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ABSTRACT 

Artificial insemination (AI) and estrus synchronization (ES) are effective tools for 

the genetic advancement of cattle.  Gonadotropin-releasing hormone (GnRH) is used at 

the beginning of ES protocols to induce ovulation and start a new follicular wave, and(or) 

at the end of the protocol to induce ovulation in combination with insemination.  

However, GnRH-induced ovulation of physiologically immature follicles negatively 

affected pregnancy rates in beef heifers and postpartum cows and increased late 

embryonic/early fetal loss.  Mechanisms associated with reduced pregnancy rates and late 

embryonic/fetal survival are not clear, but may be due to inadequate oocyte competence 

and(or) a compromised uterine environment.  Therefore, two studies were conducted to 

determine the effect of ovulatory follicle size on oocyte competence (experiment 1) and 

placental function (experiment 2 - 4).  The aim of experiment 1 was to examine the 

relationship between ovulatory follicle size/steroidogenic capacity and markers of oocyte 

competence in both oocytes and the surrounding cumulus cells.  Non-lactating beef cows 

were administered GnRH on d -9, prostaglandin F2α(PG) on d -2, and ovaries harvested 
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48 hr after PG administration (d 0). There was a positive correlation between dominant 

follicle size and both serum and follicular fluid estradiol.  As dominant follicle diameter 

increased, oocyte expression of FST (P < 0.02), INHBA (P < 0.01) and INHBB (P < 

0.03) decreased and cumulus cell expression of CTSB decreased (P < 0.04). 

The objective of experiments 2 to 4 was to examine the association between 

ovulatory follicle size, circulating concentrations of estradiol and progesterone, 

embryo/fetal survival and circulating concentrations of bovine pregnancy associated 

glycoproteins (bPAGs), which served as a marker of placental function. Ovulation was 

synchronized in postpartum beef cows as described for experiment 1; however a GnRH 

injection was administered 48 hr after PG (CO-Synch protocol) instead of ovary 

collection. The first increase (P<0.0001) in serum bPAGs occurred on d 24 after 

insemination and the pattern of secretion of bPAGs in serum from d 24 to 60 after 

insemination (d 0) was affected by day (P < 0.0001), but not ovulatory follicle size. In 

another group of suckled beef cows (n = 1,164) the CO-Synch protocol was administered 

either with (donor cows; n = 810) or without (recipient cows; n = 354) AI on d 0.  Single 

embryos (n = 394) or oocytes (n = 45) were recovered from the donor cows (d 7; ET) and 

all live embryos were transferred into recipients the same day.  Embryos from cows that 

ovulated a small (< 12.5 mm) or large follicle (≥ 12.5 mm) were transferred into cows 

that ovulated either a small or large follicle to remove co-linearity of follicle sizes pre- 

and post- day 7 of pregnancy; small to small (S-S; n = 71), small to large (S-L; n = 111), 

large to small (L-S; n = 122) and large to large (L-L;  n = 50).  Compared to cows that 

maintained pregnancy, cows that exhibited late embryonic/fetal mortality after d 28 had 

decreased (P < 0.05) concentrations of bPAGs on d 28. Serum concentration of bPAGs at 
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d 28 was not affected by ovulatory follicle size (P = 0.85), embryo stage at ET (P = 

0.75), embryo quality at ET (P = 0.64), estradiol at GnRH2 (P = 0.62) or serum 

progesterone at ET (d 7; P = 0 .14).   

In summary, follicle diameter 48 after PG (d 0) was positively associated with 

serum and intrafollicular estradiol; however, the relationship between ovulatory follicle 

size and markers of oocyte competence was not conclusive.  Furthermore, there was no 

relationship between bPAGs and ovulatory follicle size stage of embryonic development, 

or embryo quality; however, cows that lost an embryo after d 28 had lower 

concentrations of bPAGs on d 28 compared to cows that maintained pregnancy.   
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CHAPTER I 
 

Introduction 
 

Increasing profitability of a beef herd is dependent upon increasing reproductive 

efficiency, improving genetic merit for economically relevant traits, optimizing 

production within a particular environment, reducing input costs, and implementing 

marketing strategies to capture the value created from genetically superior animals and 

improved management.  Over the past 30 years, beef producers have witnessed the rapid 

development of reproductive technologies (e.g. fixed – timed artificial insemination 

[FTAI], estrus synchronization [ES], and real-time ultrasonography) that can improve 

both reproductive management and genetic merit of a beef herd.  In fact, Seidel (1995) 

stated, “ES and AI are among the most powerful and applicable technologies for genetic 

improvement of a beef herd.”  However, the primary challenge to adopting these 

technologies has been time and labor associated with their implementation.  Traditional 

methods of ES and AI require monitoring estrous behavior at least twice daily during the 

synchronized period, which can be tedious and time consuming.  Furthermore, anestrus 

animals or cycling animals not detected in estrus are not inseminated. However, ES 

protocols that specifically synchronize the timing of ovulation in relationship to the time 

of semen deposition have eliminated the need for estrous detection while achieving 

pregnancy rates similar to estrous detection-based ES protocols.  Consequently, the 

adoption of FTAI by beef producers has increased.   

FTAI protocols require a sequence of injections of gonadotropin releasing 

hormone (GnRH), prostaglandin F2α (PG), and a second GnRH injection to synchronize 

follicular waves, the onset of luteolysis, and ovulation in conjunction with insemination, 
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respectively.  An example of such a protocol (CO-Synch) requires a GnRH injection on 

day -9, PG on day -2, and a second injection of GnRH at the time of AI on day 0  (48 to 

66 hrs after PG; Geary et al., 1998; Larson et al., 2006).  GnRH has also been used to 

induce a preovulatory gonadotropin surge in women undergoing assisted reproductive 

therapies (ART) procedures. 

 GnRH is commonly used in FTAI protocols to induce ovulation, synchronize 

follicular waves, and induce formation of an accessory corpus luteum.  An injection of 

GnRH is currently used in each of the recommended FTAI or clean-up AI protocols for 

beef heifers and postpartum cows (Beef Reproductive Task Force; Beef Heifer/Cow 

protocols 2011).  The proportion of heifers and cows that ovulate to a GnRH injection at 

the start of a FTAI protocol is approximately 40 to 60%, respectively, and dependent 

upon the stage of a follicular wave when GnRH injection is administered (Geary et al., 

2000; Atkins et al., 2008; Atkins et al., 2010a,b).   Failure to respond to the initial GnRH 

injection can affect ovulatory follicle size at FTAI, which subsequently affected 

ovulatory follicle size at insemination and pregnancy success (Atkins et al., 2010a,b).  

Lamb and coworkers (2001) reported that cows induced to ovulate a dominant follicle     

> 12 mm in diameter had greater pregnancy rates than cows induced to ovulate dominant 

follicles ≤ 12 mm.  Several reports also show that GnRH-induced ovulation of small 

physiologically immature dominant follicles decreased pregnancy success in both beef 

and dairy cattle (Perry et al., 2005, 2007; Vasconcelos et al., 2001; Peres et al., 2009).  

Furthermore, increased late embryonic/fetal loss has been reported following GnRH-

induced ovulation.  When lactating dairy cows were administered a second injection of 

GnRH and subsequent AI there was a 20.2% incidence of late embryonic/early fetal loss 
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following confirmation of pregnancy on day 28, with a majority of the loss occurring 

between days 28 to 42 (Vasconcelos et al., 1997).  Perry et al., (2005) also reported an 

increased incidence of late embryonic/early fetal mortality in postpartum beef cows in 

which small dominant follicles where induced to ovulate with GnRH.  Consequently, 

there was an effect of ovulatory follicle size on pregnancy establishment and 

maintenance.  Alternatively, there was no effect of ovulatory follicle size on pregnancy 

rates or late embryonic/fetal survival in cows that spontaneously ovulated (Perry et al., 

2005).  Collectively these observations suggest that the decrease in pregnancy 

establishment and maintenance was due to the physiological immaturity of the ovulatory 

follicle rather than ovulatory follicle size alone.   

Mechanisms associated with reduced pregnancy rates and late embryonic/fetal 

survival following GnRH-induced ovulation of physiologically immature follicles are not 

clear, but may include inadequate oocyte competence and (or) a compromised uterine 

environment.  To distinguish between the effects of inadequate oocyte competence and 

suboptimal uterine environment a reciprocal embryo transfer (RET) project was 

conducted in which donor and recipient cows ovulated large and small dominant follicles 

following GnRH.  The results indicated that both reduced oocyte competence and a 

compromised maternal environment following GnRH-induced ovulation of small 

dominant follicles contributed to a reduction in pregnancy rates (Atkins PhD Dissertation, 

2009; Atkins et al., 2010c).    

Atkins et al., (2010c) reported a positive association between ovulatory follicle 

size and probability of fertilization as well as probability of recovering a transferable 

embryo in the preceding RET project.  These data suggest that oocyte competence might 
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be affected by the follicular microenvironment, thus affecting pregnancy establishment 

and maintenance of pregnancy.  Therefore, we hypothesized that decreased pregnancy 

rates and increased late embryonic/fetal loss in postpartum beef cows induced to ovulate 

a small dominant follicle is due to inadequate oocyte competence.  The objectives of this 

thesis were to:  1) Determine the effect of dominant follicle diameter 48 hours after PG 

injection on multiple molecular markers of oocyte competence (e.g. Follistatin), to 

characterize steroidogenic capacity of the dominant follicle (estradiol and progesterone), 

and the fatty acids within the follicular fluid of the dominant follicle prior to GnRH-

induced ovulation, and 2) Determine the relationship between ovulatory follicle size, late 

embryonic/fetal survival, and circulating concentrations of pregnancy associated 

glycoproteins (PAGs; a potential marker of placental function) on the establishment and 

maintenance of pregnancy in postpartum beef cows.              
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CHAPTER TWO 

Review of Literature 

2.1 Introduction 

 Reproductive loss is of critical importance in humans and domestic livestock 

species.  In humans, clinical loss of pregnancies prior to the 20th week of gestation occurs 

approximately 15% of the time (Warburton and Fraser, 1964; Alberman, 1988) and over 

20% of women of reproductive age are estimated to experience infertility (CDC Division 

of Reproductive Health, 2009).  In the U.S. beef industry, reproductive failure is 

estimated to cost approximately $500 million annually (Bellows et al., 2002). 

Reproductive losses pose serious challenges in humans and livestock species and a focus 

on minimizing reproductive losses is required. 

 Over the past three decades, there has been a rapid increase in the development of 

reproductive technologies both for humans and domestic livestock.  Currently, in the U.S. 

it is estimated that about 1% of all human infants born are conceived using assisted 

reproductive therapies (ART; CDC Division of Reproductive Health, 2009), and about 4-

6% (1.5 million calves) of the US beef calf crop result from artificial insemination (AI; 

NAHMS, 2008).  Unlike in humans, synchronization of ovulation and artificial 

insemination in cattle are administered on a whole herd basis rather than to individuals 

with fertility problems.  Basic research on the physiology of the menstrual/estrous cycle, 

ovulation, corpus luteum function, and pregnancy has contributed to the development and 

implementation of the preceding technologies.  However, a major challenge has been to 

maximize the probability of pregnancy establishment and embryonic/fetal survival when 

implementing these technologies.  Induction and control of ovulation is an assisted 
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reproductive technology that is commonly used in both humans and cattle and there is 

increasing evidence that the physiological maturity of an ovulatory follicle can affect 

fertility in both species.  Many researchers have utilized cattle as a model to study 

numerous reproductive processes, including insight into human reproduction, specifically 

in the area of ovarian contributions to pregnancy (Campbell et. al., 2003).  The purpose 

of this review is to discuss how the follicular microenvironment and oocyte competence 

can affect pregnancy establishment and embryo/fetal survival, along with the relationship 

between placental markers (e.g. Pregnancy associated glycoproteins; PAGs) and 

pregnancy establishment and maintenance with an emphasis on cattle. 

2.2 Ovulatory follicle size and the establishment and maintenance of pregnancy 

2.2.1 Overview of synchronization of ovulation  

 Exogenous hormone regimes that precisely control timing of ovulation have been 

implemented in domestic livestock species and humans. In cattle, synchronization of 

estrus/ovulation and artificial insemination (AI) remain the most powerful technologies 

available to cattle producers for genetic improvement and reproductive management 

(Seidel, 1995).  However, adoption of these technologies by beef producers has been 

relatively low due to the time and labor associated with estrous detection.  Therefore, 

fixed-time AI (FTAI) protocols that eliminate estrous detection and permit insemination 

of heifers and cows at a predetermined time were developed that result in pregnancy rates 

that are similar to protocols that require estrous detection. 

 Development of effective FTAI protocols in cattle requires control of the 

following physiological processes: 1.) Synchronization of a follicular wave following an 

ovulatory stimulus (e.g. gonadotropin releasing hormone [GnRH] injection) or induction 
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of dominant follicle turnover (e.g. administration of estradiol or progesterone) 

culminating in development of a physiologically mature dominant follicle, 2.)  Control of 

the corpus luteum (CL) lifespan via prostaglandin F2α (PG)-induced luteolysis, 3.) GnRH-

induced ovulation of a dominant follicle, and 4.) deposition of semen at the appropriate 

time relative to induction of ovulation.  The preceding GnRH-PG-GnRH injection 

sequence (Figure 2.1) is based on the premise that the initial injection of GnRH will 

induce ovulation of a dominant follicle resulting in synchrony of a new follicular wave, 

followed by an injection of PG seven days later to induce luteolysis.  Approximately 48-

72 hours following PG injection a second injection of GnRH is administered to induce 

ovulation of a physiologically mature dominant follicle and insemination normally occurs 

at the second GnRH injection.  Essentially all FTAI protocols in the U.S. are variations of 

the GnRH-PG-GnRH injection sequence with some differences in timing of insemination 

and use of a progesterone-releasing device.  

In humans, a variety of protocols have been used for ovarian stimulation; 

however, a common practice is to use GnRH to desensitize the pituitary at the initiation 

of the protocol or to induce a gonadotropin surge prior to oocyte retrieval.  In a 

conventional in vitro fertilization (IVF) ovarian stimulation protocol, patients receive 

multiple injections of a GnRH agonist during the midluteal phase of the menstrual cycle 

to desensitize the pituitary gland, followed by exogenous hormonal stimulation to 

increase follicle growth and a single dose of a GnRH agonist or hCG about 36 hrs prior to 

oocyte retrieval (Murber et al., 2009; Bergh et al., 1998; Teissier et al., 2000).  GnRH 

agonists have been used in human reproductive therapies to stimulate the release of LH 

from the pituitary, triggering final oocyte maturation (Gonen et al., 1990).  However,  
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Figure 2.1.  Methods currently used to synchronize ovulation (Ovsynch, CO-Synch) or 
estrus (Select Synch) in cattle. Gonadotropin releasing hormone (GnRH) injected on day 
0 of treatment will induce ovulation of a dominant (≥ 10 mm) follicle and initiate a new 
follicular wave. Injection of prostaglandin F2α (PG) on day 7 will induce luteolysis 
(primary and accessory CL). GnRH injection on day 9 will induce ovulation in fixed-time 
AI protocols. (Busch, 2005)   
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GnRH agonist administration in women undergoing IVF resulted in lower pregnancy 

rates and increased early pregnancy loss (Kolibianakis et al., 2005) suggesting that 

perhaps optimal follicle development and maturation had not occurred before induced 

maturation.      

2.2.2 Regulation of follicular waves 

 More than 99.9% of developing follicles die (atresia) during various stages of 

folliculogenesis (Smith et al., 2010); therefore, it is rare for a primordial follicle to 

complete the ovulatory process. Real-time ultrasonography has been used to characterize 

ovarian follicular waves in monovular/monotocous species, including cattle and humans 

(Adams, 1999; Baerwald et al., 2003; Ginther et al., 2001).  In cattle, a transient increase 

in FSH initiates recruitment of a cohort of antral follicles to grow that secrete estradiol 

and inhibin (Fortune et al., 2004).  Increased circulating concentrations of estradiol and 

inhibin from the follicular cohort have a negative feedback on the hypothalamic-pituitary 

axis causing a decrease in circulating concentrations of FSH (Ginther et al., 1996).  

Selection of the dominant follicle or follicular deviation occurs when circulating FSH 

reaches its nadir and the subordinate follicles in the cohort undergo atresia (Ginther et al., 

1999).  Around the time of follicular deviation, the selected follicle switches endocrine 

dependence from FSH to LH, continues to grow at a rate of 1.0 to 2.0 mm per day (Sirois 

and Fortune, 1988; Lucy, 2007), and becomes dominant based on size and the ability to 

inhibit further recruitment of a cohort until the dominant follicle ovulates or loses 

dominance.     

 During the first follicular wave in cattle the dominant follicle generally undergoes 

atresia unless the animal is administered GnRH/human chorionic gonadotropin (hCG) or 
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luteolysis occurs.  Injection of GnRH/hCG will induce ovulation and luteal tissue 

formation.  If the primary CL is present the induced luteal tissue is referred to as an 

accessory CL. When serum concentrations of progesterone (P4) are high, the first wave 

dominant follicle will lose dominance and there will be a transient rise in circulating FSH 

followed by recruitment of a new follicular wave.  However, if circulating P4 is low, the 

first wave dominant follicle will secrete large quantities of estradiol, induce a 

preovulatory gonadotropin surge, and ovulate (Rao and Mahesh, 1986).  Progestins, (e.g. 

progesterone or melengestrol acetate [MGA]), are routinely used for synchronization of 

ovulation in cattle to delay expression of estrus, inhibit ovulation, and induce cycling in 

peripubertal heifers and anestrous cows. 

2.2.3 Ovulatory Follicle Size  

 Dominant follicle growth and maturation is likely important for pregnancy 

success in all species.  With increased understanding of follicular dynamics and the 

endocrine control of reproductive cycles, investigators have focused on how the 

physiological maturity of an ovulatory follicle may affect the establishment and 

maintenance of pregnancy.  

2.2.4 Influence of ovulatory follicle size on fertility in cattle 

   In Bos taurus and Bos indicus cattle, ovulatory capacity of a follicle is obtained 

between 7 and 10 mm in diameter (Sartori et al., 2001; Gimenes et al., 2008) and is 

associated with acquisition of LH receptors in granulosa cells; however, a larger dose of 

LH is required to induce ovulation in a 10 mm follicle verses larger sized follicles 

(Sartori et. al., 2001).  Ovulatory follicle size at GnRH-induced or spontaneous ovulation 

is variable (see Table 1).  In postpartum beef cows, ovulatory follicle size was 15.0 ± 0.3 
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mm (mean ± std) with a range of ≤ 12mm to ≥ 18mm (Lamb et al., 2001).  In the 

preceding study, there was a significant decrease in pregnancy rate following GnRH-

induced ovulation of follicles ≤ 12.0 mm regardless of treatment.  Perry et al., (2005) also 

reported a decrease in pregnancy rates following GnRH-induced ovulation of small 

ovulatory sized follicles; however, there was no effect on pregnancy rate when follicles 

within the same size range ovulated spontaneously.  Furthermore, there was an increase 

in late embryonic/early fetal mortality in cows in which ovulatory follicles < 11.3 mm 

were induced to ovulate; however, late embryonic/early fetal mortality was not related to 

ovulatory follicle size in cows that spontaneously ovulated (Perry et al., 2005).  In dairy 

cows, GnRH-induced ovulation of dominant follicles resulted in a quadratic relationship 

between follicle size and pregnancy establishment in which pregnancy rate increased 

with dominant follicle size to a point (Bello et al., 2006).  Other investigators have also 

reported that induced ovulation of small physiological immature follicles reduced 

pregnancy rates in both beef and dairy cattle (Vasconcelos et al., 2001; Waldmann et al., 

2006; Perry et al., 2007; Dias et al., 2009; Meneghetti et al., 2009; Peres et al., 2009; Sa 

Filho et al., 2009; Sa Filho et al., 2010; see Table 2.1).   

 The preceding observations suggest that the decrease in pregnancy establishment 

and maintenance following GnRH-induced ovulation was due to the physiological 

immaturity of the ovulatory follicle and not diameter alone.  To determine why 

pregnancy rates were decreased following GnRH-induced ovulation of small dominant 

follicles in beef cattle, a reciprocal embryo transfer experiment was conducted, based on 

ovulatory follicle diameter, to differentiate between follicular effects on oocyte  
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Table 2.1. Effect of ovulatory follicle size on reproductive success (embryo 
development, conception, and pregnancy) 

Species 1Follicle Size at which 
Embryo 

Development/Conception
/Pregnancy Decreased  

Range in  
Follicle Size 

Source 

Beef cows ≤ 12.0 mm < 12 mm to > 18 mm Lamb et al., 2001 
Beef cows ≤ 11.3 mm 10 mm to 17 mm Perry et al., 2005 

Beef 
heifers 

< 10.7 mm >15.7 mm <10 mm to > 16 mm Perry et al., 2007 

Beef cows 
and heifers 

Linear 7.5 mm to 18.0 mm Peres et al., 2009 

Beef 
heifers 

Linear 6 mm to 16 mm Dias et al., 2009 

Beef cows Linear < 9 mm to > 17 mm Sa Filho et al., 
2009 

Beef cows Linear < 9 mm to > 16 mm Meneghetti et al., 
2009 

Dairy cows Quadratic 10 mm to 23 mm Bello et al., 2006 
Dairy cows 15 mm and 14.5 mm 8 mm to 17 mm Lopes et al., 2007 

Humans < 14 mm - Teissier et al., 
2000 

Humans < 16 mm - Bergh et al., 1998 
Humans Small, Avg = 18.4 mm 12 mm to 26 mm Yding Anderson, 

1993 
1Follicle size at which reproductive success was significantly decreased.  Linear and 
quadratic refer to the line, which was fit to these data.  Linear:  As ovulatory follicle size 
increased there was an increase in pregnancy rates.  Quadratic:  As ovulatory follicle size 
increased there was an increase in pregnancy rates until a follicle diameter of ≅ 15.0 mm 
was reached in which time an increase in ovulatory follicle size decreased pregnancy rate. 
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competence and uterine environment on the establishment and maintenance of pregnancy 

in cattle. Atkins et al., (2010c) reported that both reduced oocyte competence and a  

compromised uterine environment contributed to decreased pregnancy rates of cows 

induced to ovulate small dominant follicles.  More specifically, the probability of 

fertilization and recovering a transferable embryo were both positively associated with 

follicle size.  Consequently, the follicular microenvironment might affect oocyte 

competence and subsequent pregnancy establishment and maintenance.  In regards to the 

uterine environment, serum estradiol concentration at time of induced ovulation, along 

with serum progesterone concentration at the time of embryo transfer were both 

positively associated with pregnancy establishment.  Effects of the follicular 

microenvironment on oocyte competence are discussed in more detail below.      

2.2.4 Influence of ovulatory follicle size in humans 

 Follicle size following an ovulatory stimulus has been linked to pregnancy 

success in humans as well as cattle.  Follicles from which oocytes were aspirated ranged 

from 12 to 26 mm (mean = 18.4 mm) in women (Yding Anderson, 1993).  Nilsson and 

co-workers (1985) reported that sonographic measurements of follicular diameter 

provided a sole index of follicular maturity in an IVF program.   In clinical trials, oocytes 

from IVF patients with follicles ≥ 14 mm had an increased probability of undergoing 

nuclear maturation prior to fertilization and developing into an embryo (Teissier et al., 

2000).  Yding Anderson (1993) reported that follicular diameter was greater in IVF 

patients that became pregnant compared to those that did not become pregnant.  In a 

study that included over 200 conventional IVF patients, pregnancy rates (47%) following 

oocyte collection from follicles > 16.0 mm were significantly higher than pregnancy rates 
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(15%) from oocytes collected from follicles ≤ 16.0 mm (Bergh et al., 1998).  However, in 

the preceding study when intracytoplasmic sperm injection (ICSI) was performed there 

was no effect of follicle size on pregnancy rates.  The reason for this difference is 

unknown.  Collectively, these results suggest an effect of dominant follicle size on oocyte 

competence and that ICSI may be used to overcome barriers associated with oocytes 

recovered from small follicles. 

2.3 Bidirectional communication between the oocyte and follicular cells 

 Folliculogenesis and oocyte growth/maturation are dependent upon the bi-

directional communication between the oocyte and surrounding follicular cells (Eppig, 

2001; Matzuk et al., 2002).  Granulosa and thecal cells of the growing follicle support 

oocyte growth by providing nutrients, metabolic precursors, growth factors, and 

hormones (Matzuk et al., 2002).  In addition, murine follicular cells regulate oocyte 

maturation, transcriptional activity, and meiotic arrest; whereas, murine oocytes regulate 

follicular cell proliferation/differentiation, sterodiogenesis, and cumulus expansion 

(Eppig, 2001).  Furthermore, the oocyte has been described as the “follicular clock” since 

stage of oocyte development can regulate the rate of folliculogenesis (Eppig et al., 2002).  

This section will cover some of the mechanisms underlying intercellular communication 

between oocytes and follicular cells. 

2.3.1 Trans-zonal projections 

Oocytes communicate with granulosa cells via paracrine (e.g. Growth 

differentiation factor 9) and gap junctional communication.  Trans-zonal projections 

(TZP) extend from granulosa cells (i.e. cumulus cells) through the zona pellucida and 

contact the vitelline membrane where gap junctions permit intercellular communication. 
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TZPs are specific oocyte-somatic cell contacts that are established early in 

folliculogenesis and are modified as follicular development proceeds (Albertini and 

Anderson, 1974; Anderson and Albertini, 1976).  TZPs consist of cytoplasmic processes 

containing microtubules, intermediate filaments, and microfilaments that extend from the 

cumulus cells through the zona pellucida to contact the oolemma (Suzuki et al., 2000; 

Albertini et al., 2001).  TZP’s are required for normal oocyte and follicle development 

since mice lacking the gap junctional protein connexin 37 express defects during meiotic 

maturation of the oocyte (Carabatsos et al., 2000).    

2.3.2 Oocyte-secreted factors  

Studies during the early 1970’s demonstrated that the oocyte has a role in  

follicular function.  El-Fouly et al., (1970) reported that removal of the cumulus oocyte 

complex (COC) lead to premature luteinization of rabbit antral follicles, in vivo.  

Furthermore, murine granulosa cells co-cultured with oocytes tended to inhibit 

luteinization compared to granulosa cells cultured in the absence of oocytes (Nekola and 

Nalbandov, 1971).  In 1990, numerous groups reported that oocytes from mice had the 

ability to regulate granulosa cell and cumulus cell function, in vitro (Buccione et al., 

1990; Salustri et al., 1990; Vanderhyden et al., 1990).  A landmark study by Eppig et al., 

(2002) demonstrated that the rate of follicular development was accelerated when oocytes 

isolated from secondary follicles of day 12 old mice were recombined with somatic cells 

from ovaries of newborn mice compared to recombination of oocytes and somatic cells 

that both came from new born mouse ovaries.  Collectively, these studies suggested the 

oocyte has a primary role in directing the rate of folliculogenesis.   
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The preceding studies led to a more ooccentric view of folliculogenesis and a 

search for oocyte secreted factors that could be important for both oocyte and follicular 

function.  Two oocyte specific members of the transforming growth factor (TGF)β super 

family, growth differentiation factor 9 (GDF-9) and bone morphogenetic factor 15 (BMP-

15), have important roles during early follicle development in several species.   

a Growth differentiation factor-9 (GDF-9)  

Dong et al., (1996) reported that GDF-9 expression by murine oocytes was 

essential for follicles to progress beyond the primary stage of development.  Female mice 

deficient in GDF-9 were infertile and had ovaries containing rapidly growing oocytes; 

however, granulosa cells displayed limited proliferation and theca cells failed to assemble 

around the follicle (Carabastsos et al., 1998, Elvin et al., 1999).  The rapid growth of 

GDF-9 deficient oocytes might infer that GDF-9 is acting in a regulatory role and 

inhibiting follicular growth, but the functional mechanism remains unclear.  However, 

there is evidence in the mouse that GDF-9 can suppress oocyte growth by down-

regulating granulosa cell expression of the oocyte growth factor, kit ligand (Joyce et al., 

2000).  

b Bone morphogenic protein-15 (BMP-15)   

BMP-15 is a nucleotide sequence homologue of GDF-9 that is expressed by 

oocytes throughout folliculogenesis in most mammals (reviewed by Hutt and Albertini, 

2007).  In sheep, numerous groups have reported the importance of BMP-15 to follicular 

development.  Ovaries of inactive homozygous mutants for BMP-15 have ovine follicles 

that fail to progress beyond the primary stage of development and granulosa cell clusters 

that are not occupied by an oocyte (Galloway et al., 2000; Hanrahan et al., 2004).  
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However, in mice mutations in the BMP-15 gene have limited effects on the progression 

of folliculogenesis, but suboptimal fertility has been observed due to decreased ovulation 

and fertilization rates (Yan et al., 2001).  In contrast to GDF-9, BMP-15 stimulates kit 

ligand expression from granulosa cells, while kit ligand down-regulates BMP-15 

expression, creating a paracrine negative feedback loop between granulosa cells and the 

oocyte (review by Hutt and Albertini, 2007; Edson et al., 2009).  A mutation in the BMP-

15 gene in humans has also been linked with ovarian failure; however, little is known 

about the exact function (Di Pasquale et al., 2004).    

 Joyce et al., (1999, 2000) reported that the addition of partially grown oocytes to 

granulosa cell cultures increased kit ligand expression; however, adding fully grown 

oocytes suppressed kit ligand expression.  Kit ligand regulation is thought to be mediated 

by temporal changes in the relative oocyte expression of GDF-9 and BMP-15.  The exact 

mechanism by which GDF-9, BMP-15, and kit ligand interact remains to be fully 

established, however, it is clear they are important to the developing follicle and oocyte.   

The oocyte regulates the differentiation of two-granulosa cell types, mural 

granulosa and cumulus granulosa, within the developing follicle.  In cattle (Li et al., 

2000) and mice (Eppig et al., 1997) oocyte-secreted factors suppressed the expression of 

luteinizing hormone receptor and promoted the cumulus cell phenotype instead of the 

mural granulosa phenotype.  Once fully grown, oocytes remain dependent on cumulus 

cells to provide metabolic support, specifically during the antral follicle stage. Mouse 

oocytes release a specific oocyte secreted factor that signals cumulus cell uptake of 

amino acids, which are transported to the oocytes via TZPs (Sugiura and Eppig, 2005).  

Su et al., (2009) reported GDF-9, BMP-15, and fibroblast growth factor 8B (FGF8B) are 
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the key oocyte derived factors that are critical for control of granulosa cell development 

and cumulus cell metabolism.  

2.4 Follicular determinants of oocyte competence  

In mammals, acquisition of oocyte competence is a prerequisite for embryo 

development and survival (Krisher, 2004).  Sirard et al. (2006) defined oocyte 

competence as the ability of an oocyte to resume meiosis following gonadotropin 

stimulation, undergo cleavage divisions after fertilization, develop to the blastocyst stage, 

and result in birth of live offspring.  Inadequate oocyte development could result in 

failure to complete meiosis, inability to be fertilized, and inadequate pre-implantation 

embryo development (Eppig, 1991; Eppig at al., 2002; Gosden, 2002; Matzuk et al., 

2002).  The ability to accurately assess oocyte competence could facilitate selection of 

competent oocytes resulting in improved pregnancy rates following in vitro fertilization. 

2.4.1 Effect of diameter/physiological maturity of a dominant follicle on oocyte 

competence  

 Follicular diameter has been positively associated with acquisition of oocyte 

competence in several species.  Oocytes recovered from large follicles had improved 

developmental competence in pigs (Ito et al., 2008) and horses (Goudet et al., 1997) 

compared to oocytes from smaller follicles.  In cattle, at the secondary stage of follicle 

growth, the zona pellucida begins to form adjacent to the vitelline membrane, cortical 

granules begin to form in the oocyte cytoplasm, and RNA synthesis is initiated (Fair et 

al., 1997a; 1997b).  As follicular growth progresses to the tertiary stage there is an 

increase in bovine oocyte growth and transcriptional activity that proceeds until the 

oocyte reaches about 110 um in diameter (2 to 3 mm follicle diameter; Fair et al., 1995, 
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1996; Crozet et al., 1986) at which point bovine oocytes become meiotically competent 

(Fair et al., 1995).  In addition, a minimum follicle diameter of 2 to 3 mm is required for 

collection of an oocyte that is capable of fertilization; however, acquisition of oocyte 

competence in cattle continues up to 15 mm in diameter as the oocyte acquires mRNA 

and proteins (Arlotto et al., 1996).  In regards to oocyte diameter, there was no difference 

in fertilization rate between larger (> 115 µm) verses smaller (< 114 µm) bovine oocytes; 

however, there was an increased rate of morula and blastocyst development following 

fertilization of the larger oocytes (Arlotto et al., 1996).   

2.4.2 Oocyte maturation  

a Nuclear and cytoplasmic maturation 

 Coordination of nuclear and cytoplasmic maturation ensures the production of 

oocytes capable of supporting early stages of embryonic development (Albertini et al., 

2003).  Nuclear maturation pertains to meiotic progression of a primary oocyte at the late 

prophase/diplotene stage of meiosis I to a secondary oocyte at metaphase II following a 

preovulatory gonadotropin surge or removal of an oocyte from the follicular 

environment.  The molecular mechanisms associated with nuclear maturation have been 

reviewed elsewhere (Eppig, 1996).   

Morphologically, resumption of meiosis is characterized by the disappearance of 

the nuclear membrane, which is also called germinal vesicle break down (GVBD; Zhang 

et al., 2009).  The GVBD in oocytes terminates the ability of an oocyte to produce 

mRNA by transcription until the maternal-zygotic transition (MZT).  Consequently, from 

GVBD to MZT the oocyte or early embryo is dependent upon stored maternal mRNA 
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and protein for embryonic development up to the 8 to 16 cell stage in cattle (Brevini-

Gandolfi and Gandolfi, 2001) and 4 to 8 cell stage in humans (Braude et al., 1988).  

Cytoplasmic maturation of an oocyte includes acquiring the capacity to complete 

nuclear maturation (reviewed by Eppig, 1996), fertilization, and early embryogenesis 

thus providing a foundation for normal fetal development (Watson, 2007).  Bovine 

oocytes retrieved from follicles between 2.0 and 8.0 mm in diameter have the ability to 

progress to metaphase II with a success rate of about 47.8% (Fuhrer et al., 1989).  

Blondin and Sirard (1995) also demonstrated that bovine oocytes from follicles of > 3.0 

mm in diameter can progress to metaphase II, undergo fertilization and develop to the 

blastocyst stage.  However, in the same study, oocytes from follicles < 3.0 mm in 

diameter were capable of undergoing maturation and fertilization, but embryonic 

development was blocked between the 8-16 cell stage.  This has also been reported in 

oocytes collected from random stage follicles of abbatoir ovaries in which more than 

90% will reach metaphase II of meiosis after in vitro maturation; more than 70% will be 

successfully fertilized and cleave, but only a third will develop to the morula-blastocyst 

stage (Mermillod et al., 1999).   

Cytoplasmic maturation of the oocyte is reported to have downstream effects on 

placental development in cattle (Piedrahita et al., 2002).  In the preceding study, 

fibroblasts served as nuclei donors (somatic cell nuclear transfer [SCNT]) for enucleated 

oocytes collected from small (1 to 3 mm) or large (6 to 12 mm) bovine follicles and the 

subsequent cloned embryos were transferred into recipient females.  Although embryonic 

development and final pregnancy rates were similar between oocytes collected from 
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small or large follicles, the allantois was smaller in bovine fetuses derived from SCNT 

with oocytes from small verses large follicles.   

b Molecular maturation - oocyte RNAs and proteins   

Molecular maturation (epigenetic modification and final production and 

modification of mRNA and proteins) of the oocyte is not as well defined as nuclear and 

cytoplasmic maturation.  During cytoplasmic maturation there is accumulation of RNA, 

proteins, nutrients, and substrates that are critical for completing oocyte maturation and 

subsequent embryo development (Watson, 2007).  Final mRNA and protein production 

along with epigenetic modifications seem to be necessary for acquisition of oocyte 

competence; however, the details have not been well characterized.  Sirard and 

colleagues (2006) argued that while many oocytes attain meiotic and cytoplasmic 

competence, the molecular milieu of an oocyte may determine the potential for 

embryonic/fetal development culminating in birth of viable offspring.  Although, 

molecular changes within the cytoplasm are difficult to investigate, Sirard and colleagues 

(2006) suggested that these final changes in the days preceding ovulation may be the 

“capacitators” that result in a normal pregnancy.    

 Since the early cleavage stages of embryonic development are dependent upon 

maternal mRNAs transcribed prior to GVBD, induction of ovulation could stop 

transcription prematurely.  In mice, transcription increases 300 fold during the oocyte 

growth phase (Piko and Clegg, 1982); therefore, fully grown oocytes contain all the 

necessary transcripts to initiate development (Wang et al., 2004; Evsikov et al., 2006).  In 

the bovine oocyte significant accumulation of RNA occurs when the follicle reaches the 

secondary follicle stage of growth (Fair et al., 1997b).  These maternal RNAs are then 
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stored following association with ribonucleoproteins and shortening of the polyA tail, 

which leads to repression of translation (reviewed by Mendez and Richter, 2001; Sirard, 

2010).  However, transcription in bovine oocytes continues until the preovulatory 

gonadotropin surge.  Therefore, induction of ovulation before transcription is complete 

may compromise oocyte competence.   

 The abundance of maternal transcripts (see below) in oocytes following GVBD 

and early cleavage stage embryos decreases up to MZT (e.g. 8 cell stage in cattle).  For 

example, Hwang et al., (2005) reported relatively high abundance of cytoplasmic dynein 

light chain 1 (DNCL1), fibronectin type3 and ankyrin repeat domain (FANK1), gene trap 

locus (GTL3), and zona pellucida 2 (ZP2) transcripts in germinal vesicle stage bovine 

oocytes, followed by a gradual decrease in abundance to the 8 cell stage of embryonic 

development with no expression in later stage embryos.  Several other maternal effect 

genes including B cell translocation gene 4 (BTG4), cell cycle regulation gene 1 

(cullin1), transforming sequence gene (MCF2), zygote arrest 1 (Zar1), GDF-9, BMP-15, 

and NACHT leucine-rich repeat and PYD containing 5 (Nalp5 or MATER), were 

expressed in bovine oocytes and abundance tended to decrease around the 8-16 cell stage 

in bovine embryos (Pennetier et al., 2004, 2005).  

 MicroRNAs (approximately 21 nucleotides) bind to the 3’ untranslated region of 

target mRNA to affect translation and have an important regulatory role in the function of 

the female reproductive tract, including the ovary (reviewed by Carletti and Christenson, 

2009).  In regards to the oocyte, there is little known about the exact function of 

microRNAs.  As previously stated, growing oocytes store mRNA for use during the early 

stages of embryo development, and it is believed that microRNAs could potentially have 
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a role in translationally repressing specific mRNAs.  In mice, dicer 1 ribonuclease type II 

(Dicer1), which is an enzyme critical to mircoRNA production, was highly expressed in 

oocytes, specifically during the transcriptionally silent germinal vesicle stage (Cui et al., 

2007; Murchison et al., 2007).  In the same studies Dicer1 expression progressively 

decreased during late oocyte maturation and fertilization, again suggesting that 

microRNAs are important for repression of stored maternal RNA.  When Dicer1 is 

knocked out, the mice are infertile; however, their ovaries and germinal vesicle stage 

oocytes are histologically normal (Murchison et al., 2007; Tang et al., 2007).  In the 

preceding studies, the majority of oocytes from the dicer1 knockouts had misaligned 

spindles along with complete nuclear disorganization.  However, new reports in mice 

suggest that the Dicer1 knockouts are infertile due to an effect on endogenous small 

interfering RNAs and not microRNAs (Suh et al., 2010).  Expression profiling and 

identification of mircoRNAs in bovine oocytes revealed 59 differentially expressed 

mircoRNAs between immature and mature oocytes along with 32 orthologous 

mircoRNAs that had not previously been reported in bovine oocytes (Tesfaye et al., 

2009).  Collectively, these data establish that microRNAs are present in mammalian 

oocytes, however, their function still remains unclear. 

It is evident that there are many maternal transcripts and proteins that are 

important for successful oocyte and embryo development.  These mRNAs are then stored 

and protected for long periods of time by different mechanisms.  Without the 

accumulation of these RNAs embryo development may not proceed. 
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2.4.3 Markers of oocyte competence 
 

There have been numerous attempts to identify accurate and repeatable molecular 

predictors of oocyte competence.  The following section describes markers of oocyte 

competence that have been identified at the oocyte, cumulus cell, and granulosa cell level 

(Table 2.2).   

a Oocyte specific markers   

Members of the transforming growing factor (TGF)-β superfamily, inhibin and 

activin, and their binding protein Follistatin (FST) have a role in folliculogenesis and 

oocyte maturation (Phillips, 2005; Knight and Glister, 2006).  FST is reported to be an 

indicator of bovine oocyte competence.  Patel et al., (2007) reported that FST expression 

was down regulated in prepubertal bovine oocytes (less competent oocytes) compared to 

adult bovine oocytes (more competent oocytes).  In addition, early cleaving two-cell 

bovine embryos contained higher relative FST expression than late cleaving  

embryos (Patel et al., 2007).  When FST was added to non-human primate embryo 

culture media, the percentage of embryos that cleaved at 30 hr post fertilization and the 

proportion of embryos that reached the blastocyst stage were increased (VanderVoort et  

al., 2009).  Oocyte derived FST has also been shown to have a functional role in early 

bovine embryogenesis (Lee et al., 2009).  FST has been characterized in human oocytes; 

however, no association between FST expression and oocyte competence has been 

reported (Sidis et al., 1998).    

Adult bovine oocytes also had higher expression of the βA and βB subunits of 

inhibin/activin compared to prepubertal oocytes, but there was no difference during early   
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Table 2.2. – Genes associated with oocyte competence 

Location Abbreviation Name Relative 
Expression 

in 
Competent 
Oocytes or 
Follicular 

Cells 

Species Reference 

Oocyte FST Follistatin High Cattle Patel et al 2007 
Oocyte INHBA Inhibin, beta A High Cattle Patel et al 2007 

Oocyte INHBB Inhibin, beta B High Cattle Patel et al 2007 

Cumulus  
Cells 

INHBA Inhibin, beta A High Cattle Patel et al 2007, Assidi 
et al 2008 

Cumulus 
cells 

TNFAIP6 Tumor necrosis 
factor, alpha-

induced protein 6 

High Mouse, 
Cattle, Pig 

Fulop et al 2003, 
Assidi et al 2008, 

Nagyova et al 2009 
Cumulus 

cells 
CTSB Cathepsins B Low Cattle Bettegowda et al 2008, 

Balboula et al 2010 
Cumulus 

cells 
CTSZ Cathepsins Z Low Cattle Bettegowda et al 2008 

Cumulus 
cells 

CTSS Cathepsins S Low Cattle Bettegowda et al 2008 

Cumulus 
cells 

HAS2 Hyaluronic acid 
synthase 2 

High Humans, 
Cattle 

McKenzie et al 2004, 
Cillo et al 2007, Assidi 

et al 2008  
Cumulus 

cells 
GREM1 Gremlin1  High Humans, 

Cattle 
McKenzie et al 2004, 

Cillo et al 2007, Assidi 
et al 2008   

Cumulus 
cells 

PTGS2 Prostaglandin-
endoperoxide 

synthase 2 

High Humans, 
Cattle 

McKenzie et al 2004, 
Assidi et al 2008   

Granulosa 
cells 

HSD3B1 3-beta-
hydroxysteroid 

dehydrogenase 1 

High Humans Hamel et al 2008 

Granulosa 
cells 

FDX1 Ferredoxin 1 High Humans Hamel et al 2008 

Granulosa 
cells 

SERPINE2 Serine proteinase 
inhibitor clade E 

member 2 

High Humans Hamel et al 2008 

Granulosa 
cells 

CYP19A1 Cytochrome 
P450 aromatase  

High Humans Hamel et al 2008 

Granulosa 
cells 

CDC42 Cell division 
cycle 42 

High Humans Hamel et al 2008, 
Hamel et al 2010 

Granulosa 
cells 

SPRY 2 Sprouty homolog 
2 

High Cattle, 
Humans 

Robert et al 2001, 
Hamel et al 2008 

Granulosa 
cells 

PGKI Phophoglycerate 
kinase I 

High Humans Hamel et al 2010 

Granulosa 
cells 

RGS2 Regulator of G-
protein signaling 

High Humans Hamel et al 2010 
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stages of embryogenesis (Patel et al., 2007).  Collectively, the preceding TGF- β 

superfamily members were up regulated along with FST, their binding protein, in adult  

oocytes compared to less competent oocytes suggesting a possible marker of oocyte 

competence.  

b Cumulus cell markers    

For purposes of in vitro fertilization, cumulus cells provide a convenient cell type 

for identifying a molecular marker of oocyte competence.  In particular, the cathepsin 

family of lysosomal cysteine proteinases has been investigated in this regard.  

Bettegowda et al., (2008) reported that cathepsin B (CTSB), cathepsin S (CTSS), and 

cathepsin Z (CTSZ) expression was higher in cumulus cells from prepubertal heifers (less 

competent oocytes) compared to adult cumulus cells (more competent oocytes).  In the 

preceding study, oocytes with high developmental competence (high blastocyst rate) had 

lower cumulus cell expression of CTSB, CTSS, and CTSZ.  In a similar study CTSB was 

highly expressed in the cumulus cells of less competent oocytes based on blastocyst 

development and inhibition of CTSB improved developmental competence (Balboul et 

al., 2010).  The specific functions of cathepsin family members in ovarian physiology is 

unclear.  However, it is clear that the cathepsin family has a role in apoptosis (Stoka et 

al., 2001).  Nevertheless, these results point to a negative association between cumulus 

cell CTSB, CTSS, and CTSZ mRNA abundance and oocyte competence.  Several other 

cumulus cell genes that have been correlated with oocyte competence in humans, cattle, 

pigs, and mice include inhibin beta A (INHBA), tumor necrosis factor/alpha-induced 

protein 6 (TNGAIP6), hyaluronic acid synthase 2 (HAS2), gremlin 1 (GREM1), and 

prostaglandin-endoperoxide synthase 2(PTGS2; Table 2.2). 
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c Granulosa cell markers   

Differentiation of follicular cells reflects the physiological maturity of a follicle 

and likely the competence of the oocyte.  During oocyte collection it is common to 

retrieve follicular cells (e.g. mural granulosa cells) along with the cumulus oocyte 

complex.  In humans there was increased expression of 3-beta-hydroxysteroid 

dehydrogenase 1 (HSD3B1), ferredoxin 1 (FDX1), cytochrome P450 (CYP19A1), cell 

division cycle 42 (CDC42), and sprouty homolog 2 (SPRY2) in mural granulosa cells 

collected from follicles containing oocytes that when fertilized resulted in pregnancy 

(Hamel et al., 2008).  SPRY2 has also been reported in cattle as a potential granulosa cell 

predictor of oocyte competence (Robert et al., 2001).  The preceding granulosa cell 

markers of oocyte competence might provide a useful tool for selecting highly competent 

oocytes and embryos (Table 2.2).          

d Non-invasive non-molecular markers   

Morphological screening  (e.g. number of layers of cumulus cells, cytoplasmic 

color, and symmetrical shape of the oocyte) has been the most common non-invasive, 

non-molecular approach for selection of oocytes for IVF.  However, these criteria alone 

are insufficient for accurately distinguishing between competent and incompetent oocytes 

(Lonergan et al., 2003; Krisher, 2004).  McNatty (1979) proposed that follicular fluid, 

which contributes to the oocyte microenvironment, may affect subsequent embryo quality 

and development.  In cattle, morphological criteria along with decreased follicular fluid 

concentrations of progesterone were used jointly to select oocytes with increased 

blastocyst formation potential (Hazeleger et al., 1995).  Subsequently, there have been 

several attempts to assess the association between markers in follicular fluid or culture 
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media and oocyte competence.  For example, in humans undergoing IVF, follicular fluid 

concentrations of leptin at oocyte recovery were significantly higher in patients 

experiencing pregnancy failure (Georgios et al., 2005).   

 Characterization of metabolic profiles in culture media and follicular fluid is a 

more recent approach to identifying predictors of oocyte competence.  Following culture 

of single oocytes and IVF, metabolic profiles were compared between oocytes that 

completed fertilization verses oocytes that did not (Preis et al., 2005).  In both groups, 

glucose consumption and lactate production of cumulus oocyte complexes increased over 

the maturation period; however, glucose consumption and lactate production was higher 

in oocytes that were fertilized compared to unfertilized oocytes.  In cattle, Bender et al., 

(2010) reported a difference in follicular fluid concentrations of saturated fatty acids (e.g. 

palmitic acid, stearic acid, and docosahexaenoic acid) from dominant follicles collected 

from lactating cows and heifers.  In the preceding study, the authors reported that higher 

concentrations of saturated fatty acids (e.g. palmitic acid and stearic acid) had a negative 

impact on bovine oocyte maturation and early embryo development.  These studies 

suggest that the follicle microenvironment and more specifically metabolite 

concentrations in follicular fluid may be predictors of oocyte competence. 

2.5 Pregnancy associated glycoproteins (PAG)s 

 In cattle, the incidence of late embryonic/early fetal loss around the time of 

embryo uterine attachment is approximately 4 to 10% (Vasconcelos et al., 1997; 1999; 

Cartmill et al., 2001; Moreira et al., 2001; Stevenson et al., 2003; Perry et al., 2005).  The 

mechanisms associated with reproductive loss around the time of placentation are 

unknown, but may be associated with inadequate placental development or function.  The 
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placenta is a multifaceted organ that has a critical role in maintaining and protecting the 

developing fetus by transferring nutrients, and metabolic wastes, acting as a barrier 

against the maternal immune system, and serving as a major endocrine organ (Anthony et 

al., 2010).  In the ruminant placenta there is a unique cell type (binucleate cells) that 

constitutes 15 - 20% of the fetal placenta.  These cells become visible around d 19-20 of 

gestation in cattle and have been shown to secret a plethora of hormones and proteins 

including placental lactogen (PL) and pregnancy associated glycoproteins (PAGs).  This 

section will focus on the characterization and functions of PAGs in cattle. 

2.5.1 Characterization of pregnancy associated glycoproteins (PAGs) 

 PAGs were first reported by Butler et al., (1982) after isolation of two proteins 

from fetal membrane extracts, referred to at the time as pregnancy specific proteins A and 

B (PSPA/PSPB).  In the same study it was determined that PSPA was alpha-fetoprotein 

and that PSPB was specific to the placenta.  Sasser et al., (1986) reported detectable 

levels of PSPB in the maternal circulation and developed a PSPB specific 

radioimmunoassay, which successfully detected pregnancy in dairy cattle (Humblot et al., 

1988), sheep (Ruder et al., 1988) and goats (Humblot et al., 1990).  Zoli et al., (1991) 

purified another pregnancy specific protein called Bovine PAG (bPAG).  Bovine PAG 

and PSPB had very similar amino acid sequences at the amino-terminus (Lynch et al., 

1992) suggesting that these two proteins were similar if not the same.  

 Immunolocalization studies determined that bPAG was synthesized by the 

trophoblast binucleate cells and stored in large secretory granules prior to delivery into 

the maternal circulation (Zoli et al., 1992).  The exact function of bPAG remained 

unclear; however, Xie et al., (1991) reported that 60% of the nucleotide sequence of 
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bPAG was shared with pepsinogens.  Furthermore, it was shown that mutations in and 

around the active site rendered bPAG1 inactive as a proteinase (Xie et al., 1991; 

Guruprasad et al., 1996).  

  As time progressed, new members of the PAG family were discovered in cattle 

and many species within the Ruminantia suborder.  Consequently, the original PAG was 

renamed PAG1 and PAGs discovered after were numbered sequentially.  PAGs comprise 

a large diverse gene family belonging to the aspartic proteinase superfamily (Xie et al., 

1997; Green et al., 2000; Garbayo et al., 2008).  In cattle alone, there are 22 distinct PAG 

cDNAs represented in Genbank, however, analysis of the bovine genome identified only 

18 distinct PAG genes and 14 pseudogenes (Telugu et al., 2009).   

 Hughes and co-workers (2000) reported that PAGs can be divided into two 

distinct groups:  1) ancient PAGs which are estimated to have originated about 83 million 

years ago around the same time as the origin of Artiodactyla, and 2) modern PAGs which 

are estimated to have originated approximately 54 million years ago.  These two distinct 

groups of PAGs have been studied extensively and characterized based on their mRNA 

expression.  Ancient PAG mRNAs are expressed throughout gestation in both 

mononucleate and binucleate trophoblast cells of the cotyledons; whereas, modern PAGs 

are synthesized primarily in binucleate cells of the trophoblast and their expression seems 

to change during gestation (Green et al., 2000).  

a Ancient PAGs    

 The ancient lineage of PAGs seems to have arisen from duplication of a single 

pepsinogen F-like gene around 85 million years ago (Hughes et al., 2000).  Kumar and 

Hedges (1998) also reported the divergence of the even-toed ungulates (Artiodactyla) and 
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odd toed ungulates (Perissodactyla) around this same time period suggesting that these 

two events may be closely related.  The ancient PAGs are comprised of a relatively small 

group of about six genes (Green et al., 2000).  The six PAGs are expressed in the bovine 

cotyledon from placentation to term, in both uninucleate and binucleate trophoblast cells.  

Following secretion, PAGs accumulate at the microvillar junction between the maternal 

and fetal interface (Wooding et al., 2005).  The function of ancient PAGs is still 

unknown, however, based on their localization Wooding et al., (2005) suggested that 

ancient PAGs may be important for the following:  1) adhesion of the uterus and 

trophoblast cells to maintain appropriate transport, 2) proteolytic processing, 3) activation 

of growth factors or bioactive molecules, or 4) protection of trophoblast cells from the 

maternal immune system.  There is also speculation that the ancient PAGs and modern 

PAGs may work together throughout gestation.  Collectively, the ancient PAGs are 

thought to be peptidases, although there has been no solid evidence until Telugu et al., 

(2010) reported that bPAG2, which is the most abundant transcript reported in the PAG 

family, and bPAG12 do exhibit proteolytic activity.  The preceding authors concluded 

that ancient PAGs exhibiting proteolytic activity may function as sheddases to activate 

latent biomolecules, which could be important for placental development and growth.   

b Modern PAGs 

 The burst in gene duplication that led to the lineage of modern PAGs has been 

linked to the emergence of the synepitheliochorial placenta of the ruminant ungulates 

(Hughes et al., 2000, 2003; Wooding et al., 2005).  The modern family of PAGs includes 

a large number of genes that are more extensive than their ancient counterparts (Green et 

al., 2000).  Wooding et al., (2005) suggested that the modern PAG family explosion 
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could potentially have evolved to deliver a variety of fetal products and hormones to the 

mother by bypassing the uterine epithelial barrier.  These PAGs are restricted to ruminant 

species and are expressed primarily in trophoblast binucleate cells from which they are 

released into the maternal system, with some being deposited into the stromal layer 

within the maternal caruncles (Wooding et al., 2005).  The authors concluded that the 

preceding localization pattern could potentially place PAGs in a position to engage in 

immunological protection, such as blocking lymphocyte or polymorphonuclear leukocyte 

migration and activation.  To date there have been no clear functions related to modern 

PAGs; however, PAGs have been shown to inhibit different immune cells, in vitro, and 

may camouflage fetal/placental antigens from the immune system (Hoeben et al., 1999).  

Alternatively, PAGs have been suggested to have a luteotrophic action based on a report 

that addition of PAG1 to endometrial cells increased the production of prostaglandin E2 

(PGE2: Weems et al., 2001; 2003); however, the evidence for a luteotrophic or 

antiluteolytic action of PAGs is not compelling at this time.  

2.5.2 PAGs and pregnancy establishment and maintenance    

 Members of the modern PAG family are detectable in the maternal circulation by 

multiple tests (e.g. RIA and ELISA) starting around binucleate cell formation until a few 

days after parturition (Sasser et al., 1986; Green et al., 2005).  Circulating concentrations 

of bovine PAGs can be influenced by a number of factors including breed, weight, parity 

status of the dam, fetal sex, fetal number, and fetal birth weight, along with pregnancy 

stage and status (Patel et al., 1997; Lobago et al., 2009); however, as mentioned earlier 

the role that PAGs play during gestation remains undefined.   
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 A majority of the work on PAGs has focused on the development of a reliable 

tool for diagnosing pregnancy in multiple ruminant species including cattle, sheep, goats, 

buffalo, bison, moose, and elk (Sousa et al., 2006).  PSPB or bPAG1 has been the 

primary PAG of most interest in relation to early pregnancy diagnosis because of the 

ability to detect bPAG1 in the maternal circulation throughout gestation (Sasser et al., 

1986) and can successfully diagnose pregnancy in cattle (Sasser et al., 1986; Zoli et al., 

1992).  However, Green et al., (2000) highlighted two disadvantages in using bPAG1 for 

pregnancy detection:  1) pregnancy diagnoses in the first month of pregnancy could be 

compromised due to the low and variable circulating concentrations of bPAG1, and 2) the 

long half-life of these proteins in the maternal circulation after partition or fetal loss.  Due 

to these concerns, there has been interest in detecting other PAGs for pregnancy 

detection.  Green et al., (2005) reported the establishment of an ELISA based test for 

early pregnancy PAGs with a relatively short half-life (4.3 d).  In the preceding study, 

PAGs were detected in all cattle by d 28 of gestation, PAG concentrations peaked around 

the time of parturition, and following parturition PAGs were undetectable by eight weeks 

postpartum in 38 of the 40 cows, thus concluding that choosing different PAGs helps 

overcome the persistence of PAG immunoreactivity far into the postpartum period.   

 PAGs may also serve as a marker for monitoring embryonic/fetal viability along 

with placental function.  Perry et al., (2005) reported that cows that successfully carried a 

pregnancy past d 41 tended to have higher concentrations of PAGs on d 27 compared to 

cows that exhibited late embryonic/early fetal mortality between d 27 to 41.  It was also 

reported that on d 41, after embryonic/fetal loss had occurred, PAG concentrations were 

decreased compared to cows that maintained pregnancy.   
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 In cattle the use of somatic nuclear transfer (SCNT) usually results in high levels 

of fetal loss that occur throughout gestation.  These losses are thought to be the result of 

abnormal placental development with lower placentome numbers (Hill et al., 2000; Lee et 

al., 2004).  Hashizume et al., (2002) reported that placentomes from SCNT pregnancies 

were decreased in number and that expression of PL and PAG genes was reduced 

compared to control pregnancies.  There was a significant difference at d 35 in PAG 

secretion between control and SCNT pregnancies (Chavatte-Palmer et al., 2006) along 

with reports of significant increases in PAG concentrations in recipient SCNT cows at d 

35 (Hill et al., 2000) and d 50 (Heyman et al., 2002) of gestation that aborted during the 

first trimester.  This increase in PAG concentrations was speculated to be from one of the 

following:  1) placental hypertrophy with a greater percentage of binucleate cells, 2) an 

increase in the synthetic activity of binucleate cells, or 3) higher degree of PAG 

glycosylation which leads to an increase in their half-life in the maternal circulation 

(Constant et al., 2011).  However, Constant et al., (2011) reported that the increase in 

maternal concentrations of PAGs in abnormal SCNT pregnancies was not the result of 

any of the above and concluded that it was most likely due to an augmentation of PAG 

half-life, but speculated that it was not mediated through a higher degree of 

glycosylation.  

 As previously stated the exact function that PAGs play in placental development 

and pregnancy remain unknown; however, it is clear based on the research presented that 

PAGs are an effective tool for detecting pregnancy and may serve as a marker of 

placental function.                           
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CHAPTER III 

 

Effect of ovulatory follicle size on steroidogenic capacity and molecular 

markers of oocyte competence prior to GnRH-induced ovulation in non-

lactating beef cows. 

Abstract 

Gonadotropin releasing hormone (GnRH)-induced ovulation of small dominant 

follicles decreased pregnancy rates and increased late embryonic/fetal mortality around 

the time of embryo-uterine attachment in beef cows.  Inadequate oocyte competence, as 

affected by the physiological status of the dominant follicle, is a potential explanation for 

the reduction in pregnancy rates and late embryonic/fetal survival.  Molecular markers of 

oocyte competence in both the oocyte (i.e. inhibin beta A [INHBA], inhibin beta B 

[INHBB] and their binding protein follistatin [FST]) and the surrounding cumulus cells 

(cathepsins B [CTSB), S [CTSS], K [CTSK], and Z [CTSZ] ) have been reported (Patel 

et al. 2007; Bettegowda et. al, 2008).  The objective was to examine the relationship 

between preovulatory follicle diameter, steroidogenic capacity of the preovulatory 

follicle, and the following measures of oocyte competence: FST, INHBA, INHBB 

expression in the oocyte, cathepsin expression (CTSB, CTSS, CTSK, and CTSZ) in 

cumulus cells, and fatty acid profile (total monounsaturated fatty acids, polyunsaturated 

fatty acids, and saturated fatty acids) in follicular fluid.  Non-lactating beef cows (n = 40) 

were administered GnRH on d -9, prostaglandin F2α(PG) on d -2, and ovaries harvested 

48 hr after PG administration (d 0).  Blood samples were collected every 8 hr from PG 
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until ovary collection to characterize serum concentrations of estradiol, progesterone, 

insulin like growth factor 1 (IGF1), and luteinizing hormone (LH).  None of the animals 

had a spontaneous LH surge by the time of ovary collection.  The dominant follicle was 

dissected from the stroma and the cumulus-oocyte complex retrieved along with the 

corresponding follicular fluid.  Only data from cows (n = 16) that did not express estrus 

and that had an estrogenic follicle at harvest (estradiol to progesterone ratio ≥ 1 in 

follicular fluid) were included in the simple linear regression analysis. Dominant follicle 

diameter ranged from 9 to 14 mm at 48 hr after PG and the correlation between dominant 

follicle size and serum estradiol and follicular fluid estradiol was 0.54 (P < 0.05) and 

0.50 (P < 0.04), respectively.  As dominant follicle diameter increased, oocyte mRNA 

expression (n = 16) of FST (P < 0.02), INHBA (P < 0.01) and INHBB (P < 0.03) 

decreased.  However, as dominant follicle diameter increased cumulus cells (n = 12) had 

lower mRNA expression of CTSB (P < 0.04), and tended to have lower expression of 

CTSZ (P < 0.07). Furthermore, as follicular fluid concentrations of estradiol increased, 

CTSS expression increased (P < 0.04) and CTSZ expression tended to decrease (P < 

0.06).  Fatty acid profiles of total monounsaturated fatty acids, polyunsaturated fatty 

acids, and saturated fatty acids were not affected by dominant follicle size.  In summary, 

follicular diameter 48 hrs after PG was positively associated with serum and 

intrafollicular concentrations of estradiol, and negatively associated with expression of 

FST, INHBA, INHBB, CTSB and CTSZ  in non-lactating beef cows.  
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Introduction 

Gonadotropin-releasing hormone (GnRH) is commonly used in fixed time 

artificial insemination (FTAI) protocols to initially synchronize follicular waves and to 

subsequently induce ovulation in association with insemination.  However, GnRH-

induced ovulation of small dominant follicles decreased pregnancy rates in beef heifers 

(Perry et al., 2007; Dias et al., 2009; Peres et al., 2009), postpartum beef (Perry et al., 

2005; Meneghetti et al., 2009; Sa Filho et al., 2009; Peres et al., 2009) and dairy cows 

(Vasconcelos et al., 2001; Waldmann et al., 2006), and increased late embryonic/early 

fetal mortality in postpartum beef cows (Perry et. al., 2005).  The mechanisms associated 

with reduced pregnancy rates and late embryonic/fetal survival following GnRH-induced 

ovulation of physiologically immature follicles are not clear, but may be due to 

inadequate oocyte competence and/or a compromised uterine environment (Atkins et.al., 

2010c).  

Arlotto et al., (1996) reported that developmental competence of the bovine 

oocyte increased with follicular diameter.  In bovine oocytes, transcription is initiated at 

the secondary follicle stage and continues until a dominant follicle responds to a 

preovulatory gonadotropin surge (Fair et al., 1997).  Thus, small dominant follicles 

induced to ovulate prematurely could potentially result in ovulation of an oocyte prior to 

acquisition of the full complement of transcripts.  After fertilization, embryos depend on 

mRNA and proteins from the oocyte cytoplasm until transition from the maternal to 

embryonic genome, which occurs around the 8 to 16 cell stage in bovine embryos 

(Brevini-Gandolfi and Gandolfi, 2001) and the 4 to 8 cell stage in human embryos 

(Braude et al., 1988).    
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There have been numerous attempts to identify reliable markers of oocyte 

competence in several species.  Patel et al., (2007) reported that members of the 

transforming growth factor superfamily inhibin beta A (INHBA), inhibin beta B 

(INHBB), and their binding protein follistatin (FST) were up regulated in adult oocytes 

(high developmental competence) compared to prepubertal bovine oocytes (low 

developmental competence).  Furthermore, early cleaving two-cell bovine embryos 

contained higher relative expression of FST compared to late cleaving embryos (Patel et 

al., 2007).  Another approach to identifying markers of oocyte competence has been the 

molecular evaluation of cumulus cells surrounding the oocyte.  Bettegowda et al., (2008) 

reported that cathepsin B (CTSB), cathepsin S (CTSS), and cathepsin Z (CTSZ) 

expression was higher in cumulus cells from prepubertal heifer oocytes compared to 

cumulus cells surrounding adult oocytes.  In the preceding study, oocytes with an 

increased blastocyst rate had lower cumulus cell expression of CTSB, CTSS, and CTSZ.   

Characterization of metabolic profiles in culture media and follicular fluid is a 

more recent approach to identifying predictors of oocyte competence.  In cattle, Bender et 

al., (2010) reported higher follicular fluid concentration of specific saturated fatty acids 

(e.g. palmitic acid and stearic acid) from dominant follicles collected from lactating dairy 

cows (lower fertility) compared to heifers (higher fertility).  They proposed that higher 

concentrations of saturated fatty acids (e.g. palmitic acid and stearic acid) would have a 

negative impact on bovine oocyte maturation and early embryo development.  Thus, the 

follicular microenvironment and more specifically metabolite concentrations in follicular 

fluid may be predictors of oocyte competence. 
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We hypothesized that oocytes collected from large dominant follicles at the time 

of GnRH-induced ovulation would have increased mRNA expression of FST, INHBA, 

and INHBB and that the corresponding cumulus cells would have decreased expression 

of CTSB, CTSS, and CTSZ compared to oocytes collected from small dominant follicles.  

Furthermore, we hypothesized that the follicular fluid profile of different classes of fatty 

acids collected from small verses large dominant follicles would differ.  The objective of 

this study was to examine the relationship between preovulatory follicle size, 

steroidogenic capacity of the preovulatory follicle, and the following measures of oocyte 

competence: FST, INHBA, and INHBB expression in the oocyte, cathepsin expression 

(CTSB, CTSS, CTSK, and CTSZ) in cumulus cells, and fatty acid profile (total 

monounsaturated fatty acids, polyunsaturated fatty acids and saturated fatty acids) in 

follicular fluid. 

Materials and Methods 

 All protocols and procedures were approved by Fort Keogh Livestock and Range 

Research Laboratory (LARRL) Animal Care and Use Committee. 

Animals/Treatment:  Follicular waves were synchronized (Select Synch) by 

administration of GnRH (i.m.; Cystorelin, Merial) on d -9 followed by PG2α (PG; i.m.; 25 

mg; Lutalyse®, Pfizer Animal Health, Kalamazoo, MI) on d -2 in approximately 40 non-

lactating beef cows. On d 0 (48 hr after PG) the ovary containing the dominant follicle 

was collected from 20 animals at harvest (Figure 3.1).  Animals were observed for signs 

of behavioral estrus three times daily from PG until sacrifice, and animals that displayed 

estrus, had a detectable LH surge or an  
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Figure 3.1.  Experimental design.  Non-lactating beef cows (n = 40) were synchronized 
with the Select Synch protocol: administration of GnRH on d -9 followed by PG on d -2 
and ovary collection 48 hr after PG  (d 0).  Blood samples (BC) were collected on d -9, d-
2, and every 8 hr from d-2 to ovary collection.   
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intrafollicular estradiol to progesterone ratio < 1 (n = 24) by 48 hr after PG were not 

included in the experiment.  Of the 20 ovaries collected, four were removed from the data 

set based on an intrafollicular estradiol to progesterone ratio < 1. 

Ovaries of all animals were examined by transrectal ultrasonography to record 

follicular development using an Aloka 500V ultrasound (Aloka, Wallingford, CT) with a 

7.5 MHz transrectal linear probe.  All follicles (> 8 mm) were recorded on the day of PG 

injection and at 48 hours following PG.  Follicle diameters were determined by 

calculating the average diameter at the widest point and perpendicular to the widest 

measurement.   

Blood Collection:  Blood samples were collected via tail venipuncture into 10 mL 

Vacutainer tubes (Fisher Scientific, Pittsburgh, Pennsylvania) on d -9, d -2, and every 8 

hr from PG injection until the time of dominant follicle collection (48 hours post PG 

injection).  All blood samples were allowed to clot at room temperature for 1 hour before 

being stored at 4°C for 24 h. Samples were centrifuged at 3,000 x g for 20 min, serum 

was decanted, and stored at - 20°C until concentrations of estradiol, IGF1, and LH were 

determined via radioimmunoassay (RIA). 

Collection of follicular fluid, oocytes, and cumulus cells:  The ovary containing the 

largest (dominant) follicle, as determined by ultrasonography, was immediately placed in 

hamster embryo collection media at 37° C and transported to the laboratory.  The ovary 

not containing the dominant follicle was also collected and all antral follicles visible on 

the surface of both ovaries were recorded (see appendix for antral follicle count data).  

The dominant follicle was manually dissected free from the stroma and the diameter 

measured manually.  As expected there was a positive correlation between follicle 
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diameter determined by ultrasound and the diameter measured following dissection (r = 

0.71).  The dominant follicle was opened, the cumulus oocyte complex retrieved, and the 

oocyte was denuded of cumulus cells following repeated pipetting (Bettegowda et. al., 

2005).  Follicular fluid was collected, follicular cells pelleted by centrifugation, follicular 

fluid decanted, and frozen at -80° C.  

Radioimmunoassays Concentrations of estradiol (serum and follicular fluid), 

progesterone (serum and follicular fluid), IGF1 (serum and follicular fluid), and LH 

(serum) were analyzed by RIA (Kirby et al., 1997; Zaied et al., 1980; Brandt et al., 2005; 

Atkins et al., 2007).  The intra and inter assay coefficients of variation (CV) were as 

followed (when only one CV is listed it is the intra assay CV):  serum estradiol = 5.02%, 

15.93%; follicular fluid estradiol = 4.09%; serum and follicular progesterone = 4.23%; 

serum and follicular IGF1 = 2.51%; and serum LH = 3.26%.   

FST, INHBA, INHBB and Cathepsin expression:  Total RNA was extracted separately 

from single oocytes and surrounding cumulus cells and residual genomic DNA removed 

by DNase I digestion by using the RNAqueous micro kit (Ambion) according to the 

manufacturer’s instructions (Patel et al., 2007). Prior to RNA extraction, each sample was 

spiked with 250 fg of Green Flourescent Protein (GFP) synthetic RNA as an exogenous 

control and 50 µg tRNA as a carrier (Bettegowda et. al., 2005; Patel et al., 2007). The 

oligonucleotide primers for bovine FST, INHBA, INHBB, and CTSB, CTSK, CTSS, and 

CTSZ were obtained from Dr. George Smith (Michigan State University) and can be 

found in GenBank (GenBank accession number: FST – BF774514; INHBA – 

AW658434; INHBB – AW669304; CTSB – BF868324; CTSK – BF230198; CTSS – 

BE482678; CTSZ – BE752253; 18S – BC102293).  Each reaction mixture consisted of 2 
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µl of cDNA, 1.5 µl each of forward and reverse primers, 7.5 µl of nuclease-free water, 

and 12.5 µl of SYBR Green PCR Master Mix into a total reaction volume of 25 µl.  

Reactions were performed in duplicate and changes in mRNA expression were 

determined by real-time PCR using the PE Biosystem 7700 Sequence Detection System 

(Taqman; Bettegowda et al., 2008).  The amount of mRNA of interest was normalized 

relative to the abundance of the endogenous control 18s rRNA in cumulus cells and GFP 

in oocytes (Patel et al., 2007; Bettegowda et al., 2008).  

Fatty Acid Quantification:  Total lipids were extracted from 200 µL of follicular fluid 

from each dominant follicle by adding 1.7 mL of methanol followed by 0.1 mL of acetyl 

chloride.  Prior to extraction an internal standard 23:0 was added to assess extraction 

efficiency.  Methanol and acetyl chloride were then added to each sample and samples 

were heated to 90oC for 60 min. After methylation, samples were allowed to cool to room 

temperature, then the fatty acid methyl esters were extracted with 2.0 mL of hexane and 

0.75 mL dd water.  Samples were concentrated under a stream of nitrogen gas, then 

resuspend in 100 µL of heptane in preparation for injection into a gas chromatograph 

(Agilent Technologies 7890A GC system). 

Statistical Analysis:  To reduce the chance of bias, data were analyzed by regression 

analysis; therefore, animals were not separated into follicle size categories.  Both serum 

and intrafollicular concentrations of estradiol, progesterone, and IGF -1 on d 0 were 

analyzed by regression analysis in SAS with follicular diameter as the independent 

variable (Littell et al., 1998).  In addition, mRNA abundance of FST, INHBA, INHBB, 

CTSB, CTSZ, CTSK and CTSS were analyzed by simple linear regression with follicular 

diameter as the independent variable on d 0.  All of the cathepsin expression data were 
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transformed (Log base 10) due to heterogeneity of variance.  Analysis of intrafollicular 

fatty acid profiles was conducted by using a simple linear regression model with 

follicular diameter as the independent variable and total monounsaturated fatty acids, 

polyunsaturated fatty acids or saturated fatty acids as the dependent variables. Follicular 

diameter measurements reflect the ultrasound measurement taken on d 0.     

RESULTS 

 Mean follicular diameter on d 0 for all cows included in the analysis was 11.72 ± 

1.36 mm (mean ± SD; range 9.2 mm to 13.95 mm; n = 16).  None of the animals included 

in these data had an LH surge before ovary collection based on blood sampling every 8 

hr.  On d 0, serum concentrations of estradiol averaged 3.3 ± 1.17 pg/mL (range 0.60 to 

5.09 pg/mL) and mean (± SD) follicular fluid concentration of estradiol was 579.25 ± 

248.10 ng/mL (range 222.91 to 1106.98 ng/mL) for all animals included in the analysis 

(n = 16).  Mean serum concentrations of progesterone on d 0 were 0.92 ± 0.52 ng/mL 

(range 0.19 to 2.01 ng/mL) and mean (± SD) follicular fluid concentration of 

progesterone was 81.06 ± 49.33 ng/mL (range 39.11 to 263.99 ng/mL).  Animals were 

categorized as having an estrogen active follicle if the estradiol to progesterone ratio in 

follicular fluid was ≥ 1 (n = 16; Sunderland et al., 1994), which was 83% of the cows that 

did not exhibit estrus.  As follicular diameter increased there was an increase in 

circulating concentrations of serum estradiol (r = 0.54; P < 0.05; Figure 3.2) and a 

corresponding increase in follicular fluid concentrations of estradiol (r = 0.50; P < 0.04; 

Figure 3.3).  The correlation between serum and follicular fluid estradiol on d 0 was r = 

0.52 (P < 0.04).  There was no effect of ovulatory follicle size on serum (P = 0.65) or  
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Figure 3.2.  Scatter plot illustrating the association between dominant follicle diameter 
and serum estradiol concentration 48 hr after PG.  Follicle diameter and serum estradiol 
were positively correlated (r = 0.54; P < 0.05; n = 16) 
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Figure 3.3.  Scatter plot illustrating the association between dominant follicle diameter 
and intrafollicular estradiol concentration 48 hr after PG.  Follicle diameter and 
intrafollicular estradiol were positively correlated (r = 0.50; P < 0.04; n = 16) 
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follicular fluid (P = 0.11) concentrations of progesterone on d 0 or follicular fluid IGF-1 

(P = 0.17).  However, there was a positive relationship between ovulatory follicle 

diameter and serum IGF-1 concentrations (P < 0.04).  There was no correlation between 

serum and follicular fluid IGF1 (r = 0.06 (P = 0.52)). 

The relative abundance of oocyte mRNA for FST (P < 0.02; Figure 3.4), INHBA 

(P < 0.01; Figure 3.5), and INHBB (P < 0.03; Figure 3.6) at 48 hr after PG decreased as 

follicle diameter increased. However, as dominant follicle diameter increased, cumulus 

cells had decreased relative expression of CTSB (P < 0.04; Figure 3.7), and tended to 

have decreased expression of CTSZ (P < 0.07; Figure 3.8); however, there was no effect 

of follicular diameter on expression of CTSK (P = 0.42; Figure 3.9) or CTSS (P = 0.19; 

Figure 3.10).  Furthermore, as concentrations of follicular fluid estradiol increased CTSS 

expression increased (P < 0.04) and CTSZ expression tended to decrease (P < 0.06).  

There was no relationship between follicular fluid concentrations of total 

monounsaturated fatty acids, polyunsaturated fatty acids or saturated fatty acids and 

dominant follicle diameter.   

DISCUSSION 

 GnRH-induced ovulation of small dominant follicles decreased pregnancy 

establishment and maintenance in beef cattle (Perry et al., 2005).  Similarly, in humans 

undergoing in vitro fertilization, oocyte retrieval from larger (> 16 mm) follicles resulted 

in greater pregnancy rates than oocytes retrieved from smaller (≤ 16 mm) follicles (Bergh  

et al., 1998).  To determine why pregnancy rates were decreased following GnRH-

induced ovulation of small dominant follicles in beef cattle, a reciprocal embryo transfer  
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Figure 3.4.  Scatter plot illustrating the association between dominant follicle diameter 
and relative expression of follistatin transcripts in single oocytes collected from dominant 
follicles 48 hr after PG.  Follicle diameter and follistatin expression were negatively 
correlated (r = 0.62; P < 0.02; n = 16) 
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Figure 3.5.  Scatter plot illustrating the association between dominant follicle diameter 
and relative expression of inhibin beta a (INHBA) transcripts in single oocytes collected 
from dominant follicles 48 hr after PG.  Follicle diameter and INHBA expression were 
negatively correlated (r = 0.64; P < 0.01; n = 16) 
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Figure 3.6. Scatter plot illustrating the association between dominant follicle diameter 
and relative expression of inhibin beta b (INHBB) transcripts in single oocytes collected 
from dominant follicles 48 hr after PG.  Follicle diameter and INHBB expression were 
negatively correlated (r = 0.62; P < 0.03; n = 16) 
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Figure 3.7. Scatter plot illustrating the association between dominant follicle diameter 
and relative expression of cathepsin B transcripts in cumulus cells surrounding single 
oocytes collected from dominant follicles 48 hr after PG.  Follicle diameter and cathepsin 
B expression were negatively correlated (r = 0.60; P < 0.04; n = 12) 
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Figure 3.8. Scatter plot illustrating the association between dominant follicle diameter 
and relative expression of cathepsin Z transcripts in cumulus cells surrounding single 
oocytes collected from dominant follicles 48 hr after PG.  Follicle diameter and cathepsin 
Z expression were not correlated (r = 0.54; P < 0.07; n = 12) 
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Figure 3.9. Scatter plot illustrating the association between dominant follicle diameter 
and relative expression of cathepsin K transcripts in cumulus cells surrounding single 
oocytes collected from dominant follicles 48 hr after PG.  Follicle diameter and cathepsin 
K expression were not correlated (r = 0.26; P = 0.42; n = 12) 
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Figure 3.10. Scatter plot illustrating the association between dominant follicle diameter 
and relative expression of cathepsin S transcripts in cumulus cells surrounding single 
oocytes collected from dominant follicles 48 hr after PG.  Follicle diameter and cathepsin 
S expression were not correlated (r = 0.17; P = 0.19; n = 12) 
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experiment was conducted to differentiate between follicular effects on oocyte quality 

and uterine environment on the establishment and maintenance of pregnancy. Atkins et  

al., (2010c) reported that reduced oocyte competence may be one explanation for 

decreased pregnancy rates of cows induced to ovulate small dominant follicles.  More 

specifically, they reported that the probability of fertilization and recovery of a  

transferable embryo were both positively associated with dominant follicle size.  

Consequently, the follicular microenvironment may affect oocyte competence and 

subsequent pregnancy establishment.  However, in the study by Atkins et. al., (2010c) an 

effect of the maternal environment on pregnancy rate could not be ruled out since the 

embryo was maintained in the donor animal for 7 days prior to recovery and transfer.   

A major aim was to determine the effect of dominant follicle size on more direct 

measures of oocyte competence.  Cumulus cells provide a convenient cell type in which 

to examine markers of oocyte competence, in vitro, without destroying the oocyte.  In the 

current study, the negative association between dominant follicle diameter and expression 

of CTSB and CTSZ was similar to a previous report from Bettegowda et al. (2008), who 

reported that CTSB expression was greater in prepubertal bovine cumulus cells (less 

competent oocytes) compared to adult cumulus cells (more competent oocytes).  

Inhibiting cathepsin activity during in vitro bovine cultures increased blastocyst 

development (Bettegowda et al., 2008; Balboula et al., 2010).  In the preceding study, 

oocytes with increased blastocyst rate also had decreased cumulus cell expression of 

CTSB, CTSS, and CTSZ.  However, in the current study there was no association 

between follicle diameter and expression of CTSK or CTSS, which might be explained 

by differences in the experimental model utilized in these experiments.  The exact role 
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that cathepsins play in oocyte function is not clear; however, cysteine cathepsins have 

been shown to have a role in apoptosis.  Since there is bi-directional communication 

between the oocyte and surrounding cumulus cells; consequently, alterations in cumulus 

cell survival or function may affect acquisition of oocyte competence. Collectively, these 

data suggest that smaller ovulatory follicles may contain oocytes that are less competent 

based on CTSB and CTSZ expression.   

Oocyte derived FST is reported to have a functional role in early bovine 

embryogenesis (Lee et al., 2009).  The negative relationship between dominant follicle 

diameter and oocyte expression of INHBA, INHBB, and FST in the current study was 

surprising and suggests, based on the report by Patel et al., (2007), that as dominant 

follicle diameter increased there was a decrease in oocyte competence.  However, these 

data do not fit the positive relationship between dominant follicle size and fertilization 

rate as well as probability of recovering a transferable embryo (Atkins et. al., 2010c).  In 

the study by Patel et al., (2007) expression of INHBA, INHBB, and FST was compared 

between oocytes collected from follicles (range = 3 to 7 mm) of prepubertal (lower 

developmental competence) and adult (higher developmental competence) cattle.  In the 

current study, oocytes were collected from dominant follicles (range = 9 to 14 mm) of 

sexually mature cattle.  To our knowledge there is no information on expression of 

INHBA, INHBB, and FST in oocytes collected from bovine dominant follicles during the 

preovulatory period.  Therefore, differences in gene expression between the two studies 

may reflect different stages of follicular maturity and therefore oocyte maturation.      

The relationship between FST expression in the oocyte and surrounding follicular 

cells at different stages of folliculogenesis has not been elucidated. In bovine estrogen 
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active follicles (11-18 mm in size; estrogen to progesterone ratio > 1), FST expression 

was increased in granulosa cells compared to thecal cells and compared to smaller or 

estrogen inactive follicles (Glister et al., 2011).  In the study by Patel et al., (2007) when 

FST expression in oocytes was high FST, expression in the cumulus cells was low; 

therefore,  there may be a reciprocal relationship between FST expression in oocytes and 

the surrounding cumulus cells.  In the current study we did not examine cumulus cell FST 

expression.  The unexpected results in the present study may indicate that the association 

between TGF-β family members and acquisition of oocyte competence is complicated 

and requires further investigation. 

 Follicular fluid represents a complex mixture of metabolites, hormones, and 

signalling molecules, provides a profile of the intrafollicular environment, and is reported 

to contribute in part to subsequent embryo development and quality (McNatty, 1979).  

Metabolomic analysis of follicular fluid has been a recent approach to understanding  

differences in fertility of cattle (Bender et. al., 2010).  Bender et al., (2010) reported a 

decrease in saturated fatty acids (i.e. palmitic acid, stearic acid and docosahexaenoic 

acid) concentrations in follicular fluid between preovulatory follicles of dairy heifers and 

lactating dairy cows, which represent a high verses low fertility model, respectively.  

Based on in vitro supplementation to oocytes collected from dairy cows, increased 

concentrations of specific fatty acids (i.e. stearic acid and palmitic acid) had a negative 

impact on oocyte competence and early embryo development (Leroy et al., 2005).  In the 

current study, there was no effect of follicular diameter (48 hr after PG) on follicular fluid 

concentrations of total monounsaturated fatty acids, polyunsaturated fatty acids, or 

saturated fatty acids even though follicle maturity and stage were similar to preovulatory 
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follicles reported by Bender et al., (2010).  However, the present study was conducted 

with nonlactating beef cows fed a similar diet; whereas, the previously mentioned study 

was conducted in dairy cows and heifers, which were likely maintained on different diets.  

Diet has been shown to affect fatty acid profiles in both serum and follicular fluid of 

cattle.  There have also been conflicting reports on fatty acid concentrations in serum and 

plasma relative to follicular fluid.  Leory et al., (2004) reported that metabolic changes in 

the peripheral circulation were reflected in the follicular fluid; however, a recent report in 

dairy cows suggested that the fatty acid composition of follicular fluid is actually 

different from peripheral circulation and could be dependent on estradiol production 

(Renaville et al., 2008).   

Preovulatory estradiol may affect the acquistion of oocyte competence, 

fertilization and early development.  In postpartum beef cows there was a positive 

association between serum estradiol at insemination and probablity of recovering an 

embryo compared to an unfertilized oocyte (Jinks et al., 2010).  Furthermore, estrogen 

receptor (ER) β mRNA is expressed in bovine oocytes and cumulus cells (Beker-van 

Woundenberg et al., 2004).  There have also been reports of estradiol directly affecting 

nuclear maturation and subsquent fertilization in the rhesus monkey and mouse 

(Zelinsku-Wooten et al., 1993; Hu et al., 2002).  Zelinsku-Wooten et al., (1993) reported 

that addition of an aromatase inhibitor decreased estradiol and increased androgen 

concentrations in follicular fluid of primates and decreased the number of oocytes that 

advanced to metaphase II and fertilization rate.  Collectively, these data suggest that 

estradiol may have a direct and (or) indirect effect on the acquistion of oocyte comptence 

in cattle.    
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The postive correlation (r = 0.54) between serum estradiol and follicular diameter 

was expected and similar to a previous study which included over 1,164 postpartum beef 

cows (Jinks et al., 2010).  In the current study, there was significant variation in both 

serum and intrafollicular concentrations of estradiol which could not be accounted for by 

follicular diameter.  The variation in steroidogenic capacity of dominant follicles at 48 hr 

after PG administration may reflect differences in the physiological maturity.  It is not 

clear whether intrafollicular and serum concentrations of estradiol are a result of 

dominant follicle diameter or whether estradiol secretion affects follicular size.  Larger 

follicles have more theca and granulosa cells which may result in more estradiol 

secretion; however, estradiol can increase granulosa cell number (Goldenberg et al., 

1972) and aromatase acitivity (Zhuang et al., 1982).   

 In summary, relative expression of INHBA, INHBB and FST in the oocyte were 

all negatively correlated with follicle diameter 48 hr after PG.  Furthermore, CTSB 

expression in the cumulus cells from the ooctyes collected was also negatively associated 

with follicle diameter.  As follicular diameter increased there was a correlated increase in 

serum and intrafollicular estradiol at ovary collection, but no effect on total fatty acids.  

In conclusion, there was no compelling data from the study to indicate that larger 

dominant follicles contained more competent oocytes. 
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CHAPTER IV 

 

Circulating concentrations of bovine pregnancy associated 

glycoproteins (bPAGs) are associated with embryo/fetal survival but not 

ovulatory follicle size in suckled beef cows 

 

Abstract 

 GnRH-induced ovulation of small dominant follicles resulted in increased late 

embryonic/fetal mortality around the time of embryo-uterine attachment in cattle.  Bovine 

pregnancy associated glycoproteins (bPAGs) are secreted by binucleated trophoblast cells 

into the maternal circulation and have been used to monitor the presence of an 

embryo/fetus and placental function.   The objective of this study was to examine the 

relationship between ovulatory follicle size, embryo/fetal survival, and circulating 

concentrations of bPAGs.  In experiment 1, postpartum beef cows (n = 91) were treated 

with the CO-Synch protocol (gonadotropin releasing hormone [GnRH] on d -9, 

prostaglandinF2α [PG] on d -2, and GnRH and artificial insemination [AI] 48 h later [d 

0]) and classified into one of two ovulatory follicle size groups: 1) small follicle (< 12.5 

mm; n = 25), or 2) large follicle (≥12.5 mm; n = 66). The first increase (P<0.0001) in 

serum bPAGs occurred on d 24 after insemination and circulating bPAGs decreased 

before a decrease in progesterone in three of four cows that lost an embryo/fetus.  Pattern 

of secretion of bPAGs in serum from d 24 to 60 after insemination (d 0) was affected by 

day (P < 0.0001), but not ovulatory follicle size. Before examining the relationship 

between bPAGs and embryo/fetal survival, the half-life of bPAGs was determined in 
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experiment 2. The half-life of bPAGs following PG-induced abortion on d 32 to 36 post 

insemination was 35.8 ± 21.9 h (mean ± SD; range 7.1 to 78.5 h).   In experiment 3, 

suckled beef cows (n = 1,164) were administered the CO-Synch protocol either with 

(donor cows; n = 810) or without (recipient cows; n = 354) AI on d 0.  Single embryos (n 

= 394) or oocytes (n = 45) were recovered from the donor cows (d 7; ET) and all live 

embryos were transferred into recipients the same day.  Embryos from cows that ovulated 

a small (< 12.5 mm) or large follicle (≥ 12.5 mm) were transferred into cows that 

ovulated either a small or large follicle to remove co-linearity of follicle sizes pre- and 

post- day 7 of pregnancy; small to small (S-S; n = 71), small to large (S-L; n = 111), large 

to small (L-S; n = 122) and large to large (L-L;  n = 50).   Compared to cows that 

maintained pregnancy, cows that exhibited late embryonic/fetal mortality after d 28 had 

decreased (P < 0.05) concentrations of bPAGs on d 28. Serum concentration of bPAGs at 

d 28 was not affected by ovulatory follicle size (P = 0.85), embryo stage at ET (P = 

0.75), embryo quality at ET (P = 0.64), estradiol at d 0 (P = 0.62) or serum progesterone 

at ET (d7; P = 0.14). In summary, there was no relationship between serum bPAGs and 

ovulatory follicle size, serum concentrations of estradiol at d 0, or embryo stage, embryo 

quality, or serum progesterone at ET; however, cows that lost an embryo after d 28 had 

lower concentrations of bPAGs on d 28 compared to cows that maintained pregnancy.   

 
 
 
 
 
 
 
 
 
 



 
 

62 

INTRODUCTION 
 

Increasing the proportion of beef females that conceive early in the breeding 

season increases reproductive performance and weaning weight of calves (Dziuk and 

Bellows, 1983).  Development of fixed-time artificial insemination (FTAI) protocols has 

proved to be an effective tool to increase the proportion of females conceiving early in 

the breeding season and to increase the genetic merit of the herd.  Gonadotropin-releasing 

hormone (GnRH) is commonly used in FTAI protocols to induce ovulation in association 

with insemination.  However, GnRH-induced ovulation of small dominant follicles 

resulted in decreased pregnancy rates in beef heifers (Perry et al., 2007; Dias et al., 2009; 

Peres et al., 2009), postpartum beef (Perry et al., 2005; Meneghetti et al., 2009; Sa Filho 

et al., 2009; Peres et al., 2009) and dairy cows (Vasconcelos et al., 2001; Waldmann et 

al., 2006) and increased late embryonic/early fetal mortality in postpartum beef cows 

(Perry et. al., 2005).  The majority of the preceding late embryonic/fetal loss occurred 

around the time of embryo-uterine attachment (d 27 to 41).  This is a time when late 

embryonic/early fetal mortality has been reported by others (Vasconcelos et al., 1997; 

1999; Cartmill et al., 2001; Moreira et al., 2001).   

Reduced ability to establish and maintain pregnancy following ovulation of a 

small dominant follicle could be due to improper placentation.  Piedrahita et al., (2002) 

reported conceptuses produced from somatic cell nuclear transfer of oocytes from small 

verses large bovine follicles (< 3 verses 6 to 12 mm) possessed smaller extraembryonic 

membranes (P < 0.002) and exhibited inadequate function of the chorion and allantois.  

These data suggest that the competence of oocytes from small dominant follicles may be 

compromised resulting in a negative influence on placentation.     



 
 

63 

Bovine pregnancy associated glycoproteins (bPAGs) are expressed in binucleate 

trophoblast cells of the placenta and can be detected in the maternal circulation beginning 

around d 24 to 26 of gestation (Green et al., 2000; 2005).  The bPAG family has been 

used to diagnose pregnancy and monitor embryonic/fetal viability as well as placental 

function in cattle (Humblot, 2001; Szenci et al., 2003; Zoli et al., 1992; Green et al., 

2005).  Perry et al., (2005) reported no clear association between circulating 

concentrations of bPAG and ovulatory follicle size; however, cows that were destined to 

undergo late embryonic/fetal mortality tended to have decreased bPAG concentrations on 

d 27 compared to cows that maintained pregnancy.  Furthermore, cows that experienced 

embryonic/fetal mortality between d 27 and d 41 had significantly reduced circulating 

concentrations of bPAG on d 41, suggesting that bPAGs may serve as a marker for 

placental function (Perry et al., 2005).   

Atkins et al., (2010c) reported that reduced oocyte competence and a 

compromised maternal environment may contribute to decreased pregnancy rates 

following GnRH-induced ovulation of small verses large dominant follicles in 

postpartum beef cows. We hypothesized that GnRH-induced ovulation of oocytes with 

reduced competence (small dominant follicles) would result in decreased serum 

concentrations of bPAGs.  We further hypothesized that cows induced to ovulate a small 

dominant follicle and that experience late embryonic/early fetal loss after d 28 would 

have reduced circulating concentrations of bPAGs on d 28 compared to cows induced to 

ovulate a large dominant follicle and that do not experience embryonic mortality.  The 

objectives of this study were as follows:  1) To determine on which day of gestation the 

first significant increase in circulating concentrations of bPAGs occur, 2) To determine 
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the relationship between ovulatory follicle size and circulating concentrations of bPAGs, 

3) To determine the half-life of bPAGs measured in this study, and 4) To examine the 

relationship between circulating concentrations of bPAGs and the following variables:  

embryo stage and quality at embryo collection/transfer, estradiol on d 0, progesterone at 

embryo collection and transfer, and embryo/fetal survival in beef cows.  

MATERIALS AND METHODS 

Serum samples analyzed for bPAGs were obtained from experiments previously 

reported in the following theses:  D. C. Busch (2005), J. A. Atkins (2009), and C. L. 

Johnson (2010).  Experimental design, treatments, and some methodologies were 

originally described in the previously mentioned theses; however, all bPAG assays and 

statistical analysis were conducted by Ky G. Pohler.  All protocols and procedures were 

approved by the University of Missouri Animal Care and Use Committee (IACUC 

approval no. 3614) or by the Fort Keogh Livestock and Range Research Laboratory 

(LARRL) Animal Care and Use Committee (IACUC approval no. 101106-3).       

Animal/Treatments 

Experiment 1 - Effect of GnRH-induced Ovulatory Follicle Size on Serum Concentrations 

of bPAGs:  Pregnant postpartum suckled (2 to 16 yr old) crossbred beef cows (n = 91) at 

the University of Missouri-Columbia Beef Farm (year 1: n = 47, mean days postpartum = 

70.2; range 32 to 94 d; year 2: n = 44 mean days postpartum 76.4; range 36-99 d) which 

conceived following treatment with the CO-Synch protocol: GnRH (100 µg as 2 mL i.m. 

of Cystorelin, Merial, on d -9, prostaglandin F2α [PG; 25 mg as 5 mL i.m. of Lutalyse, 

Pfizer Animal Health] on d -2, and a second injection of GnRH [100 µg as 2 mL i.m. of 

Cystorelin, Merial] 48 h after PG) on d 0 were used in this experiment. Cows were 
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artificially inseminated by an experienced technician with semen from one of two bulls at 

the second GnRH injection (d 0). Treatment groups consisted of GnRH-induced 

ovulation (d 0) of the following follicular sizes, based on previously reported follicle 

sizes in beef cows (Lamb et al., 2001; Perry et al., 2005): small follicle (< 12.5 mm; n = 

25) or large follicle (≥ 12.5 mm; n = 73) and the study was conducted over a two year 

period. Any cows that showed estrus (as determined by visual observation and activation 

of a KMAR heat mount detector) on the day of the second GnRH injection (d 0) were 

artificially inseminated approximately 12 hr after the onset of estrus and removed from 

the experiment. Calves were maintained with cows at all times and allowed to suckle 

without restriction. Cows were removed from the follicular size groups if they exhibited 

estrus prior to the second GnRH injection, did not ovulate in response to the GnRH 

injection at the time of insemination, or ovulated two follicles in response to the GnRH 

injection at the time of insemination. 

Experiment 2 - Determination of Half-Life of bPAGs During Early Gestation:  Estrus was 

synchronized in 38 nonpregnant, non-suckled crossbred beef cows and heifers.  The 

animals were artificially inseminated over a 5 d period. Pregnancy was diagnosed via 

transrectal ultrasonography and pregnant cows (n = 25) were allotted to a control (n = 10) 

or prostaglandin F2α (PG; 25 mg as 5 mL i.m. of Lutalyse; Pfizer Animal Health, New 

York, NY)-induced abortion (n = 15) group by age, breed, and days post AI. Cows in 

which abortion was induced with PG received a KAMAR® Heatmount™ detector 

(Kamar Inc., Steamboat Springs, CO) to aid in estrous detection and cows were visually 

observed for signs of estrus around the time of each blood sample collection following 

PG.  
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Experiment 3 - Effect of Embryo Stage, Embryo Quality, and Embryonic/Fetal Survival 

on bPAGs:  This project occurred over three years with 9, 11, and 5 groups of suckled 

postpartum beef cows in year 1, 2, and 3, respectively.  This study includes data on 1,164 

single ovulations in suckled beef cows that were synchronized with the CO-Synch 

protocol (GnRH) on d -9 followed by PG [d -2] and GnRH on d 0 with fixed-timed 

artificial insemination) of which 810 were donor cows (inseminated on d 0) and 354 were 

recipient cows (not inseminated).  Cows were inseminated by one of three artificial 

insemination technicians with semen from one sire (three different collections).  Single 

embryos were recovered by uterine horn lavage 7 d after GnRH and all live embryos 

were transferred fresh into recipients on the same day as recovery.  Body weights and 

body condition assessment (BCS; scale of 1 to 9 where 1 = emaciated and 9 = obese) 

were obtained on the day of GnRH. 

Blood Sample Collection  

 All blood samples were collected via jugular or tail venipuncture into 10 mL 

Vacutainer tubes (Fisher Scientific, Pittsburgh, Pennsylvania).  In experiments 1 and 2, 

samples were collected on d -19 and -9 to determine estrous cycling status. Cows were 

considered anestrus if they had serum concentrations of progesterone less than 1 ng/mL 

at each of the preceding time points in experiments 1 and 3. Additional serum samples 

were also collected at PG (d -2), GnRH (d 0), and either (d 7) following insemination or 

ET (d 7) in experiments 1 and 3, respectively.  In experiment 1 (n = 47) serum was 

collected every other day from d 20 to 60 during year 1 and 2.  In year 2, daily blood 

samples were collected from d 26 to 30 in (n = 44) and monthly from d 60 until 

parturition (n = 44). In experiment 2, animals were bled every other day from 
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approximately d 20 to 28 post AI, daily from d 29 to PG injection, and every 8 h from PG 

injection until serum concentrations of bPAGs decreased to the basal concentrations 

established around the time of insemination. In experiment 3, samples were collected 

from cows diagnosed pregnant (visible fetal heartbeat), on d 27-29, d 40-42, d 54-56, and 

d 70-72. Cows not maintaining pregnancy were bled one time following a nonpregnant 

diagnosis before removal from the study. Blood was allowed to clot at room temperature 

for 1 h, and at 4°C for 24 h. Samples were centrifuged at 3,000 x g for 20 min, serum was 

decanted, and stored at - 20°C until concentrations of P4, E2, and bPAG were determined 

via radioimmunoassay (RIA; P4 and E2) or enzyme-linked immumosorbant assay 

(ELISA; bPAG).  

Ultrasonography   

 Ovaries of all animals were examined by transrectal ultrasonography in 

experiments 1 and 3 to record follicular development using an Aloka 500V ultrasound 

(Aloka, Wallingford, CT) with a 7.5 MHz transrectal linear probe.  All follicles (> 8 mm) 

were recorded on the day of PG injection (all groups) and at GnRH injection (48 hours 

following PG).  In experiment 1, transrectal ultrasonography was also performed two 

days following the GnRH injection (d 2) to verify ovulation of the largest follicle. 

Ovulation was defined by the disappearance of a dominant follicle from an ovary. 

Pregnancy diagnosis was performed on d 27 to 29 after GnRH and continued 

every 2 wk until d 70 to 72 after GnRH for a total of four pregnancy exams per animal in 

experiments 1 and 3.  In experiment 2, the uteri of all cows were examined by transrectal 

ultrasonography at approximately d 30 after AI to verify the presence of a viable embryo 

(detection of heart beat). Ultrasonography was again performed in all cows just prior to 
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the PG injection and subsequently at 8 h intervals to monitor the presence and viability of 

the embryo. Time of embryonic death and loss of embryos from the uterus were 

considered to be the mean time of ultrasound scans when the heartbeat or embryo was 

last observed and no longer present. An Aloka 500V ultrasound was used with a 7.5 MHz 

and 5.0 MHz transducer (depending on the stage of pregnancy; Aloka, Wallingford, CT) 

to determine presence of a fetus and fetal heartbeat. 

Assays   

Serum concentrations of progesterone were quantified by RIA with a Coat-a-

Count RIA kit (Diagnostic Products Corporation, Los Angeles, CA) as described 

previously (Bellows et al., 1991; Kirby et al., 1997).  Intra and inter-assay coefficients of 

variation were 2.5 and 11% (experiment 1), 1.8 and 13% (experiment 3), respectively, 

and the assay sensitivity was 0.08 ng/mL for the progesterone RIA. Serum concentrations 

of estradiol-17β were measured by using RIA (Kirby et al., 1997) in samples collected on 

d 0. The intra and inter-assay coefficients of variation were 9.5 and 18.8% (experiment 

1), and 2.9 and 14% (experiment 3), respectively.  Concentrations of bPAG in serum 

were determined by a monoclonal-based bPAG ELISA as described by Green et al. 

(2005).  Each assay was run with a standard curve, a pooled sample from a pregnant cow 

d 60 of gestation and a pooled sample from a nonpregnant cow. 

Embryo recovery and transfer  

The following embryo recovery and transfer protocol were previously described 

(Atkins, 2009).  Embryos were recovered from donor cows using a non-surgical 

transcervical uterine catheterization technique on d 7.  Since these were all single embryo 

recoveries, the catheters were placed in the uterine horn ipsilateral to the CL and a single 
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horn was lavaged with ViGro Complete Flush Solution (Bioniche Animal Health, 

Athens, GA).  Embryos were transferred fresh into the uterine horn ipsilateral to the CL 

on the same day as collection by one of two technicians. Embryos collected from cows 

that ovulated a small follicle were transferred into cows that ovulated a large (n = 111) or 

small (n = 71) follicle.  Similarly, embryos collected from cows that ovulated a large 

follicle were transferred into cows that ovulated a large (n = 50) or small (n = 122) 

follicle resulting in four treatment groups: 1) small into small (n = 71), 2) small into large 

(n = 111), 3) large into small (n = 122), and 4) large into large (n = 50). The small to 

small treatment group was used as a negative control since these recipients should have 

the lowest pregnancy rate.  Similarly, the large to large treatment group was a positive 

control as they should have the highest pregnancy rate.  The small to large treatment 

group was designed to test if an embryo derived from an oocyte from a small follicle 

transferred into the uterine environment established by ovulation of a large follicle would 

have normal pregnancy rates.  The large to small transfer group was designed to test if an 

embryo derived from an oocyte from a large follicle transferred into a uterine 

environment established by ovulation of a small follicle would have normal pregnancy 

rates.  

Embryo handling   

The following methods for handling embryos were previously described (Atkins, 

2009).  Embryos and oocytes were washed three times in holding media (Biolife Holding 

Media, AgTech Inc., Anderson Avenue, Manhattan, KS) and stored at 26°C until grading 

and transfer.  The time of grading was recorded and used as an estimation of embryo age 

(time from GnRH2 administration until grading).  Embryo development (scale of 1 to 7 
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where 1 = unfertilized oocyte [UFO] and 7 = expanded blastocyst) and quality (scale of 1 

to 4 where 1 = excellent to good [85% of the cellular mass was intact and healthy in 

appearance], 2 = fair [between 50 to 85% of the cellular mass was intact and healthy in 

appearance and no abnormalities in embryo shape], 3 = poor [over 50% of the cellular 

mass is extruded or degenerating or gross abnormalities in the structure of the embryo], 

and 4 = degenerate or dead; based on the classifications set by the International Embryo 

Transfer Society [Savoy, IL]) were determined.  All live embryos (quality grades 1 to 3) 

were transferred into recipients except embryos that were lost or damaged prior to 

transfer (n = 8) or did not have a recipient (n = 2). 

Statistical Analysis   

Effect of ovulatory follicle size, P4, and E2 on serum concentrations of bPAG 

were analyzed by analysis of variance for repeated measures (Proc Mixed; Littell et al., 

1998) in SAS (statistical analysis system; SAS Inst. Inc., Cary, NC). The statistical model 

consisted of the variable tested, day, and their interactions. Analysis of breakpoints were 

analyzed using (Proc NLIM; Robbins et al., 2006) in SAS, and was used to determine the 

first significant change in the slope of the line (secretion of bPAGs).  In addition, simple 

correlations were also determined in SAS.  Half-life of bPAGs following loss of 

embryonic heartbeat was determined by using the following formula: t1/2 = ln 2/k 

(Kiracofe et al., 1993).  Where k is the slope of the regression equation, which was 

determined by GLM procedures of SAS. The effect of embryo quality and embryo stage 

on bPAG concentrations was determined using a PROC MIXED model in SAS.  One-

way ANOVA was used to test differences among d 28 serum concentrations of PAGs for 

postpartum beef cows that maintained pregnancy and those that established but did not 
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maintain pregnancy by utilizing SAS.  The probability of pregnancy maintenance based 

on d 28 bPAG concentrations was modeled by logistic regression using the LOGSTIC 

procedure in SAS (SAS, 2001). 

RESULTS 

Experiment 1- Effect of GnRH-induced Ovulatory Follicle Size on Serum Concentrations 

of bPAGs. 

Mean (± SD) ovulatory follicle size was 14.24 ± 1.96 mm and there was no follicle by 

year interaction (P < 0.25); therefore, the data from years 1 and 2 were combined.  Serum 

concentrations of bPAGs in pregnant cows (mean ± SD = 1.02 ±.99 ng/mL; range = 0.28 

to 4.13 ng/mL) was increased (P < 0.01) on day 22 compared to nonpregnant cows. 

Alternatively, the first increase (P < 0.0001) in bPAGs, based on breakpoint analysis, 

occurred on d 24 (Figure 4.1).  There was 100% agreement between pregnancy diagnosis 

on d 28 by real-time ultrasonography and elevated serum concentrations of bPAGs on d 

28.  The pattern of secretion of bPAGs increased from d 24 to approximately d 36 of 

gestation and subsequently declined (Figure 4.2a).  The bPAG secretion pattern from d 

24 to 60 after insemination (d 0) was not affected by ovulatory follicle size (P < 0.96) or 

year (P < 0.90) and there was no follicle size by year interaction (P < 0.41).  However, 

there was an effect of day on serum concentration of bPAGs  (P < 0.0001).  In year 2, the 

pattern of secretion of bPAGs increased monthly from month 3 to calving and there was 

an effect of month but no effect of ovulatory follicle size or follicle size by month 

interaction on the secretion pattern of bPAGs (Figure 4.2b).  
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Figure 4.1.  Serum concentrations of bPAGs (mean ± SEM) from artificial insemination 
(d 0) to d 32 of gestation in year 2 of experiment 1 of pregnant cows (n = 44).  First 
significant increase (P < 0.0001) in circulating bPAG concentrations occurred on d 24 of 
gestation.   
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Figure 4.2.  Effect of ovulatory follicle size, following GnRH-induced ovulation (d 0), 
on serum concentrations of bPAGs (mean ± SEM) from d 24 to d 60 (Panel A) and from 
month 1 to 9 of gestation (Panel B). Treatment groups included small   (< 12.5 mm; n = 
14), or 2) large (≥12.5 mm; n = 58) ovulatory follicles.  Pattern of secretion of bPAGs in 
serum from d 24 to 60 after insemination (d 0) was affected by day (P < 0.0001), but not 
ovulatory follicle size (P < 0.96) and there was no day and ovulatory follicle size 
interaction (P < 0.41).     
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Mean serum concentrations of bPAGs on d 28 was 6.17 ± 5.24 ng/mL (mean ± 

SD; range 0.28 to 33.09 ng/mL) for all cows and there was no relationship (P < 0.54)  

between ovulatory follicle size at breeding and serum concentrations of bPAGs on d 28 

(Figure 4.3), progesterone on d 7 post AI (P < 0.96; Figure 4.4a) or progesterone on d 28 

post AI (P < 0.31; Figure 4.4b).  Similarly there was no correlation between serum 

estradiol at d 0 (AI) and serum bPAGs at d 28 in pregnant cows from year 2 (P < 0.38; 

Figure 4.5).  There were four cows that experienced late embryonic/early fetal mortality, 

and in three of the four animals, serum concentrations of bPAGs decreased before there 

was a decrease in progesterone and in the fourth cow the decrease in bPAGs and 

progesterone occurred simultaneously (Figure 4.6).  The animals experiencing embryonic 

loss did not differ in bPAG concentrations at d 28 when compared to the animals that 

maintained pregnancy.       

Experiment 2 Determination of Half-Life of bPAGs During Early Gestation. 

 Serum concentrations of bPAGs in the control and treatment groups increased 

similarly until initiation of treatment (Figure 4.7).  At PG treatment (0 h) mean 

concentrations of bPAGs for the control (n = 10) and PG-induced abortion group (n = 15) 

were 4.62 ± 0.94 ng/mL (mean ± SEM; range 2.66 to 8.23 ng/mL) and 4.52 ± 0.39 ng/mL 

(mean ± SEM; range 1.04 to 12.55 ng/mL), respectively.  Following PG injection, 

embryonic mortality (n = 15), expulsion of fetus from the uterus (n = 15), and return to 

estrus (n = 14) occurred within 47.2 ± 9.9 h, 57.3 ± 9.9 h, and 93.1 ± 12.1 h, respectively 

(Figure 4.8).  Following embryonic mortality, the half-life of circulating concentrations 

of bPAGs was 35.8 ± 21.9 h (mean ± SD; range 7.1 to 78.5 h; Figure 4.9).          

 



 
 

75 

 

 
Figure 4.3.  Scatter plot illustrating the association between ovulatory follicle diameter 
on d 0 and serum concentrations of bPAGs on d 28 of gestation.  Ovulatory follicle 
diameter and concentrations of bPAGs on d 28 were not correlated (P < 0.54; n = 91)   
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Figure 4.4.  Scatter plot illustrating the association between circulating concentrations of 
progesterone on d 7 post AI (Panel A) and progesterone on d 28 post AI (Panel B) and 
serum concentrations of bPAGs on d 28 of gestation.  Serum concentrations of 
progesterone on d 7 post AI or progesterone on d 28 post AI and d 28 bPAGs 
concentrations were not correlated (P < 0.96; n = 91; P < 0.31; n = 91), respectively.    
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Figure 4.5.  Scatter plot illustrating the association between circulating concentrations of 
estradiol on d 0 (AI) and serum concentrations of bPAGs on d 28 of gestation in year two 
of experiment 1.  Serum concentrations of E2 on d 0 d 28 bPAG concentrations were not 
correlated (P < 0.38; n = 44)   
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Figure 4.6. Serum concentrations of bPAGs and progesterone for individual cows that 
experienced embryonic/fetal mortality between d 30 and 45 of gestation (d 0 = artificial 
insemination).  In three of the four animals bPAGs decreased before a decrease in 
progesterone. Arrows represent the last confirmed heartbeat of each embryo. 
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Figure 4.7.  Serum concentrations of bPAGs (mean ± SEM) prior to initiation of 
treatment (PG-induced abortion on d 32 to d 36) for the control (n = 10) and PG 
treatment (n = 15) groups.  Circulating concentrations of bPAGs increased similarly until 
treatment (injection of prostaglandin F2α [PG]) with an average bPAG concentration for 
the control group of 4.62 ± 0.94 ng/mL (mean ± SEM; range 2.66 to 8.23) and the PG 
group of 4.52 ± 0.39 ng/mL (mean ± SEM; range 1.04 to 12.55 ng/mL).         
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Figure 4.8.  Serum concentrations of bPAGs following prostaglandin F2α (PG injection; d 
32 to 36) after insemination.  Following PG injection (0 hr) embryonic mortality as 
determined by loss of heartbeat (n = 15), expulsion of fetus from uterus (n = 15), and 
return to estrus (n = 14) occurred at 47.2 ± 9.9 h, 57.3 ± 9.9h, and 93.1 ± 12.1 h (mean ± 
SD) following PG administration, respectively.   
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Figure 4.9.  Serum concentrations of bPAGs (mean ± SD) following embryonic mortality 
(0 h; loss of heartbeat).  The half-life of bPAGs was determined to be 35.8 ± 21.9 h 
(mean ± SD; range 7.1 to 78.5 h).   
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Experiment 3 Effect of Embryo Stage, Embryo Quality, and Embryonic/Fetal Survival on 

bPAGs 

 Ovulatory follicle diameter was similar in both the donors and recipient groups 

with a mean follicle diameter of all cows on d 0 (donor = AI; recipient = No AI) of 12.5 ± 

1.8 mm (mean ± SD; range 8.05 to 18.55 mm).  Serum concentration of bPAGs did not 

differ (P = 0.85; Figure 4.10) among treatment groups (small to small (S-S; n = 71), small 

to large (S-L; n = 111), large to small (L-S; n = 122) and large to large (L-L; n = 50)) 

from d 28 to d 72 of gestation.  Neither serum concentrations of estradiol (P < 0.62; 

Figure 4.11) at d 0 nor progesterone on d 7 in donors (P < 0.14; Figure 4.12) were 

correlated with serum bPAGs on d 28 in donor or recipient cows.  Also, there was no 

effect of embryo quality at ET (P < 0.64; Figure 4.13) or embryo stage at ET (P < 0.75; 

Figure 4.14) on serum bPAGs on d 28.  In addition, donors ovulating to GnRH on d -9 

resulted in significantly higher serum concentrations of bPAGs in recipients on d 28 (P < 

0.05) and recipients not cycling at GnRH on d -9 resulted in significantly higher serum 

concentrations of bPAGs on d 28 (P < 0.0001).     

 On d 27 to 29 there were 195 cows confirmed pregnant via transrectal ultrasound 

and by d 70 – 72 of gestation 19 (9.7 %) animals had undergone late embryonic or early 

fetal loss.  The majority of these cows experienced embryonic mortality between d 27 – 

40 (n = 10) followed by d 40 – 56 (n = 7) and d 56 – 72 (n = 2; Figure 4.15).  Although 

all cows had an embryo with a heart beat on d 28, mean serum concentrations of bPAGs 

(P < 0.05) were significantly higher in cows that maintained pregnancy (4.53 ± 0.34 

ng/mL; mean ± SEM) until d 72 compared to cows that experienced embryonic mortality 
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(3.14 ± 0.72 ng/mL) at any point between d 28 – 72 of gestation (Figure 4.16).  In 

 

Figure 4.10. Effect of ovulatory follicle size group (small to small [S-S; n = 71], small to 
large [S-L; n = 111], large to small [L-S; n = 122] and large to large [L-L; n = 50]) on 
pattern of secretion of bPAGs.  Serum concentration of bPAGs between d 28 – 72 of 
gestation did not differ (P = 0.85) between treatment groups.    
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Figure 4.11. Scatter plot illustrating the association between circulating concentrations of 
estradiol d 0  (AI) and serum concentrations of bPAG on d 28 of gestation.  Serum 
concentrations of E2 on d 0 in recipients and d 28 bPAG concentrations were not 
correlated (P < 0.62; n = 195)   
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Figure 4.12. Scatter plot illustrating the association between circulating concentrations of 
progesterone on d 7 post AI and serum concentrations of bPAG on d 28 of gestation.  
Serum concentrations of P4 d 7 post AI in recipients and d 28 bPAG concentrations were 
not correlated (P < 0.14; n = 195)   
 
 
 
 
 
 
 
 

0$

5$

10$

15$

20$

25$

0" 2" 4" 6" 8" 10" 12" 14"

bP
AG
&(n
g/
m
L)
&

d&7&Progesterone&(ng/ml)&&



 
 

86 

 
Figure 4.13.  Effect of embryo quality grade at ET (d 7) on serum concentrations of 
bPAG on d 27, 40, 56, and 70 of gestation. Treatment groups included grade 1 (excellent 
to good; n = 126), grade 2 (fair; n = 47), and grade 3 (poor; n = 22) embryos. Secretion of 
PAGs in serum on d 27, 40, 56, and 70 after insemination (d 0) was not affected by 
embryo grade (P < 0.64). 
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Figure 4.14. Effect of embryo stage at ET (d 7) on serum concentrations of bPAG on d 
27, 40, 56, and 70 of gestation. Treatment groups included stage 3 (early morula; n = 19), 
stage 4 (morula; n = 121), and stage 5 (early blastocyst; n = 53) embryos. Secretion of 
PAGs in serum on d 27, 40, 56, and 70 after insemination (d 0) was not affected by 
embryo stage (P < 0.75).  
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Figure 4.15.  Serum concentrations of bPAGs for cows that maintained pregnancy until d 
72 (Pregnant; n = 176) compared to cows that experienced embryonic mortality (Not 
pregnant) between d 28 to 40 (n = 10), d 40 to 56 (n = 7), and d 56 to 72 (n = 2).    
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Figure 4.16. Serum concentrations of bPAGs (mean ± SEM) in postpartum beef cows 
that had a viable embryo on d 28 (n = 195) and either maintained pregnancy (Embryonic 
survival; n = 176) or did not maintain pregnancy (Embryonic mortality; n = 19).  Cows 
that experienced embryo mortality by d 72 had decreased serum concentrations of bPAGs 
on d 28 compared to cows that maintained an embryo until d 72 (P < 0.05).    
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addition, d 28 bPAGs were included as a continuous variable in a logistical regression of 

pregnancy maintenance until d 72.  As d 28 bPAG concentrations increased there tended 

to be an increase (P < 0.10) in the likelihood of maintaining a pregnancy until d 72 

(Figure 4.17).  There were also two animals that had a viable embryo based on ultrasound 

however, no bPAGs were detected from d 28 to 72 of gestation.  Therefore, in experiment 

3, bPAGs were 98% accurate in diagnosing pregnancy on d 28 compared to real-time 

ultrasonography.  

DISCUSSION 

 Detection of pregnancy associated glycoproteins in the maternal circulation has 

been used to accurately diagnose pregnancy in ruminants, including cattle, sheep, goats, 

buffalo, bison, moose, and elk (Sousa et al., 2006).  In this study, bPAGs were 99.2% 

accurate in diagnosis of pregnancy by d 28 and the first significant increase in bPAGs 

occurred between d 22 and 24 of pregnancy. The preceding time period corresponds to 

adhesion of the trophoblast to the endometrium and to the initial appearance of binucleate 

cells  (d 19 to 21; Wooding, 1983).  PAGs enter the maternal circulation following 

exocytosis of secretory granules from binucleate cells toward the maternal vasculature.  

Circulating concentrations of bPAGs increased rapidly from d 24 until approximately d 

36 and subsequently decreased until d 60.  The physiological basis for the transient 

increase in bPAGs during this time frame is not known.  The rapid increase in bPAGs 

during the last trimester may be due to the relatively rapid increase in placental size, 

release of sequestered PAGs from various tissues, and(or) accessory sources of bPAGs 

(Green et. al., 2005).   
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Figure 4.17.  Probability of pregnancy maintenance until d 72 of gestation based on d 28 
circulating concentrations of bPAGs (n = 195).  Increased serum concentrations of 
bPAGs on d 28 tended to increase the probability of pregnancy maintenance (P < 0.10). 
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A limitation to the detection of bPAGs for pregnancy diagnosis has been the 

relatively long half-life of pregnancy specific protein B (PAG1; Ruder and Sasser, 1986; 

Semambo et al., 1992).  PSPB or bPAG1 has been the primary PAG for detection of 

pregnancy (Sasser et al., 1986; Zoli et al., 1992).  However, Green et al., (2000) proposed 

two disadvantages to measuring bPAG1 for pregnancy detection:  1) the accuracy of 

pregnancy diagnoses during the first month of pregnancy may be compromised due to 

low and variable circulating concentrations of bPAG1 and 2) the long half-life (≈ 8 d; 

Sasser et al., 1986) in the maternal circulation after parturition or fetal loss can result in 

false positives in early postpartum cows.  Consequently, effort has been directed toward 

identifying bPAGs with a shorter half-life.  Green et al., (2005) established an ELISA 

that measures bPAGs with a relatively short half-life (i.e. 4.3 days in the post partum 

period).  In the current study, the half-life of bPAGs following induction of embryonic 

mortality was 1.5 d, which was considerably shorter than the half- life of previously 

reported bPAGs.  In a similar study, bPAG1 had a half- life of 7 d following induction of 

embryonic mortality in cows (Semambo et al., 1992) and even longer (7.3 to 8.4 d) 

following normal parturition (Ruder and Sasser, 1986; Kiracofe et al., 1993).  

Interestingly, Szenci et al., (2003) reported that the half-life of bPAG1 following 

embryonic mortality in heifers, was 2.7 to 3.9 d. Differences in half- life among studies 

might be due to detection of different members of the PAG family rather than a change in 

half-life during the course of gestation; however, this hypothesis has not been tested.     

  GnRH-induced ovulation of small dominant bovine follicles (CO-Synch 

protocol) decreased pregnancy rate and increased late embryonic/fetal mortality (39%) 

from d 27 to 68 following insemination (Perry et al., 2005).  In the present study, the 
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majority of late embryonic/fetal mortality occurred around the time of embryo-uterine 

attachment (d 21 to 42; Peters 1996) and reproductive loss during this time has been 

reported by others (Vasconcelos et al., 1999; Cartmill et al., 2001; Moreira et al., 2001; 

Perry et al., 2005).  Identification of a reliable marker of conceptus viability in the 

maternal circulation would be helpful in studying mechanisms by which the 

physiological maturity of an ovulatory follicle might affect late embryonic/fetal 

mortality.  In experiment 1, it was not possible to precisely determine when embryonic 

death occurred relative to luteolysis; however, serum bPAGs decreased before or at the 

same time as progesterone in the four cows that experienced late embryonic/fetal 

mortality.  This finding supports the concept that death of the embryo/fetus, based on 

absence of a heart beat, preceded luteolysis in cattle (Kastelic et al., 1991).  Similarly, 

prolongation of luteal lifespan in beef heifers did not increase pregnancy rate (Wiltbank 

et  al., 1961). 

Mechanisms associated with late embryonic/fetal mortality following GnRH- 

induced ovulation of small dominant follicles in cattle may be due to inadequate oocyte 

competence (Lonergan et al., 2003), reduced luteal progesterone secretion (Inskeep, 

2004; Diskin and Morris, 2008), inadequate uterine environment (Barnes, 2000), and(or) 

inadequate placental function (Facciotti et al., 2009). Atkins et al., (2010c) reported that 

decreased pregnancy success following GnRH-induced ovulation of small dominant 

follicles in postpartum beef cows may be due to inadequate oocyte competence as 

determined by decreased fertilization rate and a reduced probability of recovering a 

transferrable embryo.  Inadequate cytoplasmic or nuclear maturation of an oocyte has 

been shown to compromise subsequent embryonic development and the establishment of 
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pregnancy (Sirard et al., 2006).  Since oocyte competence may subsequently affect 

placental function (Piedrahita et al., 2002) we hypothesized that GnRH-induced ovulation 

of small dominant follicles may result in conceptuses that secrete less bPAGs into the 

maternal circulation.  However, there was no effect of ovulatory follicle size or ovulatory 

follicle size x time interaction on circulating concentrations of bPAGs from d 20 to 60 

following insemination in experiments 1 or 3.   

 Another reason for decreased pregnancy success following GnRH-induced 

ovulation of small dominant follicles in postpartum beef cows may be an inadequate 

maternal environment resulting from decreased serum estradiol at GnRH-induced 

ovulation and decreased progesterone production from the resulting corpus luteum 

(Atkins et. al., 2010c).  Preovulatory secretion of estradiol (Moore, 1985; Jinks, 2011) 

and postovulatory secretion of progesterone (Mann and Lamming, 1999; Perry et al., 

2005) have an important role in the establishment of pregnancy in cattle.  However, in 

Exp.1 and Exp. 3 there was no effect of serum estradiol on d 0 or serum progesterone at d 

7 or 28 on serum bPAGs.   

  Perry et al., 2005 reported that cows not maintaining pregnancy until d 70 of 

gestation, tended to have decreased circulating concentrations of bPAGs on d 30 (Perry et 

al., 2005), suggesting that these animals could potentially experience embryonic/fetal 

mortality due to inadequate placental function.   In experiment 3, cows destined to 

undergo late embryonic or early fetal loss had significantly decreased bPAGs on d 28 of 

gestation even though all cows had a viable fetus, based on presence of a heartbeat.  

These data suggest that serum bPAGs at d 28 may be used to diagnosis pregnancy 
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establishment and predict embryonic/fetal survival until at least d 72 of gestation, which 

accounts for the most susceptible time of embryonic or fetal mortality.  

Circulating concentrations of bovine PAGs can be influenced by a number of 

factors including breed, weight, parity status of the dam, fetal sex, fetal number, and fetal 

birth weight, along with stage of pregnancy stage (Patel et al., 1997; Perry et al., 2005; 

Lobago et al., 2009). Based on the positive association between serum bPAGs on d 28 

and embryonic/fetal survival we examined the relationship between measures of 

embryonic development and quality at the time of embryo recovery and transfer on serum 

bPAGs on d 28.  However, there was no relationship between embryo quality or stage of 

embryonic development at ET and serum bPAGs on d 28.  

In summary, there was no relationship between serum bPAGs and ovulatory 

follicle size, estradiol on d 0, progesterone on d 7 or d 28, embryo quality or embryo 

stage on d 7 in the present study.  However, cows that experienced embryonic/fetal 

mortality after d 28 had lower concentrations of bPAGs on d 28 compared with cows that 

maintained pregnancy.  Therefore,  bPAGs around d 28 may be a useful predictor of 

future embryonic/fetal mortality during early gestation. 
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APPENDIX 

Effect of antral follicle count on ovulatory follicle size 

Rational: Antral follicle count is defined as the number of antral follicles present on the 

ovary at a given time.  In humans, antral follicle count has been correlated with success 

rate of reproductive technology treatment, such as ovarian stimulation and fertility 

(Hendriks et al., 2005).  In this study as follicular diameter increased there was a 

significant increase in the antral follicle count at the time of ovary collection (see Chapter 

3 for details).  In cattle, size of the ovulatory follicle has been shown to not be repeatable 

and highly variable based on herd, however antral follicle count has been reported to be 

highly repeatable for indiviual animals (Burns et al., 2005).  Therefore, antral follicle size 

could potentially be a predicitve marker of ovulatory follicle size in beef cattle.   

 

Objective: Determine the association between  antral follicle count at the time of ovary 

collection on ovulatory follicle size. 

   

Results:  Antral follicle count increased as follicular diameter increased (P < 0.05), and as 

follicular fluid concentrations of insulin like growth factor - 1  (IGF-1) decreased (P < 

0.02).  
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Figure A1. Scatter plot illustrating the association between dominant follicle diameter 
and antral follicle count on both ovaries 48 hr after PG (see Chapter 3 for details).  
Follicle diameter and antral follicle count were positively correlated (r = 0.45; P < 0.05; n 
= 20) 
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