages of Normal Holstein (filled bars) and Jersey 2490 
(open bars) cows and their corresponding CT repeat lengths in the 2491 
SERPINE1 promoter. 2492 

2493 
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Figure 5.6.  Percentages of Cystic Holstein (filled bars) and Jersey 2495 
(open bars) cows and their corresponding CT repeat lengths in the 2496 
SERPINE1 promoter. 2497 
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 2498 
Figure 5.7.  Percentages of Cystic (filled bars) and Normal (open 2499 
bars) Jersey cows possessing the 20-mer or 24-mer and 26-mer 2500 
repeats in the SERPINE1 promoter. 2501 

2502 
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Figure 5.8.  Plasma PAI-1 activities in Cystic Holstein (CH) and 2504 
Jersey (CJ) and Normal Holstein (NH) and Jersey (NJ) cows a 20 2505 
basepair (filled bars) and a 24 or 26 basepair (open bars) CT repeat 2506 
lengths. a,b,c Means without similar superscripts differ (P<0.05). 2507 

2508 
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6.  Conclusions 2509 

The preceding four experiments provide evidence that the 2510 

plasminogen activator system is involved in the pathogenesis of 2511 

cystic ovarian disease.  While the plasminogen activator system at 2512 

the level of plasma is not different between cystic and normal cows, 2513 

it appears that vitamin E supplementation is capable of modulating 2514 

the PA system of cattle at least at the level of plasma.  This is the 2515 

first evidence which helps explain how vitamin E supplementation 2516 

reduces the incidence of cystic ovarian disease and retained 2517 

placenta by altering the proteolytic profile of cattle.  The PA system 2518 

in follicular cysts is different compared to normal preovulatory 2519 

follicles, namely cystic follicles express more uPAR and less uPA 2520 

than normal preovulatory follicles.  Lastly, at the OSU dairy center 2521 

there appears to be a four bp insertion/deletion polymorphism in the 2522 

CT repeat of the SERPINE1 promoter which occurs at a greater 2523 

incidence in Jerseys than Holstiens and is associated with COD in 2524 

Jerseys.2525 

 



147 
 

7.  Bibliography 
 
Aerts JMJ, Bols PEJ.  2008. Ovarian follicular dynamics with 
ephasis on the bovine species part 1: folliculogenesis and pre-
antral follicle development.  Reprod Domest Anim. 45:171-9. 
 
Aerts JMJ, Bols PEJ. 2008. Ovarian follicular dynamics with 
ephasis on the bovine species part 2: antral development, 
exogenous influence and future prospects.  Reprod Domest 
Anim.  45:180-7. 
 
Agha A, Monson JP.  2007. Modulation of glucocorticoid 
metabolism by the growth hormone - IGF-1 axis. Clin Endocrinol 
(Oxf). 66:459-65. 
 
Allison RD, Laven RA.  2000.  Effect of vitamin E 
supplementation on the health and fertility of dairy cows: a 
review.  Vet Rec. 147: 703-708. 
 
Andreasen PA, Christensen TH, Huang JY, Nielsen LS, Wilson 
EL, Danø K. 1986. Hormonal regulation of extracellular 
plasminogen activators and Mr approximately 54,000 
plasminogen activator inhibitor in human neoplastic cell lines, 
studied with monoclonal antibodies.  Mol Cell Endocrinol. 45:137-
47. 
 
Andreasen PA, Georg B, Lund LR, Riccio A, Stacey SN 1990. 
Plasminogen activator inhibitors: hormonally regulated serpins.  
Mol Cell Endocrinol. 68:1-19. 
 
Andersen MM, Krøll J, Byshov AG, Faber M. 1976. Protein 
composition in the fluid of individual bovine follicles.  J Reprod  
Fert. 48: 109-118. 
 
Alexander CJ, Tangchitnob EP, Lepor NE.  2009.  Polycystic 
ovary syndrome: a major unrecognized cardiovascular risk factor 
in women.  Rev Cardiovasc Med. 10:83-90. 
 
Arechiga CF, Hansen PJ, Ortiz O.  1994.   Effect of prepartum 
injection of vitamin E and selenium on postpartum reproductive 
function of dairy cattle.  Theriogenology 41: 1251-8. 
 



148 
 

Atiomo WU, Bates SA, Condon JE, Shaw S, West JH, Prentice 
AG.  1998. The plasminogen activator system in women with 
polycystic ovary syndrome.  Fertil Steril. 69:236-41. 
 
Azziz R, Carmina E, Dewailly D, Diamanti-Kandarakis E, 
Escobar-Morreale HF, Futterweit W, Janssen OE, Legro RS, 
Norman RJ, Taylor AE, Witchel SF; Task Force on the Phenotype 
of the Polycystic Ovary Syndrome of The Androgen Excess and 
PCOS Society.  2009.  The Androgen Excess and PCOS Society 
criteria for the polycystic ovary syndrome: the complete task force 
report.  Fertil. Steril. 91:456-88.  
 
Badinga L, Thatcher WW, Diaz T, Drost M, Wolfenson D. 1993.  
Effect of environmental heat stress on follicular development and 
steroidogenesis in lactating Holstein cows.  Theriogenology. 
39:797-810. 
 
Bagos PG.  2009.  Plasminogen activator inhibitor-1 4G/5G and 
5,10-methylene-tetrahydrofolate reductase C677T 
polymorphisms in polycystic ovary syndrome.  Mol Hum Reprod. 
15:19-26. 

Bakke LJ, Dow MP, Cassar CA, Peters MW, Pursley JR, Smith 
GW.  2002. Effect of the preovulatory gonadotropin surge on 
matrix metalloproteinase (MMP)-14, MMP-2, and tissue inhibitor 
of metalloproteinases-2 expression within bovine periovulatory 
follicular and luteal tissue.  Biol Reprod. 66:1627-34. 
 
Barinka C, Parry G, Callahan J, Shaw DE, Kuo A, Bdeir K, Cines 
DB, Mazar A, Lubkowski J. 2006.  Structural basis of interaction 
between urokinase-type plasminogen activator and its receptor.  
J of Mol Biol. 363:482-95. 
 
Barreca A, Del Monte P, Ponzani P, Artini PG, Genazzani AR, 
Minuto F. 1996.  Intrafollicular insulin-like growth factor-II levels in 
normally ovulating women and in patients with polycystic ovary 
syndrome.   Fertil Steril. 65:739-45. 

Bastings E, Beckers A, Reznik M, Beckers JF.  1991.  
Immunocytochemical evidence for production of luteinizing 
hormone and follicle-stimulating hormone in separate cells in the 
bovine.  Biol Reprod. 45:788-96. 
 



149 
 

Bdier K, Kuo A, Sachais BS, Rux AH, Bdeir Y, Mazar A, Higazi, 
AAR, Cines DB.  2003.  The kringle stabilizes urokinase binding 
to the urokinase receptor.  Blood. 102:3600-3608.  
 
Bedaiwy MA, Falcone T, Mascha EJ, Casper RF. 2006.  Genetic 
polymorphism in the fibrinolytic system and endometriosis. Obstet 
Gynecol. 108:162-8. 
 
Beers WH.  1975.  Follicular plasminogen and plasminogen 
activator and the effect of plasmin on ovarian follicle wall.  Cell. 
6:379-86. 
 
Behrendt N, Rønne E, Danø K.  1995.   The structure and 
function of the urokinase receptor, a membrane protein governing 
plasminogen activation on the cell surface.  Biol Chem Hoppe-
Seyler. 376:269-79. 
 
Berisha B, Steffl M, Welter H, Kliem H, Meyer HH, Schams D, 
Amselgruber W.  2008.  Effect of the luteinising hormone surge 
on regulation of vascular endothelial growth factor and 
extracellular matrix-degrading proteinases and their inhibitors in 
bovine follicles. Reprod Fertil Dev.  20:258-68. 
 
Bernier SG, Bellemare JM, Escher E, Guillemette G 1998. 
Characterization of AT4 receptor from bovine aortic endothelium 
with photosensitive analogues of angiotensin IV.  Biochemistry 
37:4280-7. 
 
Bhatia V.  2005.  Insulin resistance in polycystic ovarian disease.  
South Medl J.  98:903-10. 
 
Bonfigli AR, Pieri C, Manfrini S, Testa I, Sirolla C, Ricciotti R, 
Marra M, Compagnucci P, Testa R. 2001.  Vitamin E intake 
reduces plasminogen activator inhibitor type 1 in T2DM patients.  
Diabetes Nutr Metab. 14:71-7. 
 
Borromeo V, Berrini A, Bramani S, Sironi G, Finazzi M, Secchi C.  
1998.  Plasma levels of GH and PRL and concentrations in the 
fluids of bovine ovarian cysts and follicles.  Theriogenology. 
49:1377-87.  
 
Boos A, Stelljes A, Kohtes J 2003.  Collagen types I, III and IV in 
the placentome and interplacentomal maternal and fetal tissues 



150 
 

in normal cows and in cattle with retention of fetal membranes.  
Cells Tissues Organs 174:170-83. 
 
Bourne N, Laven R, Wathes DC, Martinez T, McGowan M 2007.  
A meta-analysis of the effects of Vitamin E supplementation on 
the incidence of retained foetal membranes in dairy cows.  
Theriogenology 67:494-501. 
 
Bouwstra RJ, Goselink RM, Dobbelaar P, Nielen M, Newbold JR, 
van Werven T.  2008.  The relationship between oxidative 
damage and vitamin E concentration in blood, milk, and liver 
tissue from vitamin E supplemented and nonsupplemented 
periparturient heifers. J Dairy Sci. 91:977-87.  
 
Braw-Tal R, Pen S, Roth Z. 2009. Ovarian cysts in high-yielding 
dairy cows. Theriogenology. 72:690-8.  
 
Broekmans FJ, Visser JA, Laven JS, Broer SL, Themmen AP, 
Fauser BC.  2008.  Anti-Müllerian hormone and ovarian 
dysfunction.  Trends Endocrinol Metab. 19:340-7. 
 
Brown NJ, Muldowney JA 3rd, Vaughan DE. 2006.  Endogenous 
NO regulates plasminogen activator inhibitor-1 during 
angiotensin-converting enzyme inhibition. Hypertension.  47:441-
8. 
 
Buchholz T, Lohse P, Rogenhofer N, Kosian E, Pihusch R, Thaler 
CJ.  2003.  Polymorphisms in the ACE and PAI-1 genes are 
associated with recurrent spontaneous miscarriages.  Hum 
Reprod.  18:2473-7. 
 
Buko AM, Kentzer EJ, Petros A, Menon G, Zuiderweg ER, Sarin 
VK. 1991.  Characterization of a posttranslational fucosylation in 
the growth factor domain of urinary plasminogen activator.  Proc 
Natl Acad Sci USA. 88:3992-6. 
 
Burghardt RC, Burghardt JR, Taylor JD 2nd, Reeder AT, Nguen 
BT, Spencer TE, Bayless KJ, Johnson GA.  2009. Enhanced 
focal adhesion assembly reflects increased mechanosensation 
and mechanotransduction at maternal-conceptus interface and 
uterine wall during ovine pregnancy. Reproduction.  137:567-82. 
 
Butler WR.  2000. Nutritional interactions with reproductive 
performance in dairy cattle.  Anim Reprod Sci. 60-61:449-57. 



151 
 

 
Butler ST, Marr AL, Pelton SH, Radcliff RP, Lucy MC, Butler WR.  
2003.  Insulin restores GH responsiveness during lactation-
induced negative energy balance in dairy cattle: effects on 
expression of IGF-I and GH receptor 1A. J Endocrinol.  176:205-
17. 
 
Calder MD, Manikkam M, Salfen BE, Youngquist RS, Lubahn DB, 
Lamberson WR, Garverick HA.  2001.  Dominant bovine ovarian 
follicular cysts express increased levels of messenger RNAs for 
luteinizing hormone receptor and 3 beta-hydroxysteroid 
dehydrogenase delta(4),delta(5) isomerase compared to normal 
dominant follicles.  Biol Reprod. 65:471-6. 
 
Calderón F, Chauveau-Duriot B, Martin B, Graulet B, Doreau M, 
Nozière P.  2007a.   Variations in carotenoids, vitamins A and E, 
and color in cow's plasma and milk during late pregnancy and the 
first three months of lactation.  J Dairy Sci. 90: 2335-46. 
 
Calderón F, Chauveau-Duriot B, Pradel P, Martin B, Graulet B, 
Doreau M, Nozière P.  2007b. Variations in carotenoids, vitamins 
A and E, and color in cow's plasma and milk following a shift from 
hay diet to diets containing increasing levels of carotenoids and 
vitamin E. J. Dairy Sci.  90:5651-64. 
 
Cao M, Buratini J Jr, Lussier JG, Carrière PD, Price CA.  2006a.  
Expression of protease nexin-1 and plasminogen activators 
during follicular growth and the periovulatory period in cattle.  
Reproduction.  131:125-37. 
 
Cao M, Nicola E, Portela VM, Price CA.  2006b. Regulation of 
serine protease inhibitor-E2 and plasminogen activator 
expression and secretion by follicle stimulating hormone and 
growth factors in non-luteinizing bovine granulosa cells in vitro. 
Matrix Biol.  25:342-54.  
 
Cao Z, Liu LZ, Dixon DA, Zheng JZ, Chandran B, Jiang BH.  
2007.  Insulin-like growth factor-I induces cyclooxygenase-2 
expression via PI3K, MAPK and PKC signaling pathways in 
human ovarian cancer cells. Cell Signal. 19:1542-53. 
 
Carmassi F, De Negri F, Fioriti R, De Giorgi A, Giannarelli C, 
Fruzzetti F, Pedrinelli R, Dell'Omo G, Bersi C.  2005.  Insulin 
resistance causes impaired vasodilation and hypofibrinolysis in 



152 
 

young women with polycystic ovary syndrome.  Thromb Res. 
116:207-14. 
 
Carmeliet P, Schoonjans L, Kieckens L, Ream B, Degen J, 
Bronson R, De Vos R, van den Oord JJ, Collen D, Mulligan RC. 
1994.  Physiological consequences of loss of plasminogen 
activator gene function in mice. Nature.  368:419-24. 
 
Carmeliet P, Collen D. 1995.  Gene targeting and gene transfer 
studies of the plasminogen/plasmin system: implications in 
thrombosis, hemostasis, neointima formation, and 
atherosclerosis. FASEB J.  9:934-8. 
 
Caraviello DZ, Weigel KA, Craven M, Gianola D, Cook NB, 
Nordlund KV, Fricke PM, Wiltbank MC. 2006.  Analysis of 
reproductive performance of lactating cows on large dairy farms 
using machine learning algorithms.  J Dairy Sci.  89:4703-22. 
 
Castelló R, España F, Vázquez C, Fuster C, Almenar SM, Aznar 
J, Estellés A. 2006.  Plasminogen activator inhibitor-1 4G/5G 
polymorphism in breast cancer patients and its association with 
tissue PAI-1 levels and tumor severity. Thromb Res.  117:487-92. 
 
Castellino FJ and Ploplois, VA. 2005.  Structure and function of 
the plasminogen/plasmin system.  Thromb Haemost.  93:647-
654. 

Cataldo NA, Giudice LC.  1992. Follicular fluid insulin-like growth 
factor binding protein profiles in polycystic ovary syndrome.  J 
Clin Endocrinol Metab. 74:695-7. 
 
Chase CC Jr, Kirby CJ, Hammond AC, Olson TA, Lucy MC. 
1998.  Patterns of ovarian growth and development in cattle with 
a growth hormone receptor deficiency. J Anim Sci.  76:212-9. 
 
Chomczynski P, Sacchi N.  1987.  Single-step method of RNA 
isolation by acid guanidinium thiocyanate-phenol-chloroform 
extraction.  Anal Biochem.  162:156-9. 
 
Choudhary C, Kumar C, Gnad F, Nielsen ML, Rehman M, 
Walther TC, Olsen JV, Mann M.  2009.  Lysine Acetylation 
Targets Protein Complexes and Co-Regulates Major Cellular 
Functions.  Science. 325: 834 – 840. 
 



153 
 

Christensen S, Sottrup-Jensen L.  1992.  Bovine alpha 2-
antiplasmin N-terminal and reactive site sequence.  FEBS 
Letters.  312:100-4. 
 
Christensen S, Berglund L, Sottrup-Jensen L.  1994.  Primary 
structure of bovine alpha 2-antiplasmin.  FEBS Letters.  343:223-
8. 
 
Cole WJ, Bierschwal CJ, Youngquist RS, Braun WF. 1986.  
Cystic ovarian disease in a herd of Holstein cows: a hereditary 
correlation. Theriogenology.  25:813–820. 
 
Croucher DR, Saunders DN, Lobov S, Ranson M.  2008. 
Revisiting the biological roles of PAI2 (SERPINB2) in cancer.  Nat 
Rev Cancer. 8:535-45. 
 
Curry TE Jr, Osteen KG.  2003.  The matrix metalloproteinase 
system: changes, regulation, and impact throughout the ovarian 
and uterine reproductive cycle.  Endocrine Reviews 24: 428-65. 
 
Curry TE Jr, Smith MF.  2006.  Impact of extracellular matrix 
remodeling on ovulation and the folliculo-luteal transition.  Semin 
Reprod Med. 24:228-41. 
 
Czekay RP, Loskutoff DJ.   2004.  Unexpected role of 
plasminogen activator inhibitor 1 in cell adhesion and 
detachment.  Exp Biol Med (Maywood). 229:1090-6. 
 
Das M, Djahanbakhch O, Hacihanefioglu B, Saridogan E, Ikram 
M, Ghali L, Raveendran M, Storey A.  2008. Granulosa cell 
survival and proliferation are altered in polycystic ovary 
syndrome.  J Clin Endocrinol Metab.  93:881-7. 
 
Deng G, Curriden SA, Hu G, Czekay RP, Loskutoff DJ. 2001.  
Plasminogen activator inhibitor-1 regulates cell adhesion by 
binding to the somatomedin B domain of vitronectin. Am J Physiol 
Cell Physiol. 189:23-33.  
 
Desforges-Bullet V, Gallo C, Lefebvre C, Pigny P, Dewailly D, 
Catteau-Jonard S.  2010. Increased anti-Müllerian hormone and 
decreased FSH levels in follicular fluid obtained in women with 
polycystic ovaries at the time of follicle puncture for in vitro 
fertilization.  Fertil Steril. 94:198-204. 
 



154 
 

Desjardins C, Kirton KT, Hafs HD.  1966.  Some chemical, 
immunochemical and electrophoretic properties of bovine 
follicular fluid.  J Reprod Fertil. 11:237-44. 
 
Devaraj S, Chan AV Jr, Jialal I.  2002.  α-Tocopherol 
supplementation decreases plasminogen activator inhibitor-1 and 
P-selectin levels in type 2 diabetic patients.  Diabetes Care. 25: 
524-9. 
  
Devin JK, Johnson JE, Eren M, Gleaves LA, Bradham WS, 
Bloodworth JR Jr, Vaughan DE.  2007.  Transgenic 
overexpression of plasminogen activator inhibitor-1 promotes the 
development of polycystic ovarian changes in female mice.  J Mol 
Endocrinol. 39:9-16. 
 
Diamanti-Kandarakis E, Palioniko G, Alexandraki K, Bergiele A,  
Dobson,  H, Nandaa AS.  1992.  Reliability of cyst diagnosis and 
effect of energy status on LH released by estradiol or GnRH in 
cows with ovarian cysts.  Theriogenology. 37: 465-472. 
 
Dimova EY, Kietzmann T. 2008. Metabolic, hormonal and 
environmental regulation of plasminogen activator inhibitor-1 
(PAI-1) expression: lessons from the liver.  Thromb Haemost. 
100:992-1006. 
 
Dobson H, Alam MG. 1987.  Preliminary investigations into the 
endocrine systems of subfertile cattle: location of a common 
lesion (rate-limiting step).  J Endocrinol. 113:167-71. 
 
Dobson H, Nanda AS. 1992.  Reliability of cyst diagnosis and 
effect of energy status on LH released by estradiol or GnRH in 
cows with ovarian cysts.  Theriogenology. 37:465-472. 
 
Dobson H, Ribadu AY, Noble KM, Tebble, Ward WR.  2000.  
Ultrasonography and hormone profiles of adrenocorticotropin 
(ACTH)-induced persistent ovarian follciles (cysts) in cattle.  J 
Reprod Fertil. 120:405-410. 
 
Dong JC, Dong H, Campana A, Bischof P.  2002.  Matrix 
metalloproteinases and their specific tissue inhibitors in 
menstruation.  Reproduction. 123:621-31. 
 
Dow MPD, Bakke LJ, Cassa CA, Peters MW, Pursley JR and 
Smith GW.  2002a. Gonadotrophin surge-induced upregulation of 



155 
 

mRNA for plasminogen activator inhibitors 1 and 2 within bovine 
periovulatory follicular and luteal tissue. Reproduction 123: 711-
719. 
 
Dow MP, Bakke LJ, Cassar CA, Peters MW, Pursley JR, Smith 
GW. 2002b.  Gonadotropin surge-induced up-regulation of the 
plasminogen activators (tissue plasminogen activator and 
urokinase plasminogen activator) and the urokinase plasminogen 
activator receptor within bovine periovulatory follicular and luteal 
tissue. Biol Reprod. 66:1413-21. 
 
Duffy M.J.  2004.  The urokinase plasminogen activator system: 
role in malignancy.  Curr Pharm Des. 10:39-49. 
 
Durand MK, Bødker JS, Christensen A, Dupont DM, Hansen M, 
Jensen JK, Kjelgaard S, Mathiasen L, Pedersen KE, Skeldal S, 
Wind T, Andreasen PA. 2004. Plasminogen activator inhibitor-I 
and tumour growth, invasion, and metastasis.  Thromb Haemost. 
91:438-49. 
 
Ebisch I.M., Thomas C.M., Wetzels A.M., Willemsen W.N., 
Sweep F.C., Steegers-Theunissen R.P.  2008.  Review of the 
role of the plasminogen activator system and vascular endothelial 
growth factor in subfertility. Fertil and Steril. 90:2340-50. 
 
Eden JA, Jones J, Carter GD, Alaghband-Zadeh J.  1990.  
Follicular fluid concentrations of insulin-like growth factor 1, 
epidermal growth factor, transforming growth factor-alpha and 
sex-steroids in volume matched normal and polycystic human 
follicles.  Clin Endocrinol (Oxf). 32:395-405. 
 
Edson MA, Nagaraja AK, Matzuk MM.  2009.  The mammalian 
ovary from genesis to revelation.  Endocr Rev.  30:624-712. 
 
Eiler H, Hopkins FM.  1992. Bovine retained placenta: effects of 
collagenase and hyaluronidase on detachment of placenta.  Biol 
Reprod. 46:580-5. 
 
El-Bakri NK, Islam A, Suliman I, Lindgren U, Winblad B, Adem A. 
2004.  Ovariectomy and gonadal hormone treatment: effects on 
insulin-like growth factor-1 receptors in the rat brain.  Growth 
Horm IGF Res. 14:388-93. 
 



156 
 

Eriksson P, Kallin B, van 't Hooft FM, Båvenholm P, Hamsten A.  
1995.  Allele-specific increase in basal transcription of the 
plasminogen-activator inhibitor 1 gene is associated with 
myocardial infarction.  PNAS USA. 92:1851-5. 
 
Erskine RJ, Bartlett PC, Herdt T, Gaston P.  1997.  Effects of 
parenteral administration of vitamin E on health of periparturient 
dairy cows.  J Am Vet Med Assoc. 211: 466-469. 
 
Eyestone WH, Ax RL.  1984.  A review of ovarian follicular cysts 
in cows with comparisons to the condition in women, rats and 
rabbits.  Theriogenology.  22:109-125. 
 
Fiad TM, Cunningham SK, McKenna TJ.  1996.  Role of 
progesterone deficiency in the development of luteinizing 
hormone and androgen abnormalities in polycystic ovary 
syndrome.  Eur J Endocrinol.  135:335-9. 
 
Fortune JE.  2003.  The early stages of follicular development: 
activation of primordial follicles and growth of pre-antral follicles.  
Anim Reprod Sci. 78:135-63. 
 
Franks S, Robinson S, Willis DS.  1996.  Nutrition, insulin and 
polycystic ovary syndrome.  Rev Reprod. 1:47-53. 
 
Fuerst-Waltl B, Reichi A, Fuerst C, Baumung R, Slkner J. 2004.  
Effect of Maternal age on Milk Production traits, fertility and 
longevity in cattle.  J of Dairy Sci. 87: 2293-2298.   
 
Garverick HA. Ovarian Follicular Cysts in Dairy cows. 1997.  J 
Dairy Sci.  80: 995-1004. 
 
Gentry PA, Crane S, Lotz F.  1975 .  Factor XI (plasma 
thromboplastin antecedent) deficiency in cattle.  Can Vet J. 
16:160-3. 
 
Giannarelli C, De Negri F, Virdis A, Ghiadoni L, Cipriano A, 
Magagna A, Taddei S, Salvetti A 2007.  Nitric oxide modulates 
tissue plasminogen activator release in normotensive subjects 
and hypertensive patients.  Hypertension. 49:878-84. 
 
Glueck CJ, Sieve L, Zhu B, Wang P. 2006. Plasminogen activator 
inhibitor activity, 4G5G polymorphism of the plasminogen 



157 
 

activator inhibitor 1 gene, and first-trimester miscarriage in 
women with polycystic ovary syndrome. Metabolism. 55:345-52. 
 
Gray K, Ellis V.  2008.  Activation of pro-BDNF by the pericellular 
serine protease plasmin. FEBS Lett. 582:907-10. 
 
Gröhn YT, Rajala-Schultz PJ. 2000. Epidemiology of reproductive 
performance in dairy cows.  Anim Reprod Sci. 60-61:605-14. 
 
Gross TS, Williams JE, Manspeaker JE & Russek E. 1985. In 
vitro proteolytic activity of the late pregnant and peripartum 
bovine placenta. J Anim Sci. 61:91–429. 
 
Gümen A, Wiltbank MC. 2002. An alteration in the hypothalamic 
action of estradiol due to lack of progesterone exposure can 
cause follicular cysts in cattle.  Biol Reprod. 66: 1689-1695. 
 
Gümen A, Sartori R, Costa FM, Wiltbank MC.  2002. A GnRH/LH 
surge without subsequent progesterone exposure can induce 
development of follicular cysts. J Dairy Sci. 85:43-50. 
 
Gümen A, Wiltbank MC.  2005a.  Follicular cysts occur after a 
normal estradiol-induced GnRH/LH surge if the corpus 
hemorrhagicum is removed.  Reproduction. 129:737-45. 
 
Gümen A, Wiltbank MC.  2005b. Length of progesterone 
exposure needed to resolve large follicle anovular condition in 
dairy cows.  Theriogenology. 63:202-18. 
 
Günzler WA, Steffens GJ, Otting F, Kim SM, Frankus E, Flohé L.  
1982. The primary structure of high molecular mass urokinase 
from human urine. The complete amino acid sequence of the A 
chain.  Hoppe Seylers Z Physiol Chem. 363:1155-65. 
 
Guo J, Shi YQ, Yang W, Li YC, Hu ZY, Liu YX.  2007. 
Testosterone upregulation of tissue type plasminogen activator 
expression in Sertoli cells : tPA expression in Sertoli cells.  
Endocrine. 32:83-9. 
 
Haber E, Quertermous T, Matsueda GR, Runge MS.  1989. 
Innovative approaches to plasminogen activator therapy.  
Science. 243:51-6. 
 



158 
 

Hacihanefioglu B, Seyisoglu H, Karsidag K, Elter K, Aksu F, 
Yilmaz T, Gurol AO.  2000.  Influence of insulin resistance on 
total renin level in normotensive women with polycystic ovary 
syndrome. Fertil Steril. 73:261-5. 
 
Hajjar KA, Jacovina AT, Chacko J. 1994. An endothelial cell 
receptor for plasminogen/tissue plasminogen activator. I. Identity 
with annexin II.  J Biol Chem. 269:21191-7. 
 
Haliloglu S, Erdem H, Serpek B, Tekeli T, Bulut Z.  2008.  The 
relationship among vitamin C, beta-carotene, vitamin A, 
progesterone and oestradiol 17-beta concentrations in plasma 
and cyst fluid of Holstein cows with ovarian cyst.  Reprod Domest 
Anim.  43:573-7. 
 
Hamilton SA, Garverick HA, Keisler DH, Xu ZZ, Loos K, 
Youngquist RS, Salfen BE.  1995.  Characterization of ovarian 
follicular cysts and associated endocrine profiles in dairy cows.  
Biol Reprod. 53:890-8. 
 
Hammon HM, Stürmer G, Schneider F, Tuchscherer A, Blum H, 
Engelhard T, Genzel A, Staufenbiel R, Kanitz W. 2009.  
Performance and metabolic and endocrine changes with 
emphasis on glucose metabolism in high-yielding dairy cows with 
high and low fat content in liver after calving. J Dairy Sci. 
92:1554-66. 
 
Harrison JH, Hancock, DD and Conrad HR. 1984.  Vitamin E and 
selenium for reproduction of the dairy cow.  J Dairy Sci 67: 123-
132. 
 
Harrison RO, Ford SP, Young JW, Conley AJ, Freeman AE. 
1990.  Increased milk production versus reproductive and energy 
status of high producing dairy cows. J Dairy Sci. 73:2749-58. 
 
Hayes, BJ, Bowman, PJ Chamberlain AJ, ME Gooddard.  2009. 
Genomic Selection in dairy cattle: progress and challenges.  J 
Dairy Sci. 92: 433-443. 
 
Hayirli A. 2006. The role of exogenous insulin in the complex of 
hepatic lipidosis and ketosis associated with insulin resistance 
phenomenon in postpartum dairy cattle. Vet Res Commun. 
30:749-74. 
 



159 
 

Heibeck TH, Ding S, Opresko LK, Zhao R, Schepmoes AA, Yang 
F, Tolmachev AV, Monroe ME, Camp II DG, Smith RD, Wiley HS, 
Qian WJ.  2009.  An Extensive Survey of Tyrosine 
Phosphorylation Revealing New Sites in Human Mammary 
Epithelial Cells.  J Proteome Res. 8:3852–3861. 
 
Hintze, J. 2000. NCSS 2000. NCSS, LLC. Kaysville, Utah, USA. 
www.ncss.com  
 
Hirschberg AL. 2009. Polycystic ovary syndrome, obesity and 
reproductive implications.  Womens Health (Lond Engl). 5:529-
40. 
 
Hizawa N, Maeda Y, Konno S, Fukui Y, Takahashi D, Nishimura 
M. 2006. Genetic polymorphisms at FCER1B and PAI-1 and 
asthma susceptibility.  Clin Exp Allergy. 36:872-6. 
 
Hoekstra T, Geleijnse JM, Schouten EG, Kluft C.  2004.  
Plasminogen activator inhibitor-type 1: its plasma determinants 
and relation with cardiovascular risk.  Thromb Haemost. 91:861-
72.  
 
Hogeveen H, Schukken YH, Laporte HM, Noordhuizen JTPM. 
1994.  Cystic ovarian disease in Dutch dairy cattle, II. A 
simulation model for predicting the herd-level consequences 
under varying management factors.  Live Prod Sci 38: 199-206 
 
Hooijer GA, van Oijen MAAJ, Frankenab K, Noordhuizenc JPTM. 
2003.  Milk production parameters in early lactation: potential risk 
factors of cystic ovarian disease in Dutch dairy cows.  Live Prod 
Sci.  81: 25-33 
 
Hopkins WE, Westerhausen DR Jr, Sobel BE, Billadello JJ.  
1991. Transcriptional regulation of plasminogen activator inhibitor 
type-1 mRNA in Hep G2 cells by epidermal growth factor. Nucleic 
Acids Res. 19:163-8. 
 
Hsieh M, Zamah AM, Conti M. 2009. Epidermal growth factor-like 
growth factors in the follicular fluid: role in oocyte development 
and maturation.  Semin Reprod Med. 27:52-61. 
 
Huber, K.  2001. Plasminogen activator inhibitor type-1 (Part 
One): Basic Mechanisms, Regulation and Role for 
thromboembolic disease.  J Thromb Thrombolysis. 11:183-193. 



160 
 

 
Hynes RO. 2009. The extracellular matrix: not just pretty fibrils.  
Science. 326:1216-9. 
 
Invitti C, De Martin M, Delitala G, Veldhuis JD, Cavagnini F.  
1998. Altered morning and nighttime pulsatile corticotropin and 
cortisol release in polycystic ovary syndrome.  Metabolism. 
47:143-8. 
 
Ireland JL, Scheetz D, Jimenez-Krassel F, Themmen AP, Ward 
F, Lonergan P, Smith GW, Perez GI, Evans AC, Ireland JJ.  
2008. Antral follicle count reliably predicts number of 
morphologically healthy oocytes and follicles in ovaries of young 
adult cattle. Biol Reprod. 79:1219-25. 
 
Isobe N, Yoshimura Y. 2000.  Localization of apoptotic cells in the 
cystic ovarian follicles of cows: a DNA-end labeling histochemical 
study.  Theriogenology. 53:897-904. 
 
Iwasaki H, Okamoto R, Kato S, Konishi K, Mizutani H, Yamada 
N, Isaka N, Nakano T, Ito M. 2008.  High glucose induces 
plasminogen activator inhibitor-1 expression through Rho/Rho-
kinase-mediated NF-kappaB activation in bovine aortic 
endothelial cells.  Atherosclerosis. 196:22-8. 
 
Iwashita M, Mimuro T, Watanabe M, Setoyama T, Matsuo A, 
Adachi T, Takeda Y, Sakamoto S.  1990. Plasma levels of 
insulin-like growth factor-I and its binding protein in polycystic 
ovary syndrome.  Horm Res. 33 (Suppl 2):21-6. 
 
Jaatinen TA, Matinlauri I, Anttila L, Koskinen P, Erkkola R, Irjala 
K. 1995. Serum total renin is elevated in women with polycystic 
ovarian syndrome. Fertil Steril. 63:1000-4. 
 
Jakimiuk AJ, Weitsman SR, Yen HW, Bogusiewicz M, Magoffin 
DA.  2002. Estrogen receptor alpha and beta expression in theca 
and granulosa cells from women with polycystic ovary syndrome.  
J Clin Endocrinol Metab. 87:5532-8. 
 
Jensen SK, Johannsen AK, Hermansen JE. 1999. Quantitative 
secretion and maximal secretion capacity of retinol, beta-
carotene and alpha-tocopherol into cows' milk.  J Dairy Res. 66: 
511-22. 
 



161 
 

Jimenez-Krassel F, Folger JK, Ireland JL, Smith GW, Hou X, 
Davis JS, Lonergan P, Evans AC, Ireland JJ. 2009. Evidence that 
high variation in ovarian reserves of healthy young adults has a 
negative impact on the corpus luteum and endometrium during 
estrous cycles in cattle.  Biol Reprod.  80:1272-81. 
 
Jin H, Lin J, Fu L, Mei YF, Peng G, Tan X, Wang DM, Wang W, 
Li YG.  2007. Physiological testosterone stimulates tissue 
plasminogen activator and tissue factor pathway inhibitor and 
inhibits plasminogen activator inhibitor type 1 release in 
endothelial cells. Biochem Cell Biol. 85:246-51. 
 
Johnson AD, Legates JE, Ulberg LC. 1966. Relationship between 
follicular cysts and milk production in dairy cattle.  J Dairy Sci. 
49:865-8. 
 
Johnson J, Canning J, Kaneko T, Pru JK, Tilly JL. 2004. Germline 
stem cells and follicular renewal in the postnatal mammalian 
ovary.  Nature. 428:145-50. 
 
Jorgenson E, Deitcher SR, Cicek M, Liu X, Plummer S, Casey G, 
Witte JS.  2007. Plasminogen activator inhibitor type-1 (PAI-1) 
polymorphism 4G/5G is associated with prostate cancer among 
men with a positive family history.  Prostate. 67:172-7. 
 
Jou P, Buckrell BC, Liptrap RM, Summerlee AJ, Johnson WH. 
1999.  Evaluation of the effect of GnRH on follicular ovarian cysts 
in dairy cows using trans-rectal ultrasonography. Theriogenology. 
52:923-37. 
 
Ju H, Lim B, Kim M, Noh SM, Kim WH, Ihm C, Choi BY, Kim YS, 
Kang C. 2010. SERPINE1 intron polymorphisms affecting gene 
expression are associated with diffuse-type gastric cancer 
susceptibility.  Cancer. [Epub ahead of print] 
 
Kang HM, Choi KS, Kassam G, Fitzpatrick SL, Kwon M, 
Waisman DM.  1999. Role of annexin II tetramer in plasminogen 
activation.  Trends Cardiovasc Med. 9:92-102. 
 
Kassam G, Le BH, Choi KS, Kang HM, Fitzpatrick SL, Louie P, 
Waisman DM. 1998a. The p11 subunit of the annexin II tetramer 
plays a key role in the stimulation of t-PA-dependent plasminogen 
activation.  Biochemistry. 37:16958-66.  
 



162 
 

Kassam G, Choi KS, Ghuman J, Kang HM, Fitzpatrick SL, 
Zackson T, Zackson S, Toba M, Shinomiya A, Waisman DM.  
1998b. The role of annexin II tetramer in the activation of 
plasminogen.  J Biol Chem. 273:4790-9. 
 
Katagiri K, Okada K, Hattori H, Yano M.  1988. Bovine endothelial 
cell plasminogen activator inhibitor. Purification and heat 
activation.  Eur J Biochem.  176:81-7. 
 
Kawano T, Morimoto K, Uemura Y.  1968. Urokinase inhibitor in 
human placenta.  Nature. 217:253-4. 
 
Kawashima C, Fukihara S, Maeda M, Kaneko E, Montoya CA, 
Matsui M, Shimizu T, Matsunaga N, Kida K, Miyake Y, Schams 
D, Miyamoto A. 2007. Relationship between metabolic hormones 
and ovulation of dominant follicle during the first follicular wave 
post-partum in high-producing dairy cows.  Reproduction. 
133:155-63. 
 
Kawate N.  2004.  Studies on the regulation of expression of 
luteinizing hormone receptor in the ovary and the mechanism of 
follicular cyst formation in ruminants.  J Reprod Dev. 50:1-8. 
 
Keeton MR, Curriden SA, van Zonneveld AJ, Loskutoff DJ.  1991. 
Identification of regulatory sequences in the type 1 plasminogen 
activator inhibitor gene responsive to transforming growth factor 
beta. J Biol Chem. 266:23048-52. 
 
Kerins DM, Hao Q, Vaughan DE. 1995.  Angiotensin induction of 
PAI-1 expression in endothelial cells is mediated by the 
hexapeptide angiotensin IV.  J Clin Invest.  96:2515-20. 
 
Kesler DJ, Garverick HA, Caudle AB, Bierschwal CJ, Elmore RG, 
Youngquist RS.  1979. Testosterone concentrations in plasma of 
dairy cows with ovarian cysts. J Dairy Sci. 62:1825-8. 
 
Kesler DJ, Garverick HA, Caudle AB, Elmore RG, Youngquist 
RS, Bierschwal CJ. 1980. Reproductive hormone and ovarian 
changes in cows with ovarian cysts.  J of Dairy Sci.  63:166-70. 
 
Kesler DJ, Gaverick HA. 1982. Ovarian Cysts in Dairy Cattle: A 
Review.  J Anim Sci. 55: 1147-1159. 
 



163 
 

Kirby CJ, Thatcher WW, Collier RJ, Simmen FA, Lucy MC. 1996.  
Effects of growth hormone and pregnancy on expression of 
growth hormone receptor, insulin-like growth factor-I, and insulin-
like growth factor binding protein-2 and -3 genes in bovine uterus, 
ovary, and oviduct. Biol Reprod. 55:996-1002. 
 
Kirk JH, Huffman EM, Lane M. 1982. Bovine cystic ovarian 
disease: hereditary relationships and case study. J Am Vet Med 
Assoc. 181: 474–476. 
 
Kliem H, Welter H, Kraetzl WD, Steffl M, Meyer HH, Schams D,  
Berisha B. 2007. Expression and localisation of extracellular 
matrix degrading proteases and their inhibitors during the 
oestrous cycle and after induced luteolysis in the bovine corpus 
luteum. Reproduction. 134:535-47. 
 
Kociba GJ, Ratnoff OD, Loeb WF, Wall RL, Heider LE. 1969. 
Bovine plasma thromboplastin antecedent (Factor XI) deficiency.  
J Lab Clin Med. 74:37-41. 
 
Komatsu T, Itoh F, Kushibiki S, Hodate K.  2005. Changes in 
gene expression of glucose transporters in lactating and non-
lactating cows.  J of Anim Sci.  83:557-64. 
Korbut R, Marcinkiewicz E, Cieślik K, Gryglewski RJ. 1995.  The 
effect of nitric oxide donors on the release of plasminogen 
activator inhibitor (PAI) from rabbit platelets in vitro.  J Physiol 
Pharmacol. 46:37-44. 
 
Koutsouba T, Bartzis M.  2004. The prevalence of 4G5G 
polymorphism of plasminogen activator inhibitor-1 (PAI-1) gene in 
polycystic ovarian syndrome and its association with plasma PAI-
1 levels.  Eur J Endocrinol.  150:793-8. 
 
Krätzschmar J, Haendler B, Kojima S, Rifkin DB, Schleuning, 
WD.  1993. Bovine urokinase-type plasminogen activator and its 
receptor: Cloning and induction by retinoic acid. Gene. 125: 177-
183. 
 
Kwon M, Caplan JF, Filipenko NR, Choi KS, Fitzpatrick SL, 
Zhang L, Waisman DM.  2002. Identification of annexin II 
heterotetramer as a plasmin reductase.  J Biol Chem.  
277:10903-11.  
 



164 
 

Kwon M, MacLeod TJ, Zhang Y, Waisman DM. 2005. S100A10, 
annexin A2, and annexin a2 heterotetramer as candidate 
plasminogen receptors.  Front Biosci. 10:300-25. 
 
Kyei-Mensah AA, LinTan S, Zaidi J, Jacobs HS.  1998. 
Relationship of ovarian stromal volume to serum androgen 
concentrations in patients with polycystic ovary syndrome.  
Human Reprod.  13:1437-41. 
 
Lambert-Messerlian G, Taylor A, Leykin L, Isaacson K, Toth T, 
Chang Y, Schneyer A.  1997. Characterization of intrafollicular 
steroid hormones, inhibin, and follistatin in women with and 
without polycystic ovarian syndrome following gonadotropin 
hyperstimulation.  Biol Reprod. 57:1211-6. 
 
Laiho M, Keski-Oja J. 1989. Growth factors in the regulation of 
pericellular proteolysis: a review. Cancer Res. 49:2533-53. 
 
Laporte, HM, Hogeveen, H, Schukken YH and  Noordhuizen, 
JPTM.  1994. Cystic Ovarian Disease in Dutch dairy cattle, I. 
Incidence, risk factors and consequences.  Live Prod Sci. 38: 
191-197. 
 
Laporte, HM, Hogeveen, H, Schukken YH and  Noordhuizen, 
JPTM.  Cystic Ovarian Disease in Dutch dairy cattle, II. 1994. A 
simulation model for predicting the herd-level consequences 
under varying management factors.  Live Prod Sci. 38. 199-206. 
 
Law J.  1908.  Diseases of the Generative Organs. p. 145.  
Special Report on Diseases of Cattle. United States Department 
of Agriculture, Bureau of Animal Industry. Government Printing 
Office. 
 
LeBlanc SJ, Herdt TH, Seymour WM, Duffield TF, Leslie KE 
2004.  Peripartum serum vitamin E, retinol, and beta-carotene in 
dairy cattle and their associations with disease.  J Dairy Sci 
87:609-19. 
 
Le Magueresse-Battistoni, B.  2007. Serine proteases and serine 
protease inhibitors in testicular physiology: the plasminogen 
activation system.  Reproduction. 134:721-729.  
 
Lemley CO, Butler ST, Butler WR, Wilson ME.  2008. Short 
communication: insulin alters hepatic progesterone catabolic 



165 
 

enzymes cytochrome P450 2C and 3A in dairy cows. J Dairy Sci. 
91:641-5. 
 
Leonardsson G, Peng XR, Liu K, Nordström L, Carmeliet P, 
Mulligan R, Collen D, Ny T 1995.  Ovulation efficiency is reduced 
in mice that lack plasminogen activator gene function: functional 
redundancy among physiological plasminogen activators.  PNAS 
USA. 92:12446-50. 
 
Li Q, Jimenez-Krassel F, Kobayashi Y, Ireland JJ, Smith GW. 
2006.  Effect of intrafollicular indomethacin injection on 
gonadotropin surge-induced expression of select extracellular 
matrix degrading enzymes and their inhibitors in bovine 
preovulatory follicles.  Reproduction. 131:533-43. 
 
Li Q, Jimenez-Krassel F, Ireland JJ, Smith GW. 2009.  Gene 
expression profiling of bovine preovulatory follicles: gonadotropin 
surge and prostanoid-dependent up-regulation of genes 
potentially linked to the ovulatory process. Reproduction.137:297-
307. 

 
Liang OD, Chavakis T, Kanse SM, Preissner KT. 2001.  Ligand 
binding regions in the receptor for urokinase-type plasminogen 
activator.  J Biol Chem. 276:28946-53. 
 
Lin S, Huiya Z, Bo L, Wei W, Yongmei G. 2009. The plasminogen 
activator inhibitor-1 (PAI-1) gene -844 A/G and -675 4G/5G 
promoter polymorphism significantly influences plasma PAI-1 
levels in women with polycystic ovary syndrome. Endocrine. 
[Epub ahead of print] 
 
Lindgren A, Lindoff C, Norrving B, Astedt B, Johansson BB. 1996. 
Tissue plasminogen activator and plasminogen activator inhibitor-
1 in stroke patients.  Stroke. 27:1066-71. 
 
Linjen, H.R.  2002. Matrix metalloproteases and cellular 
fibrinolytic activity.  Biochemistry (Moscow). 67: 92-98. 
 
Lijnen HR, Van Hoef B, De Cock F, and D. Collen.  1990. Effect 
of fibrin-like stimulators on the activation of plasminogen by 
tissue-type plasminogen activator (t-PA)--studies with active site 
mutagenized plasminogen and plasmin resistant t-PA. Thromb 
Haemost.  64:61-8. 



166 
 

 
Liptrap RM, Gentry PA, Ross ML, Cummings E.  1995. 
Preliminary findings of altered follicular activity in Holstein cows 
with coagulation factor XI deficiency.  Vet Res Commun. 19:463-
71. 
 
Liu, K., Wahlberg, P., Leonardsson G, Hägglund AC, Ny, A., 
Bodén, I., Wibom C, Lund LR, Ny T.  2006. Successful ovulation 
in plasminogen-deficient mice treated with the broad-spectrum 
matrix metalloproteinase inhibitor galardin. Dev Biol. 295:615-22. 
 
Liu Z, Youngquist RS, Garverick HA, Antoniou E.  2009. 
Molecular mechanisms regulating bovine ovarian follicular 
selection.  Mol Reprod Dev. 76:351-66. 
 
Llinas P, Le Du MH, Gårdsvoll H, Danø K, Ploug M, Gilquin B, 
Stura EA, Ménez A.  2005. Crystal structure of the human 
urokinase plasminogen activator receptor bound to an antagonist 
peptide.  EMBO J. 24:1655-63. 
 
Lopez-Diaz MC, Bosu, WTK.  1992. A review and update of 
cystic ovarian degeneration in ruminants.  Theriogenology. 37: 
1163-1183. 
 
Lucy, M.C.  2001. Reproductive loss in high-producing dairy 
cattle: where will it end?  J Dairy Sci. 84:1277-1293. 
 
Lucy, MC. 2007.  The bovine dominant ovarian follicle.  J Anim 
Sci. E89-E99 
 
Lucy MC.  2008. Functional differences in the growth hormone 
and insulin-like growth factor axis in cattle and pigs: implications 
for post-partum nutrition and reproduction.  Reprod Domest Anim. 
43 (Supplement 2):31-9. 
 
Lyon CJ, Hsueh WA. 2003.  Effect of plasminogen activator 
inhibitor-1 in diabetes mellitus and cardiovascular disease.  Am J 
Med. 115: 62S-68S. 
 
Ma Z, Paek D, Oh CK.  2009.  Plasminogen activator inhibitor-1 
and asthma: role in the pathogenesis and molecular regulation.  
Clin Exp Allergy. 39:1136-44. 
 



167 
 

Madamanchi N, Niu XL, Runge MS.  2004. A new slice of pie? 
Estrogen regulation of plasminogen activator inhibitor-1.  Circ 
Res. 95:228-9. 
 
Macchione E, Epifano O, Stefanini M, Belin D, Canipari R.  2000.  
Urokinase redistribution from the secreted to the cell-bound 
fraction in granulosa cells of rat preovulatory follicles.  Biol 
Reprod. 62:895-903. 
 
MacLeod TJ, Kwon M, Filipenko NR, Waisman DM. 2003. 
Phospholipid-associated annexin A2-S100A10 heterotetramer 
and its subunits: characterization of the interaction with tissue 
plasminogen activator, plasminogen, and plasmin. J Biol Chem.  
278:25577-84. 
 
Magoffin DA, Jakimiuk AJ. 1998. Inhibin A, inhibin B and activin A 
concentrations in follicular fluid from women with polycystic ovary 
syndrome.  Hum Reprod. 13:2693-8. 
 
Maj JG, Kankofer M. 1997.  Activity of 72-kDa and 92-kDa matrix 
metalloproteinases in placental tissues of cows with and without 
retained fetal membranes.  Placenta. 18:683-7. 
 
Marcet-Palacios M, Ulanova M, Duta F, Puttagunta L, Munoz S, 
Gibbings D, Radomski M, Cameron L, Mayers I, Befus AD 2007.  
The transcription factor Wilms tumor 1 regulates matrix 
metalloproteinase-9 through a nitric oxide-mediated pathway.  J 
Immunol. 179:256-65. 
 
Marcinkiewicz M, Gordon PV.  2008. A role for plasmin in platelet 
aggregation: differential regulation of IGF release from IGF-
IGFBP complexes? Growth Horm IGF Res. 18:325-34. 
 
Markosyan N, Duffy DM.  2009. Prostaglandin E2 acts via multiple 
receptors to regulate plasminogen-dependent proteolysis in the 
primate periovulatory follicle.  Endocrinology. 150:435-44.   
 
Marron BM, Robinson JL, Gentry PA, Beever JE. 2004. 
Identification of a mutation associated with factor XI deficiency in 
Holstein cattle.  Anim Genet. 35:454-6. 
 
Martin D, Conrad KP. 2000.  Expression of endothelial nitric oxide 
synthase by extravillous trophoblast cells in the human placenta.  
Placenta. 21:23-31. 



168 
 

 
Maskos K, Bode W.   2003. Structural basis of matrix 
metalloproteinases and tissue inhibitors of metalloproteinases.  
Mol Biotechnol. 25:241-66. 
 
McArdle CA, Holtorf AP. 1989. Oxytocin and progesterone 
release from bovine corpus luteal cells in culture: effects of 
insulin-like growth factor I, insulin, and prostaglandins.  
Endocrinology. 124:1278-86. 
 
McIntush EW, Smith MF. 1998. Matrix metalloproteinases and 
tissue inhibitors of metalloproteinases in ovarian function.  Rev 
Reprod. 3:23-30. 
 
Medcalf RL, Stasinopoulos SJ. 2005. The undecided serpin. The 
ins and outs of plasminogen activator inhibitor type 2. FEBS J. 
272:4858-67. 
 
Mihm M, Evans ACO.  2008. Mechanisms for dominant follicle 
selection in monoovulatory species: a comparison of 
morphological, endocrine and intraovarian events in cows, mares 
and women.  Reprod Domest Anim.  43(Suppl 2):48-56. 
 
Mikus P, Ny T. 1996. Intracellular polymerization of the serpin 
plasminogen activator inhibitor type 2. J. Biol Chem. 271:10048-
53. 
 
Minanni SL, Marcondes JA, Wajchenberg BL, Cavaleiro AM, 
Fortes MA, Rego MA, Vezozzo DP, Robard D, Giannella-Neto D.  
1999. Analysis of gonadotropin pulsatility in hirsute women with 
normal menstrual cycles and in women with polycystic ovary 
syndrome.  Fertil Steril. 71:675-83. 
  
Miyakoshi K, Murphy MJ, Yeoman RR, Mitra S, Dubay CJ, 
Hennebold JD. 2006. The identification of novel ovarian 
proteases through the use of genomic and bioinformatic 
methodologies. Biol Reprod. 75:823-35. 
 
Miyamoto S, Nakamura M, Yano K, Ishii G, Hasebe T, Endoh Y, 
Sangai T, Maeda H, Shi-Chuang Z, Chiba T, Ochiai A. 2007. 
Matrix metalloproteinase-7 triggers the matricrine action of 
insulin-like growth factor-II via proteinase activity on insulin-like 
growth factor binding protein 2 in the extracellular matrix. Cancer 
Sci. 98:685-91. 



169 
 

 
Miyashita C, Wenzel E, Heiden M.  1988. Plasminogen: a brief 
introduction into its biochemistry and function.  Haemostasis. 18 
Suppl 1:7-13. 
 
Mondino A, Resnati M, Blasi F. 1999. Structure and function of 
the urokinase receptor.  Thromb Haemost. 82 (Suppl 1):19-22. 
 
Monniaux D, Clemente N, Touzé JL, Belville C, Rico C, Bontoux 
M, Picard JY, Fabre S. 2008. Intrafollicular steroids and anti-
mullerian hormone during normal and cystic ovarian follicular 
development in the cow.  Biol Reprod. 79:387-96. 
 
Montuori N, Carriero MV, Salzano S, Rossi G, Ragno P.  2002. 
The cleavage of the urokinase receptor regulates its multiple 
functions.  J Biochem.  277: 46932-46939. 
 
Munteanu A, Zingg JM. 2007.  Cellular, molecular and clinical 
aspects of vitamin E on atherosclerosis prevention.  Mol Aspects 
Med. 28:538-90. 
 
Murdoch J, Van Kirk EA, Murdoch WJ.  1999. Hormonal control 
of urokinase plasminogen activator secretion by sheep ovarian 
surface epithelial cells.  Biol Reprod. 61:1487-91. 
 
Mussard ML, Burke CR, Behlke EJ, Gasser CL, Day ML. 2007. 
Influence of premature induction of a luteinizing hormone surge 
with gonadotropin-releasing hormone on ovulation, luteal 
function, and fertility in cattle. J Anim Sci. 85:937-43. 
 
Nackley AG, Shabalina SA, Tchivileva IE, Satterfield K, O 
Korchynskyi O, Makarov SS, Maixner W Diatchenko L 2006. 
Human catechol-O-methyltransferase haplotypes modulate 
protein expression by altering mRNA secondary structure.  
Science. 314:1930-3. 
 
Naessen T, Kushnir MM, Chaika A, Nosenko J, Mogilevkina I, 
Rockwood AL, Carlstrom K, Bergquist J, Kirilovas D.  2010. 
Steroid profiles in ovarian follicular fluid in women with and 
without polycystic ovary syndrome, analyzed by liquid 
chromatography-tandem mass spectrometry.  Fertil Steril. [Epub 
ahead of print] 
 



170 
 

Nagamine Y. 2008. Transcriptional regulation of the plasminogen 
activator inhibitor type1-with an emphasis on negative regulation.  
Thromb Haemost.  100:1007-13. 
 
Nagase H, Woessner JF Jr. 1999.  Matrix metalloproteinases.  J 
Biol Chem. 274:21491-4. 
 
Nanda AS, Ward WR, Dobson H.  1991. Lack of LH response to 
oestradiol treatment in cows with cystic ovarian disease and 
effect of progesterone treatment or manual rupture.  Res Vet Sci. 
51:180-4. 
 
Nielsen AH, Schauser KH, Svenstrup B, Poulsen K.  2002. 
Angiotensin converting enzyme in bovine ovarian follicular fluid 
and its relationship with oestradiol and progesterone.  Reprod 
Domest Anim. 37:81-5. 
 
Novaro V, Colman-Lerner A, Ortega FV, Jawerbaum A, Paz D, 
Lo Nostro F, Pustovrh C, Gimeno MF, González E.  2001.  
Regulation of metalloproteinases by nitric oxide in human 
trophoblast cells in culture.  Reprod Fert Devel. 13:411-20 
 
Numaguchi Y, Ishii M, Kubota R, Morita Y, Yamamoto K, 
Matsushita T, Okumura K, Murohara T.  2009. Ablation of 
angiotensin IV receptor attenuates hypofibrinolysis via PAI-1 
downregulation and reduces occlusive arterial thrombosis.  
Arteriosclerosis, thrombosis, and vascular biology. 29:2102-8. 
 
Ny A, Leonardsson G, Hägglund AC, Hägglöf P, Ploplis VA, 
Carmeliet P, Ny T.  1999. Ovulation in plasminogen-deficient 
mice. Endocrinology. 140:5030-5 
 
Ny T, Wahlberg P, Brändström IJ. 2002.  Matrix remodeling in the 
ovary: regulation and functional role of the plasminogen activator 
and matrix metalloproteinase systems.  Mol Cell Endocrinol 187: 
29-38. 
 
Odore R, Re G, Badino P, Donn A, Vigo D, Biolatti B, Girardi C.  
1999. Modifications of receptor concentrations for adrenaline, 
steroid hormones, prostaglandin F2alpha and gonadotropins in 
hypophysis and ovary of dairy cows with ovarian cysts.  
Pharmacol Res. 39:297-304. 
 



171 
 

Ohinishi J, Ohinishi E, Shibuya H, Takahashi T.  2005. Functions 
for proteinases in the ovulatory process.  Biochica et Biophysica 
Acta. 1751: 95-109. 
 
Olson ST, Swanson R, Day D, Verhamme I, Kvassman J, Shore 
JD. 2001. Resolution of Michaelis complex, acylation, and 
conformational change steps in the reactions of the serpin, 
plasminogen activator inhibitor-1, with tissue plasminogen 
activator and trypsin.  Biochemistry. 40: 11742-56. 
 
Opsomer G, Wensing T, Laevens H, Coryn M, de Kruif A.  1999. 
Insulin resistance: the link between metabolic disorders and 
cystic ovarian disease in high yielding dairy cows?  Anim Reprod 
Sci. 56:211-22. 
 
Oral B, Mermi B, Dilek M, Alanoğlu G, Sütçü R.  2009. Thrombin 
activatable fibrinolysis inhibitor and other hemostatic parameters 
in patients with polycystic ovary syndrome.  Gynecol Endocrinol. 
25:110-6. 
 
Orbe J, Rodriguez JA, Calvo A, Grau A, Belzunce MS, Martinez-
Caro D, Páramo JA.  2001. Vitamins C and E attenuate 
plasminogen activator inhibitor-1 (PAI-1) expression in a 
hypercholesterolemic porcine model of angioplasty.  Cardiovasc 
Res. 49:484-92. 
 
Orio F Jr, Palomba S, Cascella T, Tauchmanovà L, Nardo LG, Di 
Biase S, Labella D, Russo T, Savastano S, Tolino A, Zullo F, 
Colao A, Lombardi G.  2004.  Is plasminogen activator inhibitor-1 
a cardiovascular risk factor in young women with polycystic ovary 
syndrome? Reprod Biomed Online. 9:505-10. 
 
Ortega HH, Palomar MM, Acosta JC, Salvetti NR, Dallard BE, 
Lorente JA, Barbeito CG, Gimeno EJ.  2008. Insulin-like growth 
factor I in sera, ovarian follicles and follicular fluid of cows with 
spontaneous or induced cystic ovarian disease.  Res Vet Sci. 
84:419-27. 
  
Overall CM.  2002. Molecular determinants of metalloproteinase 
substrate specificity: matrix metalloproteinase substrate binding 
domains, modules, and exosites.  Mol Biotechnol.  22:51-86. 
 
Peng XR, Hsueh AJ, Ny T. 1993.  Transient and cell-specific 
expression of tissue-type plasminogen activator and 



172 
 

plasminogen-activator-inhibitor type 1 results in controlled and 
directed proteolysis during gonadotropin-induced ovulation.  Eur J 
Biochem. 214:147-56. 
 
Pepper MS, Vassalli JD, Montesano R, Orci L. 1987. Urokinase-
type plasminogen activator is induced in migrating capillary 
endothelial cells.  J Cell Biol. 105:2535-41. 
 
Peter, AT.  1997.  Infertility due to abnormalities of the ovaries.  
Current Therapy in Large Animal Theriogenology 1st edition.  p 
349-353. Youngquist RS, Ed.    Philadelphia: W.B. Saunders 
Company.  
 
Peter AT. 2004. An update of Cystic Ovarian Degeneration in 
Cattle.  Reprod Dom Anim. 39:1-7. 
 
Peter AT, Levine H, Drost M, Bergfelt DR. 2009. Compilation of 
classical and contemporary terminology used to describe 
morphological aspects of ovarian dynamics in cattle.  
Theriogenology. 71:1343-57. 
 
Petersen LC, Lund LR, Nielsen LS, Danø K, Skriver, L. 1988. 
One-chain urokinase-type plasminogen activator from human 
sarcoma cells is a proenzyme with little or no intrinsic activity.  J 
Biol Chem. 263: 11189-11195. 
 
Phy JL, Conover CA, Abbott DH, Zschunke MA, Walker DL, 
Session DR, Tummon IS, Thornhill AR, Lesnick TG, Dumesic DA.  
2004. Insulin and messenger ribonucleic acid expression of 
insulin receptor isoforms in ovarian follicles from nonhirsute 
ovulatory women and polycystic ovary syndrome patients.  J Clin 
Endocrinol Metab. 89:3561-6. 
 
Ploug M, Rønne E, Behrendt N, Jensen AL, Blasi F, Danø K.  
1991. Cellular receptor of urokinase plasminogen activator.  
Carboxy-terminal processing and membrane anchoring by 
glycosyl-phosphatidylinositol.  J Biol Chem. 266:1926-33. 
 
Ploug M, Gårdsvoll H, Jørgensen TJ, Lønborg Hansen L, Danø 
K.  2002.  Structural analysis of the interaction between 
urokinase-type plasminogen activator and its receptor: a potential 
target for anti-invasive cancer therapy.  Biochem Soc Trans. 
30:177-83. 
 



173 
 

Prendergast GC, Diamond LE, Dahl D, Cole MD.  1990.  The c-
myc-regulated gene mrl encodes plasminogen activator inhibitor 
1.  Mol Cell Biol. 10:1265-9. 
 
Premoli AC, Santana LF, Ferriani RA, Moura MD, De Sá MF, 
Reis RM. 2005. Growth hormone secretion and insulin-like 
growth factor-1 are related to hyperandrogenism in nonobese 
patients with polycystic ovary syndrome.  Fertil Steril. 83:1852-5. 
 
Pryce JE, Coffey MP, Brotherstone SH, Woolliams JA.  2002. 
Genetic relationships between calving interval and body condition 
score conditional on milk yield. J Dairy Sci. 85:1590-5. 
 
Radcliff RP, McCormack BL, Crooker BA, Lucy MC. 2003. 
Growth hormone (GH) binding and expression of GH receptor 1A 
mRNA in hepatic tissue of periparturient dairy cows. J Dairy Sci. 
86: 3933-40. 
 
Ramón LA, Gilabert-Estellés J, Cosín R, Gilabert J, España F, 
Castelló R, Chirivella M, Romeu A, Estellés A.  2008. 
Plasminogen activator inhibitor-1 (PAI-1) 4G/5G polymorphism 
and endometriosis. Influence of PAI-1 polymorphism on PAI-1 
antigen and mRNA expression. Thromb Res. 122:854-60. 
 
Rao NM, Udupa EG. 2007.  Angiotensin converting enzyme from 
sheep mammary, lingual and other tissues.  Indian J Exp Biol. 
45:1003-6. 
 
Ravn P, Berglund L and Petersen TE.  1995. Cloning and 
characterization of the bovine plasminogen activators uPA and 
tPA. Int Dairy J. 5:605-617. 
 
Rau JC, Beaulieu LM, Huntington JA, Church FC. 2007. Serpins 
in thrombosis, hemostasis and fibrinolysis. J Thromb Haemost. 
5(Suppl 1):102-15.  
 
Resher U, Gerke V.  2004. Annexins-unique membrane binding 
proteins with diverse functions.  J Cell Sci. 117:2631-2639. 
 
Rey F, Rodríguez FM, Salvetti NR, Palomar MM, Barbeito CG, 
Alfaro NS, Ortega HH.  2010. Insulin-like growth factor-II and 
insulin-like growth factor-binding proteins in bovine cystic ovarian 
disease. J Comp Pathol. 142:193-204. 
 



174 
 

Rhoads RP, Kim JW, Leury BJ, Baumgard LH, Segoale N, Frank 
SJ, Bauman DE, Boisclair YR.  2004. Insulin increases the 
abundance of the growth hormone receptor in liver and adipose 
tissue of periparturient dairy cows. J Nutr. 134:1020-7. 
 
Ribadu AY, Nakada K, Tanaka Y, Moriyoshi M, Zhang WC, 
Nakao T. 1999.  Lack of LH response to exogenous estradiol in 
heifers with ACTH-induced ovarian follicular cysts.  J Vet Med 
Sci. 61:979-81. 
 
Rijken DC, Lijnen HR.   2009. New insights into the molecular 
mechanisms of the fibrinolytic system. J Thromb Haemost. 7:4-
13. 
 
Ribadu AY, Nakada K, Moriyoshi M, Zhang WC, Tanaka Y, 
Nakao T.  2000. The role of LH pulse frequency in ACTH-induced 
ovarian follicular cysts in heifers.  Anim Reprod Sci. 64:21-31. 
 
Rice P, Longden I, Bleasby A.  2000.  EMBOSS: The European 
Molecular Biology Open Software Suite.  Trends Genet. 16: 276--
277 
 
Rintala-Dempsey AC, Rezvanpour A, Shaw GS. 2008. S100-
annexin complexes--structural insights.  FEBS J. 275:4956-66. 
 
Roberge S, Brown JL, Reeves JJ.  1993. Elevated inhibin 
concentration in the follicular fluid of dairy cows with chronic 
cystic ovarian disease.  Theriogenology. 40:809-18. 
 
Robbins KC, Summaria L, Hsieh B, Shah RJ.  1967. The peptide 
chains of human plasmin. Mechanism of activation of human 
plasminogen to plasmin.  J Biol Chem. 242:2333-42. 
 
Robinson RS, Hunter MG, Mann GE.  2006. Supra-basal 
progesterone concentrations during the follicular phase are 
associated with development of cystic follicles in dairy cows. Vet 
J. 172:340-6. 
 
Rodgers RJ, Irving-Rodgers HF.  2002. Extracellualr matrix of the 
bovine ovarian membrane granulose. Mol Cell Endocrinol. 191: 
57-64. 
 



175 
 

Rodgers RJ, Irving-Rodgers HF, Russell DL.  2003. Extracellular 
matrix of the developing ovarian follicle.  Reproduction. 126:415-
24. 
 
Rodríguez JA, Grau A, Eguinoa E, Nespereira B, Pérez-Ilzarbe 
M, Arias R, Belzunce MS, Páramo JA, Martínez-Caro D. 2002.  
Dietary supplementation with vitamins C and E prevents 
downregulation of endothelial NOS expression in 
hypercholesterolemia in vivo and in vitro.  Atherosclerosis 
165,33-40. 
 
Roldán B, Escobar-Morreale HF, Barrio R, de La Calle H, Alonso 
M, García-Robles R, Sancho J.  2001. Identification of the source 
of androgen excess in hyperandrogenic type 1 diabetic patients. 
Diabetes Care. 24:1297-9. 
 
Rorive S, Berton A, D'haene N, Takacs CN, Debeir O, 
Decaestecker C, Salmon I.  2008. Matrix metalloproteinase-9 
interplays with the IGFBP2-IGFII complex to promote cell growth 
and motility in astrocytomas. Glia. 56:1679-90. 
 
Roy AL.  2001. Biochemistry and biology of the inducible 
multifunctional transcription factor TFII-I.  Gene.  274:1-13. 
 
Rozen S and Skaletsky HJ. 1998. Primer3.  Code available at 
http://www-
genome.wi.mit.edu/genome_software/other/primer3.html.  
 
Russell DL, Robker RL.  2007. Molecular mechanisms of 
ovulation: co-ordination through the cumulus complex. Hum 
Reprod Update. 13:289-312. 
 
Salvetti NR, Acosta JC, Gimeno EJ, Müller LA, Mazzini RA, 
Taboada AF, Ortega HH. 2007. Estrogen receptors alpha and 
beta and progesterone receptors in normal bovine ovarian 
follicles and cystic ovarian disease.  Vet Pathol. 44:373-8. 
 
Salvetti NR, Baravalle C, Mira GA, Gimeno EJ, Dallard BE, Rey 
F, Ortega HH. 2009. Heat shock protein 70 and sex steroid 
receptors in the follicular structures of induced ovarian cysts.  
Reprod Domest Anim. 44:805-14. 
 



176 
 

Sartin JL, Kemppainen RJ, Cummins KA, Williams JC.  1988. 
Plasma concentrations of metabolic hormones in high and low 
producing dairy cows. J. Dairy Sci. 71:650-7. 
 
Schaller J, Nick H, Rickli EE, Gillessen D, Lergier W, Studer RO.  
1982.  Human low-molecular-weight urinary urokinase. Partial 
characterization and preliminary sequence data of the two 
polypeptide chains.  Eur J Biochem. 125:251-7. 
 
Scahller J, Moser PW, Dannegger-Müller GAK, Rösselet SJ, 
Kämpfe U, Rickli EE.  1985. Complete amino acid sequence of 
bovine plasminogen comparison with human plasminogen.  Eur J 
Biochem. 149: 267-278. 
 
Schams D, Kosmann M, Berisha B, Amselgruber WM, Miyamoto 
A. 2001. Stimulatory and synergistic effects of luteinising 
hormone and insulin like growth factor 1 on the secretion of 
vascular endothelial growth factor and progesterone of cultured 
bovine granulosa cells.  Exp Clin Endocrinol Diabetes  109:155-
62. 
 
Schatz F, Kuczynski E, Kloosterboer HJ, Buchwalder L, Tang C, 
Krikun G, Lockwood CJ. 2005. Tibolone and its metabolites 
enhance tissue factor and PAI-1 expression in human 
endometrial stromal cells: Evidence of progestogenic effects. 
Steroids. 70:840-5. 
 
Schatz F, Krikun G, Runic R, Wang EY, Hausknecht V, 
Lockwood CJ.  1999. Implications of decidualization-associated 
protease expression in implantation and menstruation.  Semin 
Reprod Endocrinol. 17:3-12. 
 
Schug J, Overton GC.  1998.  Transcritptional element search 
software on the WWW. 
http://www.cbil.upenn.edu/tess/techreports/1997/CBIL-TR-1997-
1001-v0.0.pdf 
 
Schuller AG, Lindenbergh-Kortleve DJ, Pache TD, Zwarthoff EC, 
Fauser BC, Drop SL. 1993.  Insulin-like growth factor binding 
protein-2, 28 kDa and 24 kDa insulin-like growth factor binding 
protein levels are decreased in fluid of dominant follicles, 
obtained from normal and polycystic ovaries.  Regul Pept. 
48:157-63. 
 



177 
 

Seguin BE.  2005.  Rerpoductive System: Cystic Ovarian 
Disease.  Kahn CM, editor.  Merck Veterinary Manual, 9th edition.  
Merck and Co. 
 
Seli E, Duleba AJ. 2002. Should patients with polycystic ovarian 
syndrome be treated with metformin?  Hum Reprod. 17:2230-6. 
 
Sharpe KL, Eiler H, Hopkins FM 1990.  Changes in the proportion 
of type I and type III collagen in the developing and retained 
bovine placentome.  Biol Reprod. 43:229-35. 
 
Shingfield KJ, Salo-Väänänen P, Pahkala E, Toivonen V, 
Jaakkola S, Piironen V, Huhtanen P. 2005.  Effect of forage 
conservation method, concentrate level and propylene glycol on 
the fatty acid composition and vitamin content of cows' milk.  J 
Dairy Res. 72: 349-61. 
 
Silverman GA, Bird PI, Carrell RW, Church FC, Coughlin PB, 
Gettins PG, Irving JA, Lomas DA, Luke CJ, Moyer RW, 
Pemberton PA, Remold-O'Donnell E, Salvesen GS, Travis J, 
Whisstock JC. 2001. The serpins are an expanding superfamily 
of structurally similar but functionally diverse proteins. Evolution, 
mechanism of inhibition, novel functions, and a revised 
nomenclature.  J Biol Chem. 276:33293-6. 
 
Silvia WJ, McGinnis AS, Hatler TB. 2005. A comparison of 
adrenal gland function in lactating dairy cows with or without 
ovarian follicular cysts. Reprod Biol. 5:19-29. 
 
Sirois J. 1994. Induction of prostaglandin endoperoxide synthase-
2 by human chorionic gonadotropin in bovine preovulatory 
follicles in vivo. Endocrinology. 135:841–848. 
 
Siu MK, Cheng CY.  2004. Extracellular matrix: recent advances 
on its role in junction dynamics in the seminiferous epithelium 
during spermatogenesis.  Biol Reprod. 71:375-91. 
 
Smolarz B, Romanowicz-Makowska H, Kulig A. 2003. 
Plasminogen activator inhibitor 1 (PAI-1) 1334G/A genetic 
polymorphism in colorectal cancer.  Acta Biochimica Polonica. 
50:489-95. 
 



178 
 

Somerville RP, Oblander SA, Apte SS. 2003. Matrix 
metalloproteinases: old dogs with new tricks. Genome Biol. 
4:216. 
 
Sorrell AM, Shand JH, Tonner E, Gamberoni M, Accorsi PA, 
Beattie J, Allan GJ, Flint DJ. 2006. Insulin-like growth factor-
binding protein-5 activates plasminogen by interaction with tissue 
plasminogen activator, independently of its ability to bind to 
plasminogen activator inhibitor-1, insulin-like growth factor-I, or 
heparin. J Biol Chem. 281:10883-9. 
 
Spicer LJ, Chamberlain CS, Maciel SM. 2002. Influence of 
gonadotropins on insulin- and insulin-like growth factor-I (IGF-I)-
induced steroid production by bovine granulosa cells. Domest 
Anim Endocrinol. 22:237-54. 
 
Spicer LJ.  2004. Proteolytic degradation of insulin-like growth 
factor binding proteins by ovarian follicles: a control mechanism 
for selection of dominant follicles.  Biol Reprod. 70:1223-30. 
 
Strand K, Murray J, Aziz S, Ishida A, Rahman S, Patel Y, 
Cardona C, Hammond WP, Savidge G, Wijelath ES.  2000. 
Induction of the urokinase plasminogen activator system by 
oncostatin M promotes endothelial migration.  J Cell Biochem 
79:239-48. 
 
Sudo N, Shimizu T, Kawashima C, Kaneko E, Tetsuka M, 
Miyamoto A.  2007. Insulin-like growth factor-I (IGF-I) system 
during follicle development in the bovine ovary: relationship 
among IGF-I, type 1 IGF receptor (IGFR-1) and pregnancy-
associated plasma protein-A (PAPP-A).  Mol Cell Endocrinol. 
264:197-203. 
 
Swanson GN, Hanesworth JM, Sardinia MF, Coleman JK, Wright 
JW, Hall KL, Miller-Wing AV, Stobb JW, Cook VI, Harding EC, 
Harding JW. 1992.  Discovery of a distinct binding site for 
angiotensin II (3-8), a putative angiotensin IV receptor.  Regul 
Peptides. 40:409-19. 
 
Taipale J, Keski-Oja J. 1997. Growth factors in the extracellular 
matrix. FASEB. 11:51-9. 
 
Tang CH, Wei Y.  2008. The urokinase receptor and integrins in 
cancer progression.  Cell Mole Life Sci.65:1916-32. 



179 
 

 
Tarkun I, Cantürk Z, Arslan BC, Türemen E, Tarkun P. 2004. The 
plasminogen activator system in young and lean women with 
polycystic ovary syndrome.  Endocr J.  51:467-72. 
 
Takagi M, Yamamoto D, Ohtani M, Miyamoto A.  2007.  
Quantitative analysis of messenger RNA expression of matrix 
metalloproteinases (MMP-2 and MMP-9), tissue inhibitor-2 of 
matrix metalloproteinases (TIMP-2), and steroidogenic enzymes 
in bovine placentomes during gestation and postpartum.  Mol 
Reprod Devel. 74:801-7. 
 
The UniProt Consortium.  2010.  The Universal Protein Resource 
(UniProt) in 2010.  Nucleic Acids Res. 38:D142-D148. 
 
Thorsen S, Philips M, Selmer J, Lecander I, Astedt B. 1988. 
Kinetics of inhibition of tissue-type and urokinase-type 
plasminogen activator by plasminogen-activator inhibitor type 1 
and type 2. . Eur J Biochem. 175:33-9. 
 
Todd BJ, Merhi ZO, Shu J, Etgen AM, Neal-Perry GS. 2010. 
Hypothalamic insulin-like growth factor-I receptors are necessary 
for hormone-dependent luteinizing hormone surges: implications 
for female reproductive aging.  Endocrinology. 151:1356-66. 
 
Todoroki J, Yamakuchi H, Mizoshita K, Kubota N, Tabara N, 
Noguchi J, Kikuchi K, Watanabe G, Taya K, Kaneko H.  2001. 
Restoring ovulation in beef donor cows with ovarian cysts by 
progesterone-releasing intravaginal silastic devices.  
Theriogenology.  55:1919-32. 

Tokunaga K, Taniguchi H, Yoda K, Shimizu M, Sakiyama S.  
1986.  Nucleotide sequence of a full-length cDNA for mouse 
cytoskeletal beta-actin mRNA.  Nucleic Acids Res. 14:2829. 
 
Tsafriri A, Reich R.  1999. Molecular aspects of mammalian 
ovulation. Exp Clin Endocrinol Diabetes. 107:1-11.  
 
United States Department of Agriculture: Animal and Plant Health 
Inspection Service. 1996. Information Sheet: Veterinary Services: 
Economic Opportunities for dairy cow culling management 
options. 
 



180 
 

United States Department of Agriculture: Animal and Plant Health 
Inspection Service. 2007. Information Sheet: Veterinary Services.  
Highlights of Dairy 2007 Part 1: Reference of Dairy Cattle Health 
and Management Practices in the United States. 
 
USDA National Agricultural Statistical Service.  
http://www.nass.usda.gov/Data_and_Statistics/ 
 
Vanholder T, Leroy JL, Dewulf J, Duchateau L, Coryn M, de Kruif 
A, Opsomer G. 2005. Hormonal and metabolic profiles of high-
yielding dairy cows prior to ovarian cyst formation or first 
ovulation post partum.  Reprod Domest Anim. 40:460-7. 
 
Vanholder T, Opsomer G, de Kruif A.  2006. Aetiology and 
pathogenesis of cystic ovarian follicles in dairy cattle: a review. 
Reprod Nutr Dev. 46:105-19. 
 
van Straten M, Shpigel NY, Friger M. 2009. Associations among 
patterns in daily body weight, body condition scoring, and 
reproductive performance in high-producing dairy cows.  J Dairy 
Sci. 92:4375-85. 
 
van Hinsbergh VW, Engelse MA, Quax PH. 2006.  Pericellular 
proteases in angiogenesis and vasculogenesis.  Arterioscler 
Thromb Vasc Biol. 26:716-28. 
 
Vanholder T, Opsomer G, de Kruif A.  2006. Aetiology and 
pathogenesis of cystic ovarian follicles in dairy cattle: a review. 
Reprod Nut Develop. 46:105-19. 
 
Vassalli JD, Baccino D,  Belin D.  1985. A cellular binding site for 
the Mr 55,000 form of the human plasminogen activator, 
urokinase. J Cell Biol.  100:86-92. 
 
Vaughan DE, Lazos SA, Tong K. 1995.  Angiotensin II regulates 
the expression of plasminogen activator inhibitor-1 in cultured 
endothelial cells. A potential link between the renin-angiotensin 
system and thrombosis.  J Clin Invest. 95:995-1001. 
  
Velazquez MM, Alfaro NS, Dupuy CR, Salvetti NR, Rey F, Ortega 
HH.  2010. Heat shock protein patterns in the bovine ovary and 
relation with cystic ovarian disease.  Anim Reprod Sci. 118:201-9. 
 



181 
 

Vesanen, M. 1993.  Bovine uterine, cervical and ovarian cytosol 
estrogen and progesterone receptor concentrations in cystic 
ovarian disease.  Acta Vet Scand. 34: 35-43. 
 
Vignini A, Nanetti L, Moroni C, Testa R, Sirolla C, Marra M, 
Manfrini S, Fumelli D, Marcheselli F, Mazzanti L, Rabini RA. 
2008. A study on the action of vitamin E supplementation on 
plasminogen activator inhibitor type 1 and platelet nitric oxide 
production in type 2 diabetic patients. Nutr Metab Cardiovasc Dis. 
18:15-22. 
 
Villacorta L, Azzi A, Zingg JM. 2007.  Regulatory role of vitamins 
E and C on extracellular matrix components of the vascular 
system.  Mol Aspects Med. 28:507-37. 
 
Wahlberg P, Bodén I, Paulsson J, Lund LR, Liu K, Ny T.  2007. 
Functional corpora lutea are formed in matrix metalloproteinase 
inhibitor-treated plasminogen-deficient mice.  Endocrinology. 
148:1226-34. 
 
Wahlberg P, Nylander A, Ahlskog N, Liu K, Ny T.  2008. 
Expression and localization of the serine proteases high-
temperature requirement factor A1, serine protease 23, and 
serine protease 35 in the mouse ovary. Endocrinology. 149: 
5070-7. 
 
Wajchenberg BL, Achando SS, Okada H, Czeresnia CE, Peixoto 
S, Lima SS, Goldman J.  1986. Determination of the source(s) of 
androgen overproduction in hirsutism associated with polycystic 
ovary syndrome by simultaneous adrenal and ovarian venous 
catheterization. Comparison with the dexamethasone 
suppression test.  J Clin Endocrinol Metab. 63:1204-10. 
 
Walter I, Boos A.  2001.  Matrix metalloproteinases (MMP-2 and 
MMP-9) and tissue inhibitor-2 of matrix metalloproteinases 
(TIMP-2) in the placenta and interplacental uterine wall in normal 
cows and in cattle with retention of fetal membranes.  Placenta. 
22:473-83. 
 
Weiss WP, Hogan JS, Todhunter DA, Smith KL. 1997. Effect of 
vitamin E supplementation in diets with a low concentration of 
selenium on mammary gland health of dairy cows. J Dairy Sci. 
80:1728-37. 
 



182 
 

Welt CK, Taylor AE, Fox J, Messerlian GM, Adams JM, Schneyer 
AL. 2005. Follicular arrest in polycystic ovary syndrome is 
associated with deficient inhibin A and B biosynthesis.  J Clin 
Endocrinol Metab. 90:5582-7. 
 
Whittier WD, Gwazdauskas FC, McGilliard ML. 1989. 
Prostaglandin F(2)alpha usage in a dairy reproduction program 
for treatment of unobserved estrus, pyometra and ovarian luteal 
cysts.  Theriogenology. 32:693-704. 
 
Wiltbank M, Lopez H, Sartori R, Sangsritavong S, Gümen A. 
2006. Changes in reproductive physiology of lactating dairy cows 
due to elevated steroid metabolism. Theriogenology. 65:17-29. 
 
Wise ME, Armstrong DV, Huber JT, Hunter R, Wiersma F.  1988. 
Hormonal alterations in the lactating dairy cow in response to 
thermal stress.  J Dairy Sci. 71:2480-5. 
 
Windig JJ, Calus MP, Beerda B, Veerkamp RF.  2006. Genetic 
correlations between milk production and health and fertility 
depending on herd environment.  J Dairy Sci. 89:1765-75. 

 
Winkler UH. 1996. Effects of androgens on haemostasis.  
Maturitas. 24:147-55. 
 
Zhang L, Fogg DK, Waisman DM. 2004. RNA interference-
mediated silencing of the S100A10 gene attenuates plasmin 
generation and invasiveness of Colo 222 colorectal cancer cells.  
J Biol Chem. 279:2053-62. 
 
Zhang X, Wang HM, Lin HY, Liu GY, Li QL, Zhu C. 2004. 
Regulation of matrix metalloproteinases (MMPS) and their 
inhibitors (TIMPS) during mouse peri-implantation: role of nitric 
oxide.  Placenta. 25:243-52. 
 
Zhao FQ, Moseley WM, Tucker HA, Kennelly JJ. 1996. 
Regulation of glucose transporter gene expression in mammary 
gland, muscle, and fat of lactating cows by administration of 
bovine growth hormone and bovine growth hormone-releasing 
factor.  J of Anim Sci. 74:183-9. 
 
Zhao FQ, Keating AF.  2007. Expression and regulation of 
glucose transporters in the bovine mammary gland. J Dairy Sci. 
90 Suppl 1:E76-86. 



183 
 

 
Zhou H, Ohno N, Terada N, Saitoh S, Naito I, Ohno S.  2008. 
Permselectivity of blood follicle barriers in mouse ovaries of the 
mifepristone-induced polycystic ovary model revealed by in vivo 
cryotechnique. Reproduction. 136:599-610. 
 
Zimin AV, Delcher AL, FloreaL, Kelley DR, Schatz MC, Puiu D, 
Hanrahan F, Pertea G, Van Tassell CP, Sonstegard TS, Marcais 
G, Roberts M, Subramanian P, Yorke JA and Salzberg SL.  2009. 
A whole-genome assembly of the domestic cow, Bos Taurus.  
Genome Biol. 10:R42. 
 

Zingg JM, Azzi A. 2004. Non-antioxidant activities of vitamin E.  
Curr Med Chem. 11:1113-33. 
 


