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ABSTRACT 

Preovulatory secretion of estradiol and postovulatory secretion of progesterone 

are essential for preparing the uterine environment for pregnancy in cattle. In a previous 

study, circulating concentrations of preovulatory estradiol (E2) at gonadotropin releasing 

hormone (GnRH)-induced ovulation (day [d] 0) and postovulatory progesterone (P4) on 

d 7 were the two most important factors affecting establishment of pregnancy in 

postpartum beef cows (Atkins et al., 2013). Therefore, two studies were conducted to 

further examine the effect of circulating concentration of estradiol at GnRH-induced 

ovulation (d 0; Chapter 3) and the effect of supplementing progesterone (d 4 to d 11) on 

pregnancy rate in postpartum beef cows (Chapter 4). Experiment (Exp) 1, ovulation was 

synchronized in cows (n = 1,015) as follows: on d -9 GnRH and an intravaginal 

progesterone implant (CIDR) were administered, on d -2 the CIDR was removed and 

prostaglandin F2α (PGF) injected, and on d 0 GnRH was administered. Estrus detection 

patches (Estrotect) were placed on cows on d -2, and any cow with an activated patch 

on d 0 was considered to have exhibited estrus and removed from the study (n = 424). 

For the remaining cows (n = 591), blood samples were collected on d -2 and 0, and 

plasma analyzed for estradiol by radioimmunoassay (RIA). Recipient cows were 

classified based on their d 0 (mean ± SEM) concentration of estradiol as follows: Low 

(2.45 ± 0.05pg/mla; n = 227), Medium (3.97 ± 0.06pg/mlb; n = 156), or High (5.81 ± 

0.05pg/mlc; n = 208) estradiol groups (abcP < 0.0001). Each cow received an in vivo 

produced embryo on d 7 and pregnancy diagnosis occurred between d 29 and 34. 

Pregnancy rate on d 30 to 34 for the Low, Medium, and High estradiol groups was 32%a, 

46%b, and 52%b (abP < 0.001). In Exp 2, cows were assigned to High or Low estradiol on 

d 0 as in Exp 1, and then were randomly assigned to Low or Normal P4 treatment 

groups. Final treatment groups were as follows: Low E2-Low P4 (LL; n = 71), Low E2-

Normal P4 (LN; n = 69), High E2-Low P4 (HL; n = 74), and High E2-Normal P4 (HN; n = 
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73). Cows that were assigned to the Low P4 group received three injections of PGF on d 

3, 3.5, and 4, which reduced circulating concentrations of P4 on d 7 in HL compared to 

HN, and LL compared to LN treatment groups. Pregnancy diagnosis was performed on d 

34 via ultrasonography, pregnancy rates for LL, LN, HL, and HN were 22%a, 30%a, 

47%b, and 58%b (P < 0.001), respectively. In the experiment described in Chapter 4, 

ovulation was synchronized as described for the preceding experiment; however, cows 

(n = 246) were artificially inseminated to a single bull at 66 hr following PGF-induced 

luteolysis and CIDR removal. Cows were allotted to a control (n = 125) or treatment (n = 

121) group by breed, age, body condition score, and days postpartum. Treatment 

included insertion of a CIDR on d 4 and removal on d 11 to increase circulating 

concentrations of progesterone. Pregnancy rate on d 43 to 49 for the control and CIDR 

groups were 68% and 71%, respectively (P = 0.87). There was a main effect of estrous 

expression on pregnancy rate with cows in estrus by the time of FTAI having a higher (P 

= 0.07) pregnancy rate. Within the CIDR treatment group, cows that expressed estrus 

had a higher pregnancy rate to FTAI than CIDR treated cows that did not express estrus, 

75% and 57%, respectively (P < 0.05). However, there was no difference (P = 0.64) in 

pregnancy rate to FTAI for cows that did or did not express estrus in the control group. In 

summary, elevated preovulatory estradiol on d 0, and increased change in estradiol 

concentration from d-2 to 0, increased pregnancy rate after embryo transfer; however, 

decreasing circulating postovulatory concentrations of progesterone had no effect of 

pregnancy rate. Furthermore, supplemental progesterone (CIDR from d 4 to 11) had no 

effect on pregnancy rate in beef cows.  
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Chapter One: 

INTRODUCTION 

There are economical and physiological benefits of a beef cow conceiving early 

in the breeding season. Cows that conceive early will be the first to calve and therefore 

have the oldest and heaviest calves at weaning (Lesmeister et al., 1973). Early calving 

cows also have a longer postpartum interval before rebreeding, which increases the 

probability they will resume cycling by the start of the breeding season. One strategy to 

increase pregnancy rates, early in the breeding season, is through the use of a fixed-

time artificial insemination (FTAI) protocol. With FTAI, ovulation is synchronized, and all 

cows are inseminated at a predetermined time to genetically superior sires. FTAI 

protocols have proven to be an effective way of synchronizing ovulation and estrus, 

often resulting in >50% pregnancy rates on the first day of the breeding season. Since 

FTAI protocols effectively synchronize ovulation, the research focus has shifted to 

improving pregnancy rates to FTAI.  

 At FTAI there are two categories of females, those that have expressed estrus 

by FTAI, and those that have not. In a meta-analysis analyzing the effect of estrous 

expression on pregnancy rate to FTAI, there was a 27% increase in pregnancy rate in 

heifers and cows (n = 10,166) that had expressed estrus prior to FTAI compared to 

those that had not (Richardson et al., 2016). It is likely that the beneficial effect of 

estrous expression on pregnancy rate, following FTAI, is due to the action of circulating 

concentrations of preovulatory estradiol, since beef cows that expressed estrus had 

higher circulating concentrations of estradiol than cows that did not express estrus 

(Perry et al., 2005). Furthermore, preovulatory estradiol coordinates a number of 

physiological events that lead to the establishment of pregnancy, including estrous 

expression (Coe and Allrich, 1989), induction of the preovulatory gonadotropin surge, 

https://paperpile.com/c/MC1KDa/3FIC
https://paperpile.com/c/MC1KDa/Qkoee
https://paperpile.com/c/MC1KDa/PrZlg
https://paperpile.com/c/MC1KDa/SESV2
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sperm transport (Hawk, 1975), preparation of follicular cells for luteinization (Goldenberg 

et al., 1972), and induction of endometrial progesterone receptors (Zelinski et al., 1982).  

Circulating concentrations of preovulatory estradiol are likely an indicator of the 

physiological maturity of a preovulatory follicle. To explore this further, dominant follicle 

size at artificial insemination was measured at gonadotropin releasing hormone (GnRH)-

induced ovulation or spontaneous estrus and ovulation in postpartum beef cows (Perry 

et al., 2005) and heifers (Perry et al., 2007). Pregnancy rates following FTAI were lower 

when ovulation was induced with GnRH in cows with small dominant follicles compared 

to those with large dominant follicles. Large dominant follicles produced greater amounts 

of preovulatory estradiol, and the subsequent corpus luteum (CL) produced more 

progesterone. Interestingly, in cows that spontaneously expressed estrus and ovulation 

there was no difference in pregnancy rates between cows that had large and small 

dominant follicles (Perry et al., 2005). Follicle size had a significant effect on pregnancy 

rate only in animals that were induced to ovulate and not in cows that spontaneously 

expressed estrus and ovulated. This indicates that it is not follicle size per se, but the 

physiological maturity of the follicle that is important for establishment and maintenance 

of pregnancy in cattle.  

The physiological maturity of a dominant follicle at GnRH-induced ovulation could 

affect the establishment and maintenance of pregnancy via an effect of the follicular 

microenvironment, on acquisition of oocyte competence and(or) an effect on the 

maternal environment. Therefore, a reciprocal embryo transfer (RET) experiment was 

designed to examine these possibilities. Embryos from postpartum cows in which a 

small dominant follicle was induced to ovulate with GnRH were transferred into 

recipients in which a small or large follicle was induced to ovulate with GnRH. In 

addition, embryos from cows that were induced to ovulate a large follicle were 

transferred into recipients that were induced to ovulate small or large dominant follicles. 

https://paperpile.com/c/MC1KDa/d2mhT
https://paperpile.com/c/MC1KDa/PrZlg
https://paperpile.com/c/MC1KDa/PrZlg
https://paperpile.com/c/MC1KDa/PrZlg
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Although there was evidence of an effect of the follicular microenvironment on oocyte 

competence (Atkins et al., 2013; Dickinson et al., 2018), preovulatory E2 and 

postovulatory P4 were shown to be the two most critical factors affecting the 

establishment of pregnancy (Atkins et al., 2013). In the preceding study, the circulating 

concentration of estradiol on d 0 in the recipient but not the donor cows had an effect on 

pregnancy rate (Jinks et al., 2013); therefore, circulating concentrations of E2 in the 

preovulatory period appear to have an effect on the uterus that is conducive to the 

establishment of pregnancy in postpartum beef cows. 

The effects of preovulatory E2 and postovulatory P4 are confounded within 

animal, since increased E2 concentrations on d 0 have been associated with a larger 

ovulatory follicle that likely forms a larger corpus luteum resulting in higher circulating 

concentrations of progesterone (Atkins et al., 2013). Consequently, the independent 

contributions of preovulatory E2 and postovulatory P4 to the establishment and 

maintenance of pregnancy need to be examined. Our hypothesis was that a decrease in 

preovulatory concentrations of E2 and/or postovulatory concentrations of P4 would result 

in a decrease in pregnancy rate following embryo transfer. The objective of the first 

study (Chapter 3) was to differentiate between independent effects of Low or High 

preovulatory concentrations of estradiol and Low or Normal postovulatory progesterone 

on pregnancy establishment in postpartum beef cows. The objective of the second study 

(Chapter 4) was to determine if treatment with a CIDR from d 4 to 11 would increase 

circulating concentrations of progesterone during the early luteal phase and thereby 

increase pregnancy rate following FTAI (day 0). An additional objective was to examine 

the potential interaction between estrous expression at FTAI and postovulatory 

progesterone (i.e. CIDR treatment) in postpartum beef cows.  

 

 

https://paperpile.com/c/MC1KDa/gqMrG+fzEL
https://paperpile.com/c/MC1KDa/gqMrG
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Chapter Two: 

LITERATURE REVIEW 

 

2.1. Introduction 

Preovulatory estradiol and postovulatory progesterone coordinate a number of 

physiological events that are essential for the establishment of pregnancy. However, 

circulating concentrations of both steroids can vary depending on the physiological 

maturity of the dominant follicle at fixed-time AI in cattle. The purpose of this literature 

review is to discuss some of the actions of preovulatory estradiol and postovulatory 

progesterone that affect pregnancy establishment.  

2.2. Follicular estradiol synthesis and mechanism of action 

The bovine estrous cycle consists of two or three follicular waves and each wave 

begins with the recruitment of a cohort of antral follicles from a pool of growing small 

follicles (Fortune, 1994). One follicle is subsequently selected from this cohort for 

continued growth and becomes dominant in terms of follicle diameter and function (i.e. 

inhibition of follicular recruitment). As an antral follicle undergoes recruitment and 

selection it produces increasing quantities of E2 until the onset of atresia or the 

preovulatory gonadotropin surge.  

The most widely accepted model for ovarian follicular synthesis of estradiol in 

mammals is the Two-cell, Two Gonadotropin Concept, which consists of the Delta 4 and 

Delta 5 pathways (Gore-Langton and Armstrong, 1994). Cattle utilize the Delta 5 

pathway for steroidogenesis (Fortune, 1994). Both theca interna and granulosa cells are 

required for the synthesis of E2. Following binding of LH to bovine theca cells, 

cholesterol is converted to pregnenolone which is converted to 17α-hydroxy 

pregnenolone. Then 17α-hydroxy pregnenolone is converted to dehydroepiandosterone, 
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androstenedione, testosterone, and finally estradiol (Payne and Hales, 2004). Theca 

cells lack the enzyme CYP17A1 hydroxylase (17α-hydroxylase) and lyase (17-20 lyase), 

which are necessary to convert androstenedione to testosterone. Androstenedione can 

easily diffuse across the follicle basement membrane and into the granulosa cells. It is 

almost immediately converted to testosterone by 17β-HSD upon entry. Granulosa cells 

stimulated by FSH, will convert testosterone to estradiol via the enzyme aromatase. 

Estradiol has a stimulatory effect on aromatase which increases its own conversion rate 

(Luo and Wiltbank, 2006) while simultaneously appearing to have a negative effect on 

3β-HSD, decreasing P4 production (Fortune and Quirk, 1988). 

Estradiol can act via genomic and nongenomic mechanisms. Estradiol has two 

genomic receptors, ESR1 and ESR2 that are located in the nucleus and serve as 

transcription factors. Estradiol binding to the nuclear receptor will result in binding to a 

steroid response element on the DNA to affect transcription of a gene. Both ESR 1 and 2 

bind E2 with high affinity but are frequently expressed in different locations (Stormshak 

and Bishop, 2008). ESR1 is primarily expressed in the oviduct, uterus, cervix and 

vagina, whereas, ESR2 is expressed primarily in the ovary and oocyte (Hall et al., 2001). 

Some of the genomic actions of estradiol are described below. In rats, estradiol will 

induce both LH and FSH receptors in granulosa cells (Richards et al., 1976), increase 

granulosa cell number, and increase DNA synthesis (Goldenberg et al., 1972). 

Furthermore, estradiol can increase LH and FSH receptor sensitivity which leads to 

enhanced P4 production after the gonadotropin surge (Welsh et al., 1983).  

The genomic action of estradiol has been known for many years. However, more 

recent evidence indicates that estradiol can act in a nongenomic manner on granulosa 

cells. For example, chicken granulosa cells treated with estradiol had a corresponding 

spike in calcium release. Estrogen was the only steroid hormone of many tested (P4, 

pregnenolone, testosterone, androstenedione) that elicited such a response. Even the 

https://paperpile.com/c/MC1KDa/9sLt
https://paperpile.com/c/MC1KDa/G95T
https://paperpile.com/c/MC1KDa/G95T
https://paperpile.com/c/MC1KDa/nK3B
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common estradiol receptor antagonist, tamoxifen, was unable to block the calcium 

release (Morley et al., 1992). 

2.3. Role of estradiol in the preovulatory period 

The preovulatory period generally includes the time from the onset of luteolysis to 

follicular rupture. During this time the rapid decrease in progesterone results in an 

increase in LH pulse frequency which drives estradiol secretion as described earlier 

(Two cell two gonadotropin concept). This section of the literature review is focused on 

estradiol mediated events that are important for pregnancy to be established.  

2.3.1. Estrus expression 

As ovarian follicles mature they produce increasing amounts of estradiol in 

accordance with their size (Perry et al., 2005). In cattle, antral follicles grow in waves 

that include follicular recruitment, selection, and dominance followed by either ovulation 

or atresia (Sirois and Fortune, 1990). In most cases, one bovine follicle is selected to 

become dominant. The dominant follicle will continue to grow and produce increasing 

quantities of estradiol as it progresses toward ovulation and the subordinate follicles will 

undergo atresia (Lucy, 2007).  

The increase in estradiol concentration from the dominant follicle will initiate 

estrus behavior in cattle. In cattle, standing estrus, is visually observed by the animal 

standing to be mounted by another female. Coe and Allrich (1989) found a linear 

increase in the number of mounts and circulating concentration of estradiol in dairy 

heifers. The expression of estrus and the associated increase in estradiol results in 

increased pregnancy rates at d 27 (Perry et al., 2005; Atkins et al., 2013). This increase 

in pregnancy rates is likely due to multiple beneficial effects of estradiol on the oocyte 

and maternal environment. 

2.3.2. Cervix  

https://paperpile.com/c/MC1KDa/PrZlg
https://paperpile.com/c/MC1KDa/SESV2
https://paperpile.com/c/MC1KDa/PrZlg+gqMrG
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 Estradiol has many effects on the reproductive tract prior to fertilization, 

including facilitating sperm transport through the cervix. The cervix serves as a physical 

barrier between the vagina and uterus to prevent debris and bacteria from entering. The 

cervix is made of three cervical rings and is lined with folds, or crypts, reaching from the 

caudal to cranial aspect. It is within these folds that estradiol increases production of 

mucus (Heydon and Adams., 1979). There are two types of mucus found in the bovine 

cervix, sialomucin, which is of low viscosity, and sulfomucin, which is of high viscosity 

(Mullins and Saacke, 1989). Sialomucin is secreted primarily near the bottom of the 

longitudinal folds of the cervix and sulfomucins are produced near the top of the 

longitudinal folds. The combined secretion of sialomucins and sulfomucins flow toward 

the vagina and form “privileged pathways” near the bottom of the folds where it is easier 

for the motile sperm to move toward the uterus (Mullins and Saacke, 1989). The dead or 

nonmotile sperm are moved out of the cervix and into the vagina. This filtering process 

increases the chance of viable sperm reaching the uterus. During the luteal phase when 

circulating estradiol is low and progesterone is high, the mucus forms a thick plug in the 

cervix. 

2.3.3. Uterus 

 Effect of uterine pH: Initiation of estrus begins with a rise in preovulatory estradiol 

(Allrich, 1994). Cows that exhibited estrus prior to FTAI had an increased chance of 

pregnancy (Perry et al., 2005; Perry et al., 2007; Richardson et al., 2016). In a study by 

Perry and Perry (2008) baseline measurements of uterine pH (at estrus pH = 7.1) were 

taken 8-12 hours before the onset of estrus. Uterine pH decreased by 4-8 hr prior to 

estrous and reached its lowest value at estrus (mean pH = 6.7). Decreasing the pH of 

bull sperm decreased motility and increased longevity (Jones and Bavister, 2000). This 

is beneficial because cows ovulate several hours after the end of estrus. By decreasing 

uterine pH at estrus, this will conserve sperms energy reserves until closer to ovulation. 

https://paperpile.com/c/MC1KDa/xpGY
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 Uterine Blood flow: Estradiol is a vasodilator and can increase blood flow to 

different areas of the body. Blood flow can be measured noninvasively through 

transrectal ultrasonography (i.e. Doppler) in cattle. An increase in uterine blood flow has 

been associated with estrus, circulating estradiol concentrations, and an increased ratio 

of estradiol to progesterone in the cow (Ford et al., 1979). Supplementation of estradiol 

benzoate to lactating dairy cows increased uterine blood flow volume, arterial size, and 

decreased blood flow resistance (Rawy et al., 2018). Increased uterine blood flow during 

gestation has been correlated to an increase in calf birth weight (Panarace et al., 2006), 

indicating estradiol's importance in fetal development. 

 Endometrial gene expression: At this time there is not much known about the 

effect of preovulatory estradiol on endometrial gene expression. Perhaps the most 

studied effect of preovulatory estradiol on the endometrium is the induction of the 

genomic progesterone receptor in the endometrium. Progesterone receptors (PGR) are 

found in greatest abundance during the proestrus period when E2 is at its peak (Zelinski 

et al., 1982). Furthermore, heifers with high preovulatory estradiol had increased 

expression of ESR1 mRNA in the uterine endometrium, and more nuclear PGR 

expression in deep glandular epithelium compared to heifers with low estradiol (Bridges 

et al., 2012). Preovulatory estradiol was not only positively associated with mRNA 

expression of progesterone receptor in the endometrium, but protein expression as well.  

In postpartum beef cows, increased circulating concentrations of preovulatory estradiol 

was associated with increased progesterone receptor binding on day 6 of the 

subsequent luteal phase compared to cows with lower circulating concentrations of 

preovulatory estradiol (Zollers et al., 1993). 

In a recent study by Northrop et al. (2018), cattle were classified as having low (< 

4.9pg/ml) or high (> 4.9pg/ml) preovulatory estradiol and conceptuses were collected on 

d 16. There was no difference in conceptus recovery or interferon tau (INFT) production 

https://paperpile.com/c/MC1KDa/tR4x
https://paperpile.com/c/MC1KDa/lmu7
https://paperpile.com/c/MC1KDa/Dmxd
https://paperpile.com/c/MC1KDa/6pys
https://paperpile.com/c/MC1KDa/6pys
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between low and high E2 cows/heifers. However, cattle with high circulating 

concentrations of estradiol had a greater abundance of SLC2A1 and SLC5A1 mRNA in 

caruncular endometria compared to cattle with low preovulatory estradiol. Both SLC2A1 

and SLC5A1 are glucose transporters that facilitate the uptake of glucose in the uterus 

(Gao et al., 2009). Glucose provides critical support to the growing embryo during early 

development (Leese and Barton, 1984). Interestingly, in this study there was no 

difference in SLC2A1 or SLC5A1 between animals that had a conceptus present on d 

16, and those that did not. This indicates that estradiol’s effect may be occurring after d 

16. 

2.3.4. Oviduct 

 The oviduct is a dynamic organ that is essential for gamete transport and 

fertilization, in vivo, and is regulated by estradiol and progesterone (Overstreet, 1983).  

McDaniel et al. (1968) treated ovariectomized cows with E2, P4, or a combination 

thereof. Under the influence of E2 a granular mucus was released from the oviduct. In 

addition, when P4 was applied the secretory action stopped. Estradiol and progesterone 

receptors are both present in the oviduct, and their concentrations vary by location 

depending on the day of the estrus cycle (Ulbrich et al., 2003). The oviduct (i.e. isthmus) 

of the cow serves as a sperm reservoir, located at the bottom of the isthmus (Hunter and 

Wilmut, 1984). The sperm reservoir is where sperm reside until they are ready to be 

released and are capable of fertilizing the oocyte. Oviductal fluid concentrations of E2 

were highest in the bovine oviduct during the preovulatory stage (Lamy et al., 2016). 

Chian et al., (1995) found the presence of a sperm capacitating factor present in the 

oviduct that's presence is increased by estradiol, in vitro. 

2.3.5. Oocyte 

  Granulosa cells synthesize large quantities of estradiol, which may have 

paracrine or autocrine action within the ovary, including the cumulus/oocyte complex. 

https://paperpile.com/c/MC1KDa/44Ul
https://paperpile.com/c/MC1KDa/Lw0D
https://paperpile.com/c/MC1KDa/t0UB
https://paperpile.com/c/MC1KDa/q2JH
https://paperpile.com/c/MC1KDa/q2JH
https://paperpile.com/c/MC1KDa/wAOp
https://paperpile.com/c/MC1KDa/n0Nr
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Estradiol may have a direct effect on the oocyte by binding to the nuclear receptor (i.e. 

ESR2), or an indirect effect by binding to ESR1 in the cumulus cells (Beker-van 

Woudenberg, et al., 2004). Estradiol may have nongenomic actions in the oocyte since 

addition of estradiol, following germinal vesicle breakdown (GVB; transcription ends at 

GVB), resulted in nuclear aberrations (Beker-van Woudenberg, 2004). Although 

genomic estradiol receptors are present within the cumulus/oocyte complex, a clear 

action of estradiol remains elusive. For example, during in vitro maturation of bovine 

oocytes supplementation of media with estradiol had a positive effect (Fukui et al., 

1982), no effect (Beker-van Woudenberg et al., 2005), or a negative effect (Beker-van 

Woudenberg et al., 2004) on embryonic development, in vitro. Oocytes collected from 

follicles having high versus low follicular fluid concentrations of estradiol resulted in 

greater blastocyst development rate, in vitro (Merimillod et al., 1999). Whether the 

preceding association of estradiol with in vitro embryo production is a direct effect of 

estradiol or due to the physiological maturity of the follicle is currently not clear. In 

postpartum beef cows, higher preovulatory estradiol at GnRH-induced ovulation 

increased fertilization rate, but not embryo viability 7 days later. Currently, a specific 

biological effect of estradiol on the bovine oocyte has not been elucidated.  

2.4. Effect of postovulatory progesterone  

The corpus luteum is essentially a continuation of follicular maturation (McNatty 

et al., 1979); therefore, the microenvironment of a growing follicle likely has an effect on 

the preparation of theca and granulosa cells for luteinization. Following ovulation, the 

remaining follicular cells undergo extensive remodeling, including rapid angiogenesis to 

form the developing corpus luteum (Smith et al., 1994). In addition to extensive 

morphological changes in the newly formed CL, there are important endocrine changes, 

as well. For example, the preovulatory gonadotropin surge induces a decrease in 17 

alpha-hydroxylase (CYP17) and aromatase (P450aro/CYP19) in the theca and granulosa 

https://paperpile.com/c/MC1KDa/yo5Vx
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cells of the preovulatory follicle, respectively, and an increase in side-chain cleavage 

enzyme (P450scc/CYP11A1) and 3 ꞵ-hydroxysteroid dehydrogenase enzyme (3ꞵ-HSD) 

in the luteinizing theca and granulosa cells (see review Smith et al., 1994). The 

preceding steroidogenic enzyme changes account for the rapid decrease in circulating 

concentrations of estradiol following the preovulatory gonadotropin surge and the 

subsequent increase in progesterone during the luteal phase.  

2.4.1. Progesterone synthesis 

In cattle, the corpus luteum is the primary source of progesterone during 

gestation. Luteal progesterone synthesis begins with the transport of cholesterol to luteal 

cells by circulating lipoproteins. Circulating high and low-density lipoproteins bind to the 

lipoprotein receptor, located on the plasma membrane of luteal cells, and the ligand 

receptor complex is internalized (Niswender, 2002). Cholesterol is liberated from the 

lipoprotein/receptor complex and either stored in lipid droplets or transported across the 

mitochondrial membrane via Steroidogenic Acute Regulatory Protein (StAR). The 

preceding step is considered the rate limiting step in steroidogenesis. Several hormones 

stimulate the expression of StAR, one of the most prominent being LH (Stocco, 2001). 

Next, cholesterol is converted to pregnenolone by side chain cleavage enzyme P450 

and, lastly, following transport of pregnenolone out of the mitochondria it is converted to 

P4 by 3β-hydroxysteroid dehydrogenase (3β-HSD) located on the smooth endoplasmic 

reticulum (Rekawiecki et al., 2008). There are two steroidogenic cell populations in the 

CL: small and large luteal cells. The large luteal cell in ruminants produces the majority 

of progesterone by the CL.  Both cell types have LH receptors, but only the small luteal 

cell is responsive to LH stimulation.  

2.4.2. Luteal formation  

After ovulation of the dominant follicle the remaining follicular cells, endothelial 

cells, and fibroblasts form the CL. The transition of follicular cells into luteal cells, that 

https://paperpile.com/c/MC1KDa/hqvA2
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produce large quantities of progesterone, is called luteinization and this process is 

initiated by the preovulatory gonadotropin surge. Spontaneous ovulation is preceded by 

luteolysis and low circulating concentrations of progesterone permit high frequency and 

low amplitude LH pulses that stimulate the preovulatory increase in estradiol. Estradiol 

has a positive feedback on the hypothalamo-pituitary axis to induce the preovulatory 

gonadotropin surge thus initiating the ovulatory process. Up until ovulation, granulosa 

and thecal cells are separated by the follicular basement membrane. Shortly before 

follicular rupture the basement membrane breaks down allowing theca and endothelial 

cells to move into the granulosa layer of the ovulatory follicle. Basement membrane 

break down is mediated by enzymes that are stimulated by fibroblast growth factor 

(FGF). Granulosa cells differentiate into large luteal cells and theca cells differentiate 

into small luteal cells (O'shea,1987). Ovine large luteal cells do not increase in number 

but do increase in volume during the luteal phase (Farin et al., 1986). Conversely, small 

luteal cells increase in number but not volume (Farin et al., 1986). Following ovulation, 

the CL becomes highly vascularized from theca cell capillary sprouts, which are formed 

from the migration of endothelial cells. FGF has angiogenic activity in the CL and aids in 

vascularization (Smith et al., 1994). 

2.4.3. Effect of progesterone on the conceptus  

Pre-hatching embryo: It is clear that P4 is critical for embryo survival and the 

majority of research supports the idea that P4 has a direct action on the uterus and not 

the embryo in cattle. Bovine embryos express the genomic progesterone receptor; 

however, a direct effect of progesterone on bovine embryonic development has not been 

consistently demonstrated (Clemente et al., 2009). Although supplementation of P4, in 

vitro, decreased blastocyst cell number (Larson et al., 2011), when embryos were 

cultured in P4 supplemented media there was no effect on subsequent embryonic 

development compared to control embryos, regardless of P4 concentration. In addition, 

https://paperpile.com/c/MC1KDa/HeHU
https://paperpile.com/c/MC1KDa/HeHU
https://paperpile.com/c/MC1KDa/yo5Vx
https://paperpile.com/c/MC1KDa/kzhc
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when embryos exposed to P4, in vitro, were transferred to synchronized recipient cows, 

post-hatching elongation was not affected (Clemente et al., 2009). Therefore, exposure 

of the embryo to P4 in vitro did not aid in embryo survival or conceptus elongation and 

the effect of progesterone supplementation on conceptus elongation was mediated 

through the uterus. 

Post-hatching embryo: In a study by Garrett et al. (1988a), cows were treated 

with exogenous P4 on d 1 through 4 and on d 14 conceptuses were collected. While 

there was variation in conceptus length on d 14, progesterone treated cows had 

significantly larger conceptuses compared to control cows. Postovulatory progesterone 

supplementation was most beneficial to pregnancy establishment when administered 

early in the luteal phase, between d 3 and 7 (Yan et al., 2016). When in vitro produced 

embryos were transferred into recipient cows that had been supplemented with P4, d 14 

conceptuses had a 4-fold increase in length compared to conceptuses in control cows 

(Clemente et al., 2009). Elevated progesterone was associated with increased 

conceptus length and increased INFT production (Mann et al., 2006). Interferon tau is 

the signal of maternal recognition in the cow and is secreted by the trophoblast around 

the time of maternal recognition of pregnancy in ruminants. In cattle, INFT blocks the 

upregulation of endometrial oxytocin receptors and prevents the pulsatile release of PGF 

that induces luteolysis in a nonpregnant animal (Robinson et al., 1999). 

2.4.4. Effect of postovulatory progesterone on the uterine environment 

Following the preovulatory gonadotropin surge in cattle, there is a rapid decline in 

estradiol and an increase in postovulatory progesterone which is accompanied by 

changes in steroid receptor expression in the endometrium, histotroph production, and 

changes in gene expression in the endometrium as discussed below.   

Regulation of steroid receptors: Changes in steroid genomic receptor gene 

expression associated with the onset of luteolysis has been carefully studied in the ewe.  

https://paperpile.com/c/MC1KDa/F4D1z
https://paperpile.com/c/MC1KDa/f7MiP
https://paperpile.com/c/MC1KDa/uY34q
https://paperpile.com/c/MC1KDa/gQAL7
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Endometrial progesterone receptors rise rapidly during the early luteal phase and 

progesterone binding to its genomic receptor inhibits expression of the endometrial 

estrogen receptor (ESR1).  As circulating concentrations of progesterone increase, the 

endometrial progesterone receptor is down regulated which allows expression of ESR1 

in the endometrium.  Estradiol of follicular origin binds to ESR1 and induces oxytocin 

receptor (OXTR) in the endometrium. Basal circulating concentrations of oxytocin bind to 

OXTR and induce luteolytic pulses of PGF. In sheep, pregnancy can be maintained by 

the conceptus derived INFT which blocks the upregulation of ESR1 and OXTR (Geisert, 

2015). In the pregnant cow IFNT inhibits the upregulation of OXTR, but it does not 

appear to act through inhibition of ESR1 (Robinson et al., 1999). 

Regulation and timing of PGF release: Supplementing P4 early in the luteal 

phase decreased estrous cycle length in cattle (Woody et al., 1967; Garrett et al., 1988b) 

and sheep (Ottobre et al., 1980). This is likely due to premature downregulation of 

endometrial PGR and advancing the time of luteolysis. Supplementing P4 36 hr after 

estrus caused cows to shorten their cycle length on average, by 5 days (Garrett et al., 

1988), and sheep by 6 days (Ottobre et al., 1980). This shortening of the estrous cycle 

was associated with increased pulses of the PGF metabolite and a corresponding 

decrease in P4. Administration of P4 to ovariectomized ewes for 7 days increased 

concentrations PGF compared to control ewes (Scaramuzzi et al., 1977). This indicates 

that early P4 supplementation shortens the estrous cycle by causing early regression of 

the CL. 

Regulation of histotroph: Histotroph is a complex mixture of substances produced 

by the uterine glands and is composed of many proteins, lipids, amino acids, and 

sugars. Its function is to support and nourish the growing conceptus in all mammals. 

Histotroph is thought to be exceptionally critical in livestock species where there is a 

prolonged period before embryo attachment and implantation (Gray et al., 2001). 

https://paperpile.com/c/MC1KDa/kSPem
https://paperpile.com/c/MC1KDa/kSPem
https://paperpile.com/c/MC1KDa/Wgj6
https://paperpile.com/c/MC1KDa/iLHPQ
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Progesterone has an indirect effect on the embryo by activating a variety of genes in the 

uterine epithelium that increase histotroph production (Dorniak et al., 2013; Brooks et al., 

2014). In sheep a uterine gland knock out (UGKO) model was developed, essentially 

removing the glands that produce histotroph. The UGKO sheep were not able to sustain 

pregnancy following embryo transfer (Gray et al., 2000). This illustrates the critical role of 

P4 stimulated histotroph on the establishment of pregnancy. 

2.5. Manipulation of progesterone in the early luteal phase 

A significant amount of research has been directed at potential uses of P4 to 

increase fertility since P4 is required for pregnancy, is relatively inexpensive, and can be 

easily administered. In a meta-analysis of over 9,000 cows, increasing concentrations of 

exogenous P4 on d 3 through 7 after AI significantly increased pregnancy rates by 5% 

overall in cows that expressed natural estrus (Yan et al., 2016). However, increased P4 

had no significant benefits for cows in which estrus and ovulation were synchronized. 

Progesterone was most beneficial in herds that already had reduced fertility (conception 

rates <45%; Yan et al., 2016). The remainder of this literature review will focus on 

experimental approaches that created high circulating concentrations of P4 via 

exogenous or endogenous manipulation to increase pregnancy. We will also review 

methods of reducing circulating concentrations of P4 in the early luteal phase. While 

induction of low P4 is not commercially beneficial, we will explore its usefulness as a 

research model for understanding the role of progesterone in the establishment of 

pregnancy in cattle. 

2.5.1. Exogenous progesterone supplementation 

 In a study conducted by Garrett et al. (1988a) cycling beef cows were 

administered  exogenous  P4 on d 1, 2, 3, and 4 of the estrous cycle. Conceptuses were 

significantly longer from P4 supplemented heifers on d 14 compared to conceptuses 

from control animals. A decrease in P4 production was associated with a corresponding 

https://paperpile.com/c/MC1KDa/m1jjW+wC2eL
https://paperpile.com/c/MC1KDa/m1jjW+wC2eL
https://paperpile.com/c/MC1KDa/AAzi1
https://paperpile.com/c/MC1KDa/CjqdG
https://paperpile.com/c/MC1KDa/CjqdG
https://paperpile.com/c/MC1KDa/f7MiP
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release of prostaglandin metabolite (PGFM) in the majority of cows during CL 

regression. Progesterone supplemented cows had an estrous cycle that was shorter by 

5 days, which can be attributed to the early release of PGF from the uterus. The majority 

of pregnancy loss in cattle occurs early on, before maternal recognition of pregnancy 

(Diskin et al., 2016) which has stimulated the interest in early progesterone 

supplementation and its potential benefits. Several studies have been conducted by 

different laboratories with varying results. Stronge et al. (2005) found a negative 

correlation between P4 concentrations on d 4 post ovulation and embryo survival, but a 

positive correlation between P4 concentrations on d 5-7 and embryo survival in dairy 

cows. In a similar experiment done by MacNeil et al. (2006) elevated P4 on d 4-6 had a 

positive impact on pregnancy on d 30-40. In addition, P4 concentrations had a significant 

quadratic relationship indicating that there is an optimal level of progesterone for 

pregnancy establishment.  The work of Stronge and MacNeil that showed a positive 

impact of elevated milk P4 concentrations in the early period following artificial 

insemination (AI) was contradicted by the work of Beltman et al. ( 2009a). Beltman et al. 

(2009a) found that the exogenous supplementation of P4 via a CIDR was unsuccessful 

at improving embryo survival rate when inserted between d 3 to 6.5 and from d 4.5 to 8. 

One possible explanation for the inconsistencies in results could be due to herd 

variation. Supplemental P4 may only be beneficial to cows that have a reduced level of 

circulating P4.  

2.5.2. Endogenous progesterone elevation 

Elevating endogenous circulating concentrations of progesterone during the 

luteal phase is another approach that has been used to increase pregnancy rates. A 

benefit to this approach is that it might increase local concentrations of progesterone in 

the uterine horn ipsilateral to the CL. Previous work has shown increased concentrations 

https://paperpile.com/c/MC1KDa/fnqfE
https://paperpile.com/c/MC1KDa/9zLEO
https://paperpile.com/c/MC1KDa/HbsD6
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of progesterone in the oviduct and uterine horn ipsilateral to the CL compared to the 

same tissues contralateral to the CL (Pope et al., 1982). 

Endogenous P4 can be elevated through administration of human chorionic 

gonadotropin (hCG) to induce an accessory CL, or by increasing dominant follicle size 

prior to ovulation with equine chorionic gonadotropin (eCG). Human chorionic 

gonadotropin will ovulate the dominant follicle of the first follicular wave to form an 

accessory CL when administered early in the luteal phase. The accessory CL will  

develop and produce P4 in addition to  the CL formed from the original ovulation, 

thereby increasing circulating concentrations of P4  (Nascimento et al., 2013; Sampaio 

et al., 2015). A meta-analysis conducted by (Nascimento et al., 2013) combined 10 

published studies with over 4,000 lactating dairy cows that had hCG administered after 

AI between d 4 and 9. They found a 3% increase in pregnancy rates in hCG treated 

cows. This can be attributed to the elevated P4 concentrations on d 12 in the hCG 

treated cows. Ovarian ultrasound was performed on a subset of the animals and 

confirmed the formation of an accessory CL in 80% of the hCG treated cows. A follow up 

study was performed with over 3,000 animals that showed a similar 3.5% increase in 

pregnancy for cows treated with hCG on d 5. In this study, there was a significant effect 

of parity on hCG treatment. Depending on the trial, primiparous cows treated with hCG 

had an increased pregnancy rate ranging from 5% to 20%. Pregnancy was not affected 

by hCG in multiparous cows in this study (Nascimento et al., 2013). The reason why 

hCG seems to have increased benefits in primiparous animals is still unknown. 

Human chorionic gonadotropin has LH activity; whereas, eCG has both LH and 

FSH activity and stimulates follicle growth and maturation in cattle (Murphy and 

Martinuk, 1991). A study was conducted by Baruselli et al. (2010) to evaluate the 

benefits of eCG administration for synchronization of recipients prior to embryo transfer. 

Synchronization of estrous began (d 0) with the insertion a P4-releasing device and 

https://paperpile.com/c/MC1KDa/jBYIb+tJgy
https://paperpile.com/c/MC1KDa/jBYIb+tJgy
https://paperpile.com/c/MC1KDa/jBYIb
https://paperpile.com/c/MC1KDa/jBYIb
https://paperpile.com/c/MC1KDa/s2sYc
https://paperpile.com/c/MC1KDa/s2sYc
https://paperpile.com/c/MC1KDa/DwTrp
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intramuscular (i.m.) injection of estradiol benzoate (EB; 2 mg) and P4 (50 mg). 

Prostaglandin F2α was given on d 5, and P4 devices removed on d 8. EB was given 

again on d 9, and estrus was assumed on d 10, finally, embryos were transferred on d 

17. The eCG treatment was given on d 5 (prior to ovulation) and controls received no 

further treatment. There was a significant increase in both CL size as well as conception 

in the eCG treated cows. In an attempt to minimize handling, a second experiment was 

performed where eCG was given on d 8 at the same time as PGF (Prostaglandin F2α) 

and P4-device removal. Administration of eCG on d 8 was less effective than on d 5. 

Administration of eCG on d 5 prior to ovulation stimulated follicle growth and  produced a 

larger more functional CL. Cows that had two to three, or even one CL, had higher 

circulating concentrations of P4 at embryo transfer compared to controls (Baruselli et al., 

2010). 

2.5.3. Strategies to decrease progesterone concentrations 

Due to the requirement of P4 for the establishment and maintenance of 

pregnancy, there has been a need for a low P4 model in cattle to further study the 

effects of low P4 on pregnancy establishment. Beltman et al. (2009) administered 

injections of PGF (Luprostenol; i.m.; 15mg) on d 3, 3.5, and 4 (PG3; d 0=ovulation) to 

cause a reduction in circulating concentrations of progesterone without inducing 

luteolysis. In cattle, PGF-induced luteolysis does not normally occur until after d 5 of the 

cycle. The preceding model induced low circulating P4 concentrations in heifers from d 3 

to day of slaughter (d 15). In addition, another model was evaluated which added a 

fourth injection of PGF on d 4.5 (PG4). Although there was no difference in circulating 

concentrations of progesterone following administration of 3 or 4 injections of PGF in 

heifers, 60% of CL were regressed following 4 injections compared to 30% in the 3 

injection group. In the PG3 treatment group 10% of heifers had unaffected P4 

concentrations, 60% had reduced concentrations of P4, and 30% had regressed CL. In 

https://paperpile.com/c/MC1KDa/DwTrp
https://paperpile.com/c/MC1KDa/DwTrp
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the PG4 group 10% of heifers had unaffected P4 concentrations, 30% had reduced 

concentrations, and 60% had regressed CL. These data are supported by a similar study 

by Parr et al. (2017). Consequently, four injections of PGF on d 3, 3.5, 4, and 4.5 

induced luteolysis in too many heifers to serve as an effective model, and three 

injections of PGF is the preferred method for inducing low progesterone concentrations 

in the early luteal phase in heifers. As far as we are aware, these models have not been 

tested in lactating beef cows. Another benefit of inducing low progesterone with three 

injections of PGF compared to other P4 reduction models is that it creates a low 

ascending progesterone curve compared to constant low level of P4. This low ascending 

concentration of progesterone more closely resembles what would naturally occur in the 

cow and allows for normal follicular wave turnover compared to cows treated with a low 

constant level of progesterone (Shaham-Albalancy et al., 2000). 

 

 

https://paperpile.com/c/MC1KDa/3IvTd
https://paperpile.com/c/MC1KDa/grQ5W
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Chapter Three: 

EFFECT OF PREOVULATORY ESTRADIOL AND POSTOVULATORY 

PROGESTERONE ON THE ESTABLISHMENT OF PREGNANCY 

 

3.1. Abstract 

In a previous study, preovulatory estradiol at gonadotropin releasing hormone 

(GnRH)-induced ovulation (d 0) and postovulatory progesterone on d 7 were the two 

most important factors affecting establishment of pregnancy in postpartum beef cows. 

Therefore, three experiments were conducted to further examine the effect of circulating 

concentrations of estradiol at GnRH-induced ovulation (d 0) and the effect of decreasing 

circulating postovulatory progesterone (PGF on d 3, 3.5, and 4) on pregnancy rate in 

postpartum beef cows following embryo transfer. In Exp 1, ovulation was synchronized 

in postpartum cows (n = 1,015) as follows: on d -9 GnRH (GnRH1) and an intravaginal 

progesterone implant (CIDR) was administered, on d -2 the CIDR was removed and 

PGF injected, and on d 0 GnRH (GnRH2) was administered. Estrus detection patches 

(Estrotect) were placed on cows on d -2, and any cow with an activated patch on d 0 

was considered to have exhibited estrus and removed from the study (n = 424). For the 

remaining cows (n = 591), blood samples were collected on d -2 and 0, and plasma 

analyzed for estradiol by radioimmunoassay. Recipient cows were classified based on 

their d 0 (mean ± SEM) concentration of estradiol (mean ± SEM) as follows: Low (2.45 ± 

0.05pg/mla; n = 227), Medium (3.97 ± 0.06pg/mlb; n = 156), or High (5.81 ± 0.05pg/mlc; n 

= 208) estradiol groups (abcP < 0.0001). Each cow received an in vivo produced embryo 

on d 7 and pregnancy diagnosis occurred between d 29 and 34 of gestation. Pregnancy 

rate on d 29 to 34 for the Low, Medium, and High estradiol groups was 32%a, 46%b, and 

52%b (abP < 0.001). Estradiol on d -2, 0, and change in E2 had a positive effect on 

pregnancy rate on d 30 to 34 (P < 0.008). In Exp 2a, postpartum beef cows (n = 190) 
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were randomly assigned to a Control (normal P4) or Low P4 group. Cows assigned to 

the Low P4 group were injected with PGF (Cloprostenol; Estrumate; i.m.; 250µg) on d 3 

and 4 (d 0 = GnRH). There was no difference (P = 0.426) in circulating concentrations of 

P4 between groups; therefore, cows in the Low P4 group in Exp 2b received PGF 

(Cloprostenol; Estrumate; i.m.; 250µg) on d 3, 3.5, and 4. In Exp 2b, cows were 

assigned to High or Low estradiol on d 0 as in Exp 1, and were randomly assigned to 

Low or Normal P4 treatment groups. Final treatment groups were as follows: Low E2-

Low P4 (LL; n = 71), Low E2-Normal P4 (LN; n = 69), High E2-Low P4 (HL; n = 74), and 

High E2-Normal P4 (HN; n = 73). Prostaglandin F2α injections decreased circulating 

concentrations of P4 on d 7 in HL compared to HN, and LL compared to LN treatment 

groups. Pregnancy diagnosis was performed on d 34 via ultrasonography and 

pregnancy rates for LL, LN, HL, and HN were 22%a, 30%a, 47%b, and 58%b (P < 0.001), 

respectively. In summary, preovulatory E2 had a significant positive effect on the 

establishment of pregnancy; whereas, a reduction in postovulatory progesterone did not 

reduce pregnancy rate at d 34 in postpartum beef cows.  

3.2. Introduction 

Ovulatory follicle size at gonadotropin releasing hormone (GnRH)-induced 

ovulation affected establishment and maintenance of pregnancy in beef cattle (Lamb et 

al., 2001; Perry et al., 2005; Perry et al., 2007). More specifically, GnRH-induced 

ovulation of a small dominant follicle (<11.3 mm) decreased pregnancy rate and late 

embryonic/fetal survival compared to GnRH-induced ovulation of large dominant follicles 

in postpartum beef cows (Perry et al., 2005) and beef heifers (Perry et al., 2007). There 

was no effect of ovulatory follicle size following spontaneous expression of estrus and 

ovulation in postpartum beef cows (Perry et al., 2005). Therefore, dominant follicle 

maturity rather than size influenced the establishment and maintenance of pregnancy.  

https://paperpile.com/c/MC1KDa/PrZlg+o2sw+v9lz
https://paperpile.com/c/MC1KDa/PrZlg+o2sw+v9lz
https://paperpile.com/c/MC1KDa/PrZlg
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Reduced pregnancy rates following GnRH-induced ovulation of a physiologically 

immature dominant follicle is likely due to impaired oocyte competence (Atkins et al., 

2013; Dickinson et al., 2018) and inadequate preparation of the maternal environment 

for pregnancy (Atkins et al., 2013; Jinks et al., 2013). In regard to an effect of the 

follicular microenvironment on acquisition of oocyte competence, GnRH-induced 

ovulation of a small dominant follicle decreased fertilization rate and the probability of 

recovering a transferable embryo on day 7 post insemination in postpartum beef cows 

(Atkins et al., 2013). Oocytes have a poor capacity for metabolizing glucose and rely on 

surrounding cumulus cells to supply pyruvate for energy (i.e. ATP) production necessary 

for maturation and acquisition of oocyte competence (Thompson et al., 2014). 

Furthermore, oocyte competence is reported to be highly correlated with ATP content 

(Dalton et al., 2014). Dickinson et al. (2018) reported decreased mRNA expression of 

glycolytic enzymes in cumulus cells associated with oocytes from small versus large 

dominant follicles induced to ovulate with GnRH in postpartum beef cows. An inefficient 

glycolytic pathway in cumulus cells surrounding oocytes in small dominant follicles may 

contribute to decreased competency of oocytes from small follicles in comparison to 

large dominant follicles.  

  Alternatively, decreased preovulatory secretion of estradiol and postovulatory 

secretion of progesterone may result in inadequate preparation of the maternal 

environment for pregnancy. In the preceding studies (Atkins et al., 2013; Jinks et al., 

2013), preovulatory estradiol at GnRH-induced ovulation (d 0) and postovulatory 

progesterone on day 7 were the two most important factors affecting establishment of 

pregnancy. However, the preceding studies utilized reciprocal embryo transfer and 

recipient cows with elevated estradiol at GnRH-induced ovulation tended to have larger 

ovulatory follicle size that resulted in larger luteal volume and increased circulating 

concentrations of progesterone on day 7 post GnRH. Therefore, it was not possible to 

https://paperpile.com/c/MC1KDa/gqMrG
https://paperpile.com/c/MC1KDa/gqMrG
https://paperpile.com/c/MC1KDa/gqMrG+7i5MC
https://paperpile.com/c/MC1KDa/gqMrG+7i5MC
https://paperpile.com/c/MC1KDa/gqMrG+7i5MC
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differentiate between the beneficial effects of high preovulatory concentrations of 

estradiol and high postovulatory concentrations of progesterone since they were 

confounded. The interactions among low and high preovulatory estradiol with normal 

and low postovulatory progesterone on the establishment of pregnancy have not been 

adequately examined. We hypothesized that a decrease in preovulatory concentrations 

of estradiol and/or postovulatory concentrations of progesterone would decrease 

pregnancy rates following embryo transfer in postpartum beef cows. Consequently, the 

overall objective of this study was to differentiate between the importance of low or high 

preovulatory concentrations of estradiol and low or normal postovulatory concentrations 

of progesterone on the establishment of pregnancy in postpartum beef cows. 

3.3. Materials and Methods 

The protocol for synchronization of ovulation, estrous detection, embryo transfer, 

blood collection, and pregnancy diagnosis for Exp 1, 2a, and 2b is shown in Figure 3.1. 

3.3.1. Experiment 1 

The purpose of this experiment was to determine the effect of circulating 

concentrations of preovulatory estradiol on day 0 (GnRH2) and the change in estradiol 

(d -2 to 0) on pregnancy rate.  

Animal handling: Animals were housed at Fort Keogh Livestock Range and 

Research Laboratory in Miles City, Montana and all procedures were approved by the 

Fort Keogh Animal Care and Use Committee. Cows were divided into two replicates 

within each breeding season and treated identically. Data collection occurred over three 

breeding seasons from June 2016 to October 2018. Multiparous suckled beef cows (n = 

1,015) were used to determine the effect of low, medium, or high circulating 

concentrations of E2 on d 0, as well as the change in E2 (from d -2 to 0) on the 

establishment of pregnancy. Ovulation was synchronized by using a 7-day CO-Synch + 

CIDR protocol beginning with insertion of an intravaginal P4 implant (CIDR; controlled  
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Figure 3.1. Protocol for synchronization of ovulation, placement of Estrotect patch 

(patch), embryo transfer (ET), blood collection (d -2, 0, 7, 17-18, and 29/34, and 

pregnancy detection for Experiments 1, 2a, and 2b. Cows in Experiment 1 did not 

receive PGF injections after d -2. Cows in Experiment 2a received PGF injections on d 3 

and 4 (black arrows); whereas, cows in experiment 2b received injections of PGF on d 3, 

3.5, and 4 (black and white arrows). For details pertaining to synchronization of 

ovulation, detection of estrus, PGF administration after GnRH2, blood collection, 

hormone measurements, embryo transfer, and pregnancy detection refer to Materials 

and Methods. 
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internal drug release containing 1.38 g progesterone; Zoetis; Kalamazoo, MI) and 

administration of GnRH (Factrel; i.m.; 100µg; Zoetis; Kalamazoo, MI) on day -9. Animal 

weight, days postpartum (DPP), and body condition score (BCS; 1 = emaciated and 9 = 

obese; Table 3.1) were recorded on day -9. On d -2, CIDRs were removed, PGF was 

administered (Lutalyse; i.m.; 25mg; Zoetis; Kalamazoo, MI), and an Estrotect patch 

(Western Point INC., Apple Valley, MN) was applied. On d 0 (GnRH2), approximately 48 

hours after CIDR removal and PGF administration, cows that had not expressed estrus 

received a second injection of GnRH (GnRH2) to induce ovulation. Any cow that 

expressed estrus between PGF and GnRH2 was removed from the study (n = 424). 

Cows were classified as having expressed estrus if > 50% of the patch coating was 

rubbed off by GnRH2 administration. Remaining cows (n = 591) on d 7 received an in 

vivo produced embryo of similar grade and quality based on the International Embryo 

Transfer Society (IETS; Savoy, IL) standards. Any cow on d 7 that did not have a corpus 

luteum, as visualized by ultrasonography, did not receive an embryo and was removed 

from the study. 

Treatment group allocation: Plasma concentration of estradiol on d 0 was used to 

classify cows into Low (2.45 ± 0.05pg/mla; n = 227), Medium (3.97 ± 0.06pg/mlb; n = 

156), or High (5.81 ± 0.05pg/mlc; n = 208) estradiol groups (abcP < 0.0001).  

Blood collection and hormone quantification: Blood was collected via tail 

venipuncture into 10 mL EDTA (Ethylenediaminetetraacetic anticoagulant) Vacutainer 

tubes on d -2, 0, 7, 17-18, and 29-34 (Figure 3.1). Blood was stored on ice until 

processed on the same day as collection. Samples were centrifuged at 1,200 x g for 20 

minutes at 4°C and plasma was decanted. Circulating concentrations of estradiol were 

determined before the plasma was frozen on d 0 and plasma samples were 

subsequently frozen at -20°C. Concentrations of estradiol-17β were determined by RIA 

on d -2 and d 0 as previously described by (Kirby et al., 1997). Intraassay and interassay  

https://paperpile.com/c/MC1KDa/RjVnd
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Table 3.1. Mean ± (SEM) cow age, days post-partum (DPP), body condition score 

(BCS), and weight for Experiments 1, 2a, and 2b.  
 

 No. Cows Age4 DPP BCS5 Weight(kg)6 

Experiment 11      

Low 227 5.6 ± 0.17 65 ± 1.16 5.5 ± 0.04a 583 ± 5.80a 

Medium 156 5.8 ± 0.20 65 ± 1.14 5.7 ± 0.05b 603 ± 7.02b 

High 208 5.6 ± 0.18 64 ± 1.21 5.6 ± 0.05b 590 ± 6.04ab 

Experiment 2a2      

CON 95 5.6 ± 0.27 63 ± 1.79 5 ± 0.07 558 ± 8.61 

2PGF 95 5.6 ± 0.27 64 ± 1.80 5 ± 0.07 557 ± 8.61 

Experiment 2b3      

Low-Low 71 5.5 ± 0.30 67 ± 2.00 5.8 ±0.06 608 ± 9.87 

Low-Normal 69 5.6 ± 0.30 66 ± 2.00 5.7 ± 0.06 598 ± 9.70 

High-Low 74 5.5 ± 0.30 67 ± 2.00 5.7 ± 0.06 585 ± 9.53 

High-Normal 73 5.6 ± 0.30 63 ± 2.00 5.7 ± 0.06 600 ± 9.53 

 

 
1Estradiol classification groups assigned from d 0 concentration. 
2CON (control) cows received no treatment, 2PGF cows received PGF on d 3 and 4. 
3Estradiol classification groups assigned from d 0 concentration, progesterone concentration 
assigned at random (Normal - no PGF; Low - PGF on d 3, 3.5, and 4). Treatments listed in 
(Estradiol-Progesterone) order. 
4Age of cow in years. 
5Body condition score measured 1 through 9 (1 = emaciated, 9 = obese). 
6Weight (kg) on d -9 (GnRH1 and CIDR insertion). 
Means having different superscripts are different (abP < 0.05). 
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coefficients of variation (CV) were 9% and 20%, respectively, over three years and 14 

assays. Assay sensitivity was 0.5pg/ml. 

Embryo transfer: Donor cows were superovulated by using a standard protocol 

and artificially inseminated to one or two sires in each of the three replicates. Seven 

days following insemination, embryos were collected nonsurgically and individually 

frozen in ethylene glycol for direct transfer on d 7. On the day of transfer, embryos were 

thawed and transferred by either two technicians in Replicate 1, or one technician in 

Replicates 2 and 3, into the uterine horn ipsilateral to the CL on d 7. There was no effect 

(P = 0.370) of technician on pregnancy rate in Replicate 1. Recipient cows received one 

in vivo produced embryo from 43 donors and 4 sires. Embryos were balanced between 

treatment groups by sire and donor for Low and High estradiol groups. Cows in the 

Medium estradiol group received embryos from the same donors and sires but were not 

distributed with the same frequency as Low and High estradiol cows.  

Pregnancy diagnosis: Pregnancy diagnosis occurred on d 29-34 after GnRH2. 

An Aloka 500V ultrasound was used with a 7.5-MHz (d 29-34) transducer. Diagnosis 

was performed by the same technician each day over all three years. 

3.3.2. Experiment 2a 

The purpose of this study was to determine if an injection of PGF on days 3 and 

4 (day 0= GnRH-induced ovulation) would decrease circulating concentrations of 

progesterone on d 7 and 17 following GnRH-induced ovulation (d 0), without inducing 

luteolysis.  

Animal handling: Animals were housed and handled as in Exp 1. Multiparous 

suckled beef cows (n = 336) were used to evaluate the effects of two doses of PGF on d 

3 and 4 on circulating P4 concentrations in the early luteal phase in June of 2016. 

Ovulation was synchronized as in Exp 1 and any cow that expressed estrus between 
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PGF and GnRH2 was removed from the study (n = 146). Cows were classified as having 

expressed estrus if >50% of the patch coating was rubbed off by GnRH2 administration. 

The remaining cows (n = 190) were randomly assigned to control (CON) or treatment 

(2PGF). The 2PGF treated cows received two injections of PGF (Cloprostenol; 

Estrumate; i.m.; 250µg per injection; Merck; Kenilworth, NJ) on the morning of d 3 and 4 

to reduce luteal progesterone secretion, but not induce luteolysis (Figure 3.1).  

Blood collection and hormone quantification: Blood was collected on d 0, 7, and 

17. Blood was processed and handled as in Exp 1. Concentrations of P4 were 

determined by double antibody RIA (MP Biomedicals, California, USA) on all days as 

previously described (Pohler et al., 2016). Intraassay CV was 3% and interassay CV 

was 5%. Assay sensitivity was 0.05 ng/ml. 

3.3.3. Experiment 2b 

The objective of experiment 2b was to differentiate between the independent 

effects of low or high preovulatory estradiol and low or normal postovulatory 

progesterone on pregnancy establishment in postpartum beef cows. 

Animal handling: Animals were housed and handled the same as in Exp 1. Data 

collection occurred over two breeding seasons from June 2017 to October 2018. 

Multiparous suckled beef cows (n = 679) were used to determine the effect of low or high 

preovulatory estradiol and its interaction with low or normal postovulatory P4 on the 

establishment of pregnancy. Animals were synchronized as in Exp 1 and any cows that 

expressed estrus between d -2 and 0 (n = 278) were removed from the study.  

Treatment group allocation: Recipient cow estradiol concentration on d 0 was 

used to sort cows into either Low (2.60 ± 0.07pg/mla; n = 140) or High (5.76 ± 

0.08pg/mlb; n = 147) estradiol groups (abP < 0.0001). Cows that fell in the middle of this 

range (n = 114) were removed from the study to create a clear differentiation between 

Low and High estradiol groups. The remaining cows (n = 287) within the Low and High 

https://paperpile.com/c/MC1KDa/t3oyK


 

29 

 

E2 treatment groups were randomly assigned to either a Low or Normal P4 group. Cows 

assigned to the Low P4 group received an injection of PGF (Cloprostenol; Estrumate; 

i.m.; 250µg) on days 3, 3.5, and 4. Since an injection of PGF on days 3 and 4 did not 

result in reduced circulating concentrations of progesterone on d 7 in Exp 2a, three 

injections of PGF were administered in this experiment (Figure 3.1). The final four 

treatment groups were as follows: Low E2-Low P4 (LL; n = 71), Low E2-Normal P4 (LN; 

n = 69), High E2-Low P4 (HL; n = 74) and High E2-Normal P4 (HN; n = 73; Figure 3.2).  

Blood collection and hormone quantification: Blood collection and handling was 

performed as described in Exp 1 and Exp 2a. Samples were collected on d -2, 0, 7, 17, 

and d 34. Circulating concentrations of E2 were measured on days -2 and 0 by RIA (see 

Exp 1). Intraassay and interassay CV's were 11% and 17%, respectively, over two 

years. Assay sensitivity was 0.5pg/ml. Circulating concentrations of P4 were determined 

on d 0, 7, 17, and d 34 by RIA (see Exp 2a). Intraassay and interassay CV's were 8% 

and 13%, respectively, over two years. Assay sensitivity was 0.05ng/ml. 

Embryo transfer: Donor cows were superovulated and artificially inseminated to 

one or two sires in three replicates. Seven days following insemination, embryos were 

collected nonsurgically and individually frozen in ethylene glycol until direct transfer to 

recipients. Four embryos of similar quality and grade (as defined by the International 

Embryo Transfer Society) from the same flush were frozen in canes to facilitate 

allocation of embryos to recipients. On the day of transfer, embryos were thawed and 

transferred as previously described. Embryos were transferred by one technician, into 

the uterine horn ipsilateral to the CL on d 7. Recipient cows received one in vivo  

produced embryo from 21 donors and 2 sires. Embryos were balanced among treatment 

groups by sire and donor.  

Pregnancy diagnosis: Performed the same as in Exp 1. 
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Figure 3.2. Treatment group allocation for Experiment 2b. Ovulation was synchronized 

in 679 cows of which 278 expressed estrus by d 0 (GnRH2). The remaining 401 cows 

were allotted to a Low (n=140), Medium (n=114), or High (n=147) estradiol group based 

on circulating concentrations of estradiol on d 0. For Experiment 2b, Medium estradiol 

cows were removed from the study and received no further treatment. Cows assigned to 

the Low or High estradiol groups were randomly assigned to either Low (PGF injections 

on d 3, 3.5, and 4) or Normal (no PGF injections after d-2) progesterone treatment 

groups. 
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Ovarian measurements: Diameter of the corpus luteum and its cavity, if present 

on d 7 were measured and recorded for each cow by ultrasonography. Measurements  

were performed by the same technician for all replicates. Corpus luteum volume was 

calculated as a sphere (
4

3
𝜋𝑟3) and the volume of the luteal cavity, if present, was 

subtracted from the volume of the CL.   

3.3.4. Statistical Analysis: 

  All statistical analyses were conducted using SAS 9.4 software. Circulating 

concentrations of progesterone and estradiol-17β were analyzed by analysis of variance 

for repeated measures (PROC MIXED; Littell et al., 1998). Estradiol and progesterone 

concentrations were normally distributed and tested for homozygosity of variance. 

Progesterone concentrations in Exp 2b were log transformed prior to analysis. The 

covariance structures used were autoregressive (progesterone) and compound 

symmetry (estradiol). The statistical model consisted of the variable tested (treatment 

group, pregnancy status), day, and their interactions. Differences among BCS, DPP, 

weight, age and embryo stage, and embryo grade were analyzed by analysis of variance 

in SAS (PROC GLM). The statistical model consisted of the variable tested (BCS, DPP, 

weight, age, embryo sire, embryo donor, embryo stage, embryo grade) and their 

respective values. Mean separation was performed using least significant differences 

(Means ± SEM [standard error of the mean]; Snedecor and Cochran, 1989). Differences 

were considered to be significant when P ≤ 0.05 and a tendency when P > 0.05 but P ≤ 

0.10.  All data are reported as LSmeans ± SEM. 

 Estradiol and P4 concentrations on d -2, d 0, and CL volume were analyzed 

using the GLIMMIX procedure in SAS (PROC GLIMMIX). The statistical model included 

the fixed effects of day, pregnancy status, and change in E2. The model also included 

the effect of replicate and the interactions of replicate and each individual fixed effect.  

Mean separation was performed using least significant differences (Means ± SEM; 
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Snedecor and Cochran, 1989), Differences were considered to be significant when P ≤ 

0.05 and a tendency when P > 0.05 but P ≤ 0.10.  All data are reported as LSmeans ± 

SEM.  All correlations were determined using the PROC CORR procedure in SAS. 

3.4. Results 

3.4.1. Experiment 1  

There was no difference in cow age or days postpartum among the estradiol 

groups; however, there was a difference in mean (± SEM) BCS (5.5 ± 0.04a, 5.7 ± 0.05b, 

and 5.6 ± 0.05b; abP < 0.05) and body weight (583 ± 5.80kga, 603 ± 7.02kgb, and 590 ± 

6.04kgab; abP < 0.05) for the Low, Medium, and High estradiol groups, respectively 

(Table 3.1). The preceding differences in BCS and cow body weight were minor, and 

likely not physiological significant.  

Plasma concentrations of estradiol on both d -2 and 0 were different among the 

Low, Medium, and High groups (P < 0.0001; Figure 3.3; Panel A). Furthermore, within 

each estradiol group (Low, Medium, and High) circulating concentrations of estradiol 

increased (P < 0.0001) from d -2 to 0 (Figure 3.3; Panel B). Estradiol on d -2 for high E2 

cows was not different (P = 0.221) from estradiol on d 0 for cows in the Low estradiol 

group. In addition, change in E2 from d -2 to d 0 was different, with the High E2 group 

having the largest change (3.23 ± 0.08pg/mla), followed by the Medium (1.94 ± 

0.09pg/mlb), and Low (0.80 ± 0.07pg/mlc) E2 groups (abcP < 0.0001; Figure 3.3; Panel C).  

Stage of embryo development at ET averaged 4.34 ± 0.727, only embryos with a 

stage of 4, 5, or 6 were used. There was no difference in stage among the estradiol 

groups (P = 0.493). Average embryo quality grade at ET was 1.20 ± 0.474, only embryos 

with a grade of 1 or 2 were used. Cows in the Medium group received higher quality 

grade embryos (1.32 ± 0.038a) compared to High (1.16 ± 0.03b) and Low (1.16 ± 0.04b) 

estradiol groups (abP < 0.0009). There was a difference (P = 0.026) in distribution  
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Figure 3.3. Experiment 1; Panel a) Mean (± SEM) circulating concentrations of estradiol (pg/ml) 

on d -2 (PGF injection and CIDR removal) and 0 (GnRH2 injection) for cows assigned to the Low, 

Medium, and High circulating concentrations of estradiol groups on d 0. Mean concentrations of 

estradiol were different among all three classification groups on both d -2 and 0 (abcdeP < 0.0001), 

Panel b) Mean (± SEM) circulating concentrations of estradiol (pg/ml) for each estradiol group 

was higher on d 0 than d -2 (xyP < 0.0001). Panel c) Change in circulating concentrations of 

estradiol (pg/ml) from d -2 (PGF injection and CIDR removal) to d 0 (GnRH2 injection). Mean (± 

SEM) change in estradiol was different for the Low (0.80 ± 0.07a), Medium (1.94 ± 0.09b), and 

High (3.23 ± 0.08c) estradiol groups (abcP < 0.0001). 
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of the sires that generated the embryos for the High versus Medium, and Medium versus 

Low estradiol groups, due to the fact that only one sire was used to create embryos in 

Replicate 1 and was not used again in subsequent years. There was a difference in 

embryo donor distribution in High versus Medium, and Low versus Medium estradiol 

groups (P < 0.0009). Although there was a difference in the sire/donor combination for 

embryos transferred into cows in the Low, Medium, and High estradiol groups over the 

three replicates, there was no effect of replicate on overall pregnancy rate (P = 0.972).  

Pregnancy rates on d 34 for the Low, Medium, and High E2 groups were 32%a, 

46%b, and 52%b, respectively (abP < 0.0001; Figure 3.4). Cows in the High and Medium 

E2 group had greater pregnancy rates on d 34 than cows in the Low E2 group (P < 

0.0001), but there was no difference between the Medium and High E2 groups (P = 

0.192). Cows pregnant on d 34 had a greater change in estradiol compared to cows that 

were not pregnant (P < 0.001). Estradiol on d 0 (r = 0.217; P < 0.0001) and change in E2 

(r = 0.168; P < 0.0001) had a significant positive association with pregnancy 

establishment. 

3.4.2. Experiment 2a 

 There was no difference in mean cow age, DPP, BCS, or body weight between 

the CON and 2PGF treated cows (P = 0.426; Table 3.1). There was no difference (P > 

0.51) in estradiol on d -2 or 0 between the Con and 2PGF groups.  Injection of PGF on d 

3 and 4 failed to reduce circulating concentrations of P4 compared to control cows on d 

7 or 17 (Figure 3.5). Therefore, three injections of PGF (d 3, 3.5, and 4) in Exp 2b to 

decrease circulating concentrations of P4 by d 7. 

3.4.3. Experiment 2b 

There was no difference (P = 0.112) in age, BCS, DPP, or body weight among 

treatment groups (Table 3.1). Circulating concentrations of E2 were higher (P < 0.0001)  
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Figure 3.4. Pregnancy rate (%) on d 34 (d 0 = GnRH2) for cows assigned to the Low, 

Medium, and High circulating estradiol groups for Experiment 1, based on circulating 

concentration of estradiol on d 0. There was a difference in pregnancy rates on d 34 

between Low and High cows (abP < 0.001), however, there was no difference between 

Medium and High estradiol groups (P = 0.192).  
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Figure 3.5. Circulating concentrations of progesterone (ng/ml) following GnRH-induced 

ovulation (d 0) for cows assigned to the control (CON) or prostaglandin F2α (2PGF) 

groups in Experiment 2a. Cows in the control (CON) group did not receive PGF 

injections after d-2; whereas, cows assigned to the 2PGF group received an injection of 

PGF (Cloprostenol; Estrumate; i.m.; 250µg) on the morning of d 3 and 4. There was no 

difference between groups in circulating concentrations of progesterone on d 7 or 17/18 

(P = 0.426). 
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in cows in the High versus Low E2 groups on both d -2 and d0 (Figure 3.6; Panel A). In 

addition, the High and Low estradiol classification groups had greater E2 on d 0 than  

on d -2 (P < 0.0001; Figure 3.6; Panel B). Within the Low and High E2 groups there was 

no difference in estradiol concentrations between LL and LN (P > 0.756), or HL and HN 

on either d -2 and 0 (P > 0.307; Figure 3.6; Panel A). The change in circulating 

concentrations of estradiol from d -2 (PGF injection and CIDR removal) to d 0 (GnRH2 

injection) was different between the Low (0.69 ± 0.10apg/ml) and High (3.24 ± 

0.09bpg/ml) estradiol groups (abP < 0.0001; Figure 3.6; Panel C), but not between 

progesterone groups (Low versus Normal) within the Low or High estradiol groups. 

Injections of PGF on d 3, 3.5 and 4 decreased circulating concentrations 

between Low and Normal progesterone cows on d 7 and 17 (P < 0.05; Figure 3.7) and 

on d 7 in LL compared to LN, and HL compared to HN cows (P < 0.05; Figure 3.8). On d 

7, HN cows had greater circulating concentrations of progesterone compared to HL, LN, 

and LL cows, and LN cows had greater circulating concentrations of progesterone 

compared to LL cows (P < 0.03), but concentrations of P4 were not different between 

HL, LN, and LL cows (P > 0.362). On d 17, circulating concentrations of progesterone 

were lower (P < 0.05) in the LL versus LN cows but were not different between the HL 

and HN cows (P =0.127). However, circulating concentrations of progesterone on day 17 

were greater for pregnant compared to nonpregnant cows in the LL, LN, and HL groups, 

but were similar in the HN group (Figures 3.9. a to d).  

There was a significant reduction in CL volume (cm3) on d 7 among treatments 

groups in response to PGF. Cows in the High-Normal group (5.08 ± 0.19acm3) had the 

largest CL volume, followed by cows in the HL (3.73 ± 0.19bcm3), LN (2.94 ± 0.20ccm3), 

and LL (2.43 ± 0.20dcm3) groups (abcdP < 0.06). Luteal volume (cm3) on d 7 had a 

significant positive correlation with circulating concentrations of P4 on d 7 
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Figure 3.6. Experiment 2b; Panel a) Mean ± (SEM) circulating concentrations of 
estradiol (pg/ml) on d -2 (PGF injection and CIDR removal) and 0 (GnRH2) for cows 
assigned to the Low or High estradiol and Low or Normal progesterone groups. b) There 
was a difference in circulating estradiol concentration between High and Low estradiol 
classifications on d -2 and 0 (abcdP < 0.0001). High and Low estradiol classification 
groups had significantly higher E2 on d 0 than on d -2 (xyP < 0.0001). There was no 
significant difference in estradiol concentrations between LL and LN (P > 0.756), or HL 
and HN on d -2 and 0 (P > 0.307). c) Change in circulating concentrations of estradiol 
from d -2 (PGF injection and CIDR removal) to d 0 (GnRH2 injection). Mean (± SEM) 
change in estradiol for LL (0.66 ± 0.14a), LH (0.71 ± 0.14a), HL (3.36 ± 0.14b), and HN 
(3.12 ± 0.14b) treatment groups (abP < 0.0001). 
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Figure 3.7. Circulating concentrations of progesterone (ng/ml) following GnRH-induced 

ovulation (d 0) for cows assigned to the Low or Normal progesterone groups in 

Experiment 2b. Cows in the Normal group did not receive PGF injections after d-2; 

whereas, cows assigned to the Low group received an injection of PGF (Cloprostenol; 

Estrumate; i.m.; 250µg) on of d 3, 3.5 and 4. There was a difference between groups in 

circulating concentrations of progesterone on d 7 and 17 (*P < 0.05). 
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Figure 3.8. Mean ± (SEM) circulating concentrations of progesterone from Low 

Estradiol-Low Progesterone(LL), Low Estradiol-Normal Progesterone (LN), High 

Estradiol-Low Progesterone (HL), and High Estradiol-Normal Progesterone (HN) cows 

on d 0, 7, and 17, regardless of pregnancy status on d 34 from Experiment 2b. Low 

progesterone group cows received injections of PGF on d 3, 3.5, and 4. On d 7, HN 

cows had greater circulating concentrations of progesterone compared to HL, LN, and 

LL cows, and LN had greater circulating concentrations of progesterone compared to LL 

cows (P < 0.03), but circulating concentrations in HL cows were not different from LN or 

LL cows (P > 0.362). On d 17, circulating concentration differences remained the same 

except HN cows were no longer different than HL and LN cows (P =0.127). 
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Figure 3.9.a. Mean ± (SEM) circulating concentrations of progesterone on d 0, 7, 17, 

and 34 in cows assigned to the Low Estradiol-Low Progesterone (LL) that were pregnant 

(LL-P) or not pregnant (LL-NP). Pregnancy diagnosis occurred on d 34 in Experiment 

2b. Cows in the LL-NP group had significantly lower progesterone on d 17 compared to 

cows in the LL-P group (*P < 0.05). 
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Figure 3.9.b. Mean ± (SEM) circulating concentrations of progesterone on d 0, 7, 17, 

and 34 in cows assigned to the Low Estradiol-Normal Progesterone (LN) that were 

pregnant (LN-P) or not pregnant (LN-NP). Pregnancy diagnosis occurred on d 34 in 

Experiment 2b. Cows in the LN-NP group had significantly lower progesterone on d 17 

compared to cows in the LN-P group (*P < 0.05). 
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Figure 3.9.c. Mean ± (SEM) circulating concentrations of progesterone on d 0, 7, 17, 

and 34 in cows assigned to the High Estradiol-Low Progesterone (HL) that were 

pregnant (HL-P) or not pregnant (HL-NP). Pregnancy diagnosis occurred on d 34 in 

Experiment 2b. Cows in the HL-NP group had significantly lower progesterone on d 17 

compared to HL-P group (*P < 0.05). 
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Figure 3.9.d. Mean ± (SEM) circulating concentrations of progesterone on d 0, 7, 17, 

and 34 in cows assigned to the High Estradiol-Normal Progesterone (HN) group that 

were pregnant (HN-P) or not pregnant (HN-NP). Pregnancy diagnosis occurred on d 34 

in Experiment 2b. There were no significant differences in concentrations of 

progesterone between pregnant and nonpregnant cows at any time point.  
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(r2 = 0.365; P < 0.0001; Figure 3.10).  There was a positive association between corpus 

luteum volume and circulating progesterone on d 7 in the LL, LN, and HL groups (r2 = 

0.22), but not in the HN group (r2 = 0.01; Figure 3.11). There was no effect of embryo 

sire, embryo donor, embryo quality or embryo grade distribution among groups (P > 

0.979). Pregnancy rate on d 34 for cows assigned to the LL, LN, HL, and HN groups was 

22%a, 30%a, 47%b, and 58%b, respectively (abP < 0.001; Figure 3.12).  
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Figure 3.10. Corpus Luteum volume (cm3) and circulating concentrations of 

progesterone measured on d 7 from Experiment 2b (r = 0.365, P < 0.0001). 
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Figure 3.11. Corpus Luteum volume (cm3) and circulating concentrations of 

progesterone measured on d 7 from Experiment 2b (r = 0.365, P < 0.0001). Trend lines 

correspond to the following treatment groups: LL (yellow), LN (grey), HL (orange), and 

HN (blue). 
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Figure 3.12. Pregnancy rate (%) on d 34 (d 0 = GnRH2) for cows assigned to the Low 

Estradiol-Low Progesterone(LL), Low Estradiol-Normal Progesterone (LN), High 

Estradiol-Low Progesterone (HL), and High Estradiol-Normal Progesterone (HN) groups 

in Experiment 2b. There was a significant difference in pregnancy rates on d 34 among 

HN, LH and LL cows (abP < 0.001), however, there was no difference between HL and 

HN cows or LL and LN cows. 
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3.5. Discussion 

In beef heifers and postpartum cows, GnRH-induced ovulation of a small 

dominant follicle decreased pregnancy rates in beef cattle (Lamb et al., 2001; Perry et 

al., 2005; Perry et al., 2007; Pereira et al., 2016). However, in cows that expressed 

estrus and spontaneously ovulated a small dominant follicle there was not a reduction in 

pregnancy rate (Perry et al., 2005). Thus, it appears that the physiological maturity of a 

dominant follicle rather than follicular diameter had an effect on the establishment of 

pregnancy. One measure of dominant follicle maturity is the ability to secrete adequate 

amounts of estradiol during the preovulatory period and subsequently differentiate into a 

corpus luteum capable of secreting an adequate amount of progesterone. It is not clear 

whether the beneficial effect of GnRH-induced ovulation of a large versus a small 

ovulatory follicle on pregnancy rate is primarily due to the action of increased 

preovulatory estradiol and(or) postovulatory progesterone. In previous studies, cows that 

had relatively high circulating concentrations of estradiol also had higher circulating 

concentrations of progesterone (Vasconcelos et al., 2001; Perry et al., 2005). The 

primary objective of this study was to separate the physiological effects of low and high 

preovulatory estradiol from low or normal postovulatory progesterone in postpartum beef 

cows that received an embryo on d 7. The major finding of this study was that 

preovulatory estradiol and not postovulatory progesterone had a major effect on 

pregnancy rate following embryo transfer on d 7. 

In Experiment 1, cows were classified at GnRH-induced ovulation (d 0) as having 

Low (2.45 ± 0.05pg/mla; n = 227), Medium (3.97 ± 0.06pg/mlb; n = 156), or High (5.81 ± 

0.05pg/mlc; n = 208; abcP < 0.0001) circulating concentrations of estradiol. The preceding 

differences in circulating concentrations of estradiol among groups were also present on 

d -2 (P < 0.0001). It is likely that the differences in circulating estradiol among groups on 

both d -2 and 0 were associated with differences in the physiological maturity of the 

https://paperpile.com/c/MC1KDa/PrZlg+o2sw+OX6M+v9lz
https://paperpile.com/c/MC1KDa/PrZlg+o2sw+OX6M+v9lz
https://paperpile.com/c/MC1KDa/PrZlg
https://paperpile.com/c/MC1KDa/PrZlg+NNPj
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respective dominant follicle present on those days. Circulating concentration of 

preovulatory estradiol was associated with ovulatory follicle diameter in cattle (Perry et 

al., 2007; Fields et al., 2012; Atkins et al., 2013; Jinks et al., 2013). Furthermore, 

ovulatory follicle size at the second GnRH-induced ovulation (GnRH2; d 0) was greater 

for postpartum beef cows that ovulated to the first GnRH injection (GnRH1; d -9) 

compared to those that did not ovulate to GnRH1 (Atkins et al., 2010). Cows that 

ovulated to GnRH1 had higher concentrations of estradiol, a faster growth rate of the 

dominant follicle, and a more physiologically mature ovulatory follicle at GnRH2 (Atkins 

et al., 2010; Atkins et. al., 2013). These results are presumably due to synchronization of 

a follicular wave following GnRH1 administration, thereby allowing more time for the 

dominant follicle to mature before GnRH2 injection. In the present study, cows in the 

Low estradiol group may primarily have been cows that did not respond to GnRH1. 

Interestingly, 65% of the postpartum beef cows in Experiment 1 were in the Medium or 

High estradiol group, which corresponds closely with the observation that 66 to 70% of 

postpartum beef cows responded to the first GnRH injection in a CO-Synch FTAI 

protocol (Geary et al., 2000).  

Pregnancy rate was decreased (P < 0.001) in cows in the Low E2 group 

compared to the Medium and High E2 groups; however, there was no difference in 

pregnancy rate between the Medium and High E2 groups (P = 0.192). Atkins et al. 

(2013) conducted a single ovulation, reciprocal embryo transfer study to examine effects 

of ovulatory follicle size at GnRH-induced ovulation on oocyte competence and the 

maternal environment.  In the preceding study, the data were analyzed with path 

analysis to examine cause and effect relationships within a system of correlated 

variables (Wright, 1934). A strong positive effect of preovulatory estradiol at GnRH-

induced ovulation (d 0) on pregnancy rate, following embryo transfer, was detected 

(Atkins et al., 2013). Furthermore, it was determined that the concentration of 

https://paperpile.com/c/MC1KDa/gqMrG+7i5MC+jDZN+o2sw
https://paperpile.com/c/MC1KDa/gqMrG+7i5MC+jDZN+o2sw
https://paperpile.com/c/MC1KDa/bfvv
https://paperpile.com/c/MC1KDa/GrEo
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preovulatory estradiol (d 0) in the recipient but not donor cows had the greatest effect on 

pregnancy rate (Jinks et al., 2013). Although preovulatory estradiol coordinates a 

number of physiological processes that are required for pregnancy (e.g. estrous 

expression, induction of preovulatory gonadotropin surge, sperm transport, etc.), an 

action upon the uterus is evident from the preceding data. 

Based on the relationship between circulating E2 on d 0 (Low, Medium, and High 

E2 groups) and pregnancy rate on d 34, there may be a threshold concentration of E2 

that is required for the establishment of pregnancy in cattle. Alternatively, there might not 

be a specific threshold concentration of E2, but it may be the magnitude of the change in 

during the preovulatory period that is important. For example, in ovariectomized ewes, 

the rate of change in estradiol controlled the time of the LH surge (Rozell and Keisler, 

1990). The change in E2, and not just concentration of E2 on d 0, may be an indicator of 

physiological maturity of the dominant follicle. In Experiment 1, the change in E2 

increased as E2 concentration on d 0 increased. Cows in the High E2 group had the 

greatest change followed by the Medium and Low E2 groups. Although change in E2 

was correlated with pregnancy on d 34 (r = 0.164; P < 0.001), the correlation was 

relatively low. 

Preovulatory estradiol coordinates a number of events that are essential for the 

establishment of pregnancy. Since embryo transfer was utilized in this study, it appears 

that estradiol is acting directly and(or) indirectly at the uterine level. There is evidence for 

a role of estradiol on the uterus for pregnancy establishment in ruminants. An elegant 

series of experiments were conducted by Miller and colleagues (1977) in which they 

employed steroid administration to ovariectomized ewes to elucidate the physiological 

role of estradiol and progesterone in the establishment of pregnancy following embryo 

transfer. Estradiol was administered to simulate basal or preovulatory concentrations of 

the steroid. Simulation of the preovulatory, but not basal, concentrations of estradiol, 
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was essential for pregnancy establishment following embryo transfer in ovariectomized 

ewes (Miller et al., 1977). Similar data have been reported in ovariectomized cattle in 

which estradiol administration, to simulate the preovulatory rise in estradiol, was required 

for pregnancy establishment following embryo transfer. In this study, embryo loss 

appeared to occur after maternal recognition of pregnancy, indicating estradiol may have 

a role in placentation (Madsen et al., 2015). Further support for this hypothesis was 

provided by McLean (2018) who transferred five embryos per heifer on d 7 into intact 

beef heifers that had low or high preovulatory concentrations of estradiol and 

conceptuses were collected on d 16. She reported no effect of low or high preovulatory 

concentrations of estradiol on conceptus number or length on d 16 and suggested that 

loss of pregnancy in cattle that have low concentrations of preovulatory estradiol likely 

occurs between maternal recognition of pregnancy and ultrasonography on d 32.  

Estradiol has several effects on the bovine uterus including facilitating sperm 

transport (Hawk, 1975), regulation of uterine pH (Perry and Perry, 2008), induction of 

endometrial progesterone receptors (Zelinski et al., 1982) production of histotroph 

(uterine proteins; Miller et al., 1977), and regulation of the timing of luteolytic pulses of 

PGF (Kieborz-Loos et al., 2003). However, very little is known regarding the action of 

estradiol on uterine gene expression. A recent study in cattle by (Northrop et al., 2018) 

found that cattle with high circulating concentrations of estradiol had a greater 

abundance of SLC2A1 and SLC5A1 mRNA in caruncular endometria compared to cattle 

with low preovulatory estradiol. Both SLC2A1 and SLC5A1 are glucose transporters that 

facilitate the intake of glucose in the uterus (Gao et al., 2009). Glucose provides critical 

support to the growing embryo (Leese and Barton, 1984), however, Northrop et al. 

(2018) found no differences in SLC2A1 or SLC5A1 between animals that had a 

conceptus present on d 16 and those that did not. This finding lends further support to 

https://paperpile.com/c/MC1KDa/PCBZ
https://paperpile.com/c/MC1KDa/A3tY
https://paperpile.com/c/MC1KDa/t25nH
https://paperpile.com/c/MC1KDa/tmnr
https://paperpile.com/c/MC1KDa/44Ul
https://paperpile.com/c/MC1KDa/Lw0D
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the idea that the beneficial effect of preovulatory estradiol may occur after maternal 

recognition of pregnancy in cattle. 

Progesterone is required for pregnancy establishment and maintenance in 

mammals. In the single ovulation, reciprocal embryo transfer experiment reported by 

Atkins et al. (2013), circulating concentrations of progesterone on day 7 in donor cows 

had a positive effect on stage of embryonic development and in recipient cows there was 

a positive effect of d 7 P4 on pregnancy rate. Increased circulating concentrations of 

postovulatory progesterone increased rate of conceptus elongation and IFNT production 

in cattle (Mann et al., 2006). The effect of progesterone on early pregnancy in cattle is 

mediated through the uterus (e.g. histotroph production; Dorniak et al., 2013; Brooks et 

al., 2014) rather than through a direct effect on the embryo (Clemente et al., 2009). 

Although the genomic progesterone receptor is expressed in bovine embryos, incubation 

of in vitro produced bovine embryos with progesterone, with or without oviductal cells 

present, did not affect embryo development or post hatching elongation when 

transferred into recipient cows (Clemente et al., 2009; Larson et al., 2011). However, 

when in vitro produced bovine embryos were transferred into recipient cows, which had 

been primed with P4, there was a significant increase in conceptus elongation 

(Clemente et al., 2009).  

Although different approaches have been employed to increase circulating 

concentrations of progesterone during the luteal phase to increase pregnancy rate in 

cattle (administration of exogenous progesterone (Garrett et al., 1988a; Stronge et al., 

2005; MacNeil et al., 2006), increase the size and steroidogenic capacity of a 

preovulatory follicle (Murphy and Martinuk, 1991), and induction of an accessory CL 

during the luteal phase (Nascimento et al., 2013), the results have been inconsistent. In 

a meta-analysis that included > 9,000 cows, increased circulating concentrations of P4 

shortly after conception increased pregnancy rates by only 5% overall (Yan et al., 2016). 

https://paperpile.com/c/MC1KDa/uY34q
https://paperpile.com/c/MC1KDa/m1jjW+wC2eL
https://paperpile.com/c/MC1KDa/m1jjW+wC2eL
https://paperpile.com/c/MC1KDa/F4D1z+kzhc
https://paperpile.com/c/MC1KDa/F4D1z
https://paperpile.com/c/MC1KDa/f7MiP+fnqfE+9zLEO
https://paperpile.com/c/MC1KDa/f7MiP+fnqfE+9zLEO
https://paperpile.com/c/MC1KDa/s2sYc
https://paperpile.com/c/MC1KDa/jBYIb
https://paperpile.com/c/MC1KDa/CjqdG
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While the increase in pregnancy rate was significant, there was considerable variation 

among studies. Although administration of progesterone during the early luteal phase 

will advance the timing of conceptus elongation and IFNT production (Mann et al., 2006), 

estrous cycle length was reduced which would result in a failure of maternal recognition 

of pregnancy (Garrett et al., 1988a; Beltman et al., 2009a). Therefore, the beneficial 

effect of progesterone supplementation on pregnancy rate in cattle has primarily been in 

cows that were subfertile (Yan et al., 2016). 

An interesting observation was that circulating concentrations of progesterone 

were greater in pregnant compared to nonpregnant cows in the LL, LN, and HL groups, 

however, progesterone on day 17 was not affected by pregnancy status in the HN group. 

Perry et al. (2005) reported that cows that were pregnant had greater serum 

concentrations of progesterone beginning on d 8 and 9 after insemination compared to 

non-pregnant cows.  Similarly, circulating concentrations of progesterone, as early as 

day 6 post-insemination, have been reported in pregnant versus nonpregnant cows 

(Henricks et al., 1971).  The physiological reason no effect of pregnancy status on 

circulating progesterone on day 17 in the HN group compared to the other groups is not 

clear. 

In the present study and others (Vasconcelos et al., 2001; Perry et al., 2005), 

increased preovulatory secretion of estradiol at GnRH-induced ovulation in cows was 

associated with increased postovulatory progesterone. Therefore, it has been difficult to 

separate the effects of preovulatory estradiol and postovulatory progesterone on the 

maternal environment during early pregnancy. Administration of PGF prior to day 5 of 

the estrous cycle has been used to create low circulating concentrations of progesterone 

during the luteal phase of cattle. More specifically, three injections of PGF (Cloprostenol; 

Estrumate; i.m.; 250µg) on d 3, 3.5, and 4 reduced circulating concentration of P4 in 

heifers (Beltman et al., 2009b; Forde et al., 2011; Forde et al., 2012). In Experiment 2a, 

https://paperpile.com/c/MC1KDa/uY34q
https://paperpile.com/c/MC1KDa/f7MiP+HbsD6
https://paperpile.com/c/MC1KDa/CjqdG
https://paperpile.com/c/MC1KDa/PrZlg+NNPj
https://paperpile.com/c/MC1KDa/Ui5P+aqd7+gFlD
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two injections of PGF (Cloprostenol; Estrumate; i.m.; 250µg) on d 3 and 4 failed to 

reduce circulating concentrations of P4 in cows during the early luteal period. Therefore, 

in Experiment 2b, three injections of PGF (Cloprostenol; Estrumate; i.m.; 250µg) given 

on d 3, 3.5, and 4 which resulted in a decrease (P < 0.05) in circulating concentrations of 

progesterone on d 7 and 17 in both the Low and High estradiol groups.  

In Experiment 2b, animals were assigned to a Low or High preovulatory estradiol 

group on d 0 (GnRH2), and within estradiol group randomly assigned to a Low or Normal 

P4 group (see Materials and Methods). As expected from Experiment 1, the main effect 

of High versus Low E2 on pregnancy rate was the same; however, the purpose of this 

experiment was to examine the effect of differences in postovulatory progesterone within 

the Low and High E2 groups. Prostaglandin F2α administration on d 3, 3.5, and 4 

decreased circulating concentrations of P4 on d 7 and 17, but not d 34 between cows in 

the HN versus HL groups, and between cows in the LN versus LL groups (P < 0.05; 

Figure 3.8). In addition, PGF injections reduced CL volume (P < 0.06) in both the Low 

(LL; LN) and High (HL; HN) estradiol groups. As expected, luteal volume was correlated 

with circulating concentrations of P4 on d 7 (r = 0.365, P < 0.0001). Bovine large luteal 

cells contain PGF receptors, produce more progesterone than small luteal cells, and are 

believed to be derived from granulosa cells (Meidan et al., 1990). Therefore, the reduced 

circulating concentrations of progesterone may be due to the action of PGF on large 

luteal cells to cause a transient decrease in circulating progesterone (d 7 and 17) without 

inducing luteolysis. Injections of PGF on d 3, 3.5 and 4 induced luteolysis in 30% of 

heifers (Beltman et al., 2009). In the present study, only cows that had a visible CL on d 

7 received an embryo. Furthermore, the proportion of cows in the Normal and Low 

progesterone groups with circulating concentrations of P4 below 0.5ng/ml was similar 

between groups. 

https://paperpile.com/c/MC1KDa/cQqW
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Since follicular cells differentiate into luteal cells, the corpus luteum can be 

considered a continuation of follicular maturation. In the present study, cows that had 

high E2 on d 0 also had high P4 on d 7 (r = 0.312; P <.0001) and 17 (r = 0.254; P < 

0.0001).  Similarly, preovulatory estradiol was positively associated with dominant follicle 

size and postovulatory progesterone on d 7 (Atkins et al., 2013; Jinks et al., 2013). The 

correlation between preovulatory estradiol and postovulatory progesterone may be due 

to a larger CL resulting from GnRH-induced ovulation of a larger dominant follicle. 

However, Atkins et al. (2013) reported that estradiol at GnRH-induced ovulation (d 0) 

increased circulating progesterone on d 7 independent of ovulatory follicle size. 

Therefore, E2 may have a role in preparing granulosa cells for luteinization (McNatty et 

al., 1979). In ewes, premature GnRH-induced ovulation resulted in luteal insufficiency 

(Murdoch and Van Kirk, 1998) and administration of an aromatase inhibitor to ewes 

before induction of ovulation delayed the subsequent increase in circulating 

progesterone (Benoit et al., 1992). Estradiol is reported to have intraovarian effects on 

follicular cells including increased granulosa cell proliferation (Goldenberg et. al., 1972), 

promotion of gap junction formation between granulosa cells (Merk et al., 1972), 

inhibition of apoptosis (Quirk et al., 2006), increasing the stimulatory action of FSH on 

aromatase activity (Zhuang et al., 1982), regulation of steroidogenic enzyme expression 

(Gore-Langton and Armstrong, 1994), and enhancing progestin synthesis following 

gonadotropin stimulation (Welsh et al., 1983). Whether the positive relationship between 

preovulatory estradiol and postovulatory progesterone is mediated via increased luteal 

volume and(or) a direct effect of estradiol on follicular cells to promote luteinization is 

currently not clear.  

Atkins et al. (2013) reported that among postpartum beef cows that had 

increased preovulatory estradiol on d 0 and increased postovulatory progesterone on d 

7, that both independently increased pregnancy rate following embryo transfer. 

https://paperpile.com/c/MC1KDa/KLFx
https://paperpile.com/c/MC1KDa/qnLh
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However, in the present study a decrease in circulating progesterone within the Low or 

High estradiol groups did not significantly decrease pregnancy rate, although there was 

a tendency for lower pregnancy rate on d 34 in the Low progesterone group (P =0.07). 

This is not to say that postovulatory progesterone is not important for the establishment 

of pregnancy, a number of studies show that an early rise in progesterone promotes 

conceptus elongation and INFT production (see review by Brooks et al., 2014). 

Furthermore, low concentrations of P4 in the early luteal period decreased number of 

conceptus recovered on d 14, decreased mean conceptus length, and created a 

suboptimal uterine environment (Forde et al., 2011; Forde et al., 2012). As previously 

mentioned, the most consistent benefit of increasing circulating concentrations of 

progesterone has been in subfertile cows. Based on the results of this study 

preovulatory E2 had a larger effect on pregnancy establishment by d 34 than 

postovulatory P4.  
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Chapter Four: 

EFFECT OF EXOGENOUS PROGESTERONE SUPPLEMENTATION DURING THE 

EARLY LUTEAL PHASE ON PREGNANCY RATE IN POSTPARTUM BEEF COWS 

 

4.1. Abstract 

 Progesterone is a requirement for the establishment and maintenance of 

pregnancy and supplementary progesterone during the early luteal phase accelerated 

conceptus elongation and interferon tau production in cattle (Garrett et al., 1988b; Mann 

et al., 2006). Therefore, a study was designed to examine the effect of exogenous 

progesterone supplementation from d 4 to 11 after FTAI (d 0) on pregnancy rate in 

postpartum beef cows. Ovulation was synchronized in cows (replicate 1 [n=80], replicate 

2 [n=94], and replicate 3 [n=72]; total n=246) as follows: on d -9 GnRH was injected and 

an intravaginal progesterone implant (CIDR) was administered, on d -2 the CIDR was 

removed and PGF was injected, and on d 0 (66 hr [hours] after PGF) GnRH was 

administered and all cows were artificially inseminated to a single bull. Estrous detection 

patches (Estrotect) were placed on cows on d -2, and any cow with an activated patch 

on d 0 was considered to have exhibited estrus. Cows were allotted to a control (n=125) 

or treatment (n=121) group by breed, age, body condition score, and days postpartum. 

Treatment included insertion of a CIDR on the morning of d 4 and removal on d 11 to 

increase postovulatory progesterone during the early luteal phase. Cows in the control 

group did not receive a CIDR from d 4 to 11. The proportion of cows in estrus at fixed 

time AI (FTAI) was 58% and 48% (P = 0.130) for the control and treatment groups, 

respectively. Pregnancy rates on d 43 to 49 for the control and CIDR groups were 68% 

and 71%, respectively (P = 0.87). In addition, pregnancy rates for cows that did or did 

not express estrus at FTAI were 71% and 60%, respectively (P = 0.07). Cows in the 

https://paperpile.com/c/MC1KDa/ixD7z+uY34q
https://paperpile.com/c/MC1KDa/ixD7z+uY34q
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CIDR treatment group that expressed estrus had a higher pregnancy rate to FTAI than 

CIDR treated cows that did not express estrus, 75% and 57%, respectively (P < 0.05). 

However, there was no difference (P = 0.64) in pregnancy rate to FTAI for cows that did 

or did not express estrus in the control group. In summary, supplemental progesterone 

(CIDR from d 4 to 11) had no effect on pregnancy rate in beef cows following FTAI, and 

estrus expression, by the time of FTAI, increased pregnancy rate in CIDR treated but not 

control cows.  

4.2. Introduction 

Maximizing the proportion of beef heifers or cows that conceive early in the 

breeding season increased weaning weight (Lesmeister et al., 1973), herd longevity in 

heifers (Burris and Priode, 1958), and rebreeding performance in beef cattle (Patterson 

et al., 1992). Fixed-time artificial insemination (FTAI) is an effective management 

strategy for increasing the proportion of heifers and cows that conceive early in the 

breeding season (Patterson et al., 2016). Since current FTAI protocols effectively 

synchronize ovulation in beef heifers and postpartum cows, the research emphasis has 

shifted from protocol development toward identifying strategies that increase pregnancy 

rate to FTAI. Beef heifers and cows that expressed estrus by the time of FTAI had a 

27% higher pregnancy rate than those that did not express estrus (Richardson et al., 

2016). Furthermore, circulating concentrations of preovulatory estradiol on d 0 and 

postovulatory progesterone on d 7 were the two most important factors affecting the 

establishment of pregnancy in postpartum beef cows (Atkins et al., 2013). A positive 

relationship between circulating preovulatory estradiol and pregnancy rate was reported 

following FTAI (Perry et al., 2005) and fixed time embryo transfer (Jinks et al., 2013) in 

postpartum beef cows. The physiological mechanism by which preovulatory E2 might 

increase pregnancy rate in beef heifers and cows, has not been elucidated but may 

include induction of estrus expression (Richardson et al., 2016), enhanced sperm 

https://paperpile.com/c/MC1KDa/3FIC
https://paperpile.com/c/MC1KDa/Rv5F
https://paperpile.com/c/MC1KDa/cgwr
https://paperpile.com/c/MC1KDa/cgwr
https://paperpile.com/c/MC1KDa/DpHf
https://paperpile.com/c/MC1KDa/Qkoee
https://paperpile.com/c/MC1KDa/Qkoee
https://paperpile.com/c/MC1KDa/gqMrG
https://paperpile.com/c/MC1KDa/PrZlg
https://paperpile.com/c/MC1KDa/7i5MC
https://paperpile.com/c/MC1KDa/Qkoee
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transport (Hawk, 1975), reduction of uterine pH. (Perry and Perry, 2008), preparation of 

follicular cells for luteinization by increasing granulosa cell proliferation (Goldenberg et 

al., 1972), and(or) induction of endometrial progesterone receptors (Zelinski et al., 

1982). 

Elevated postovulatory progesterone, during the early luteal phase, increased 

rate of embryo elongation (Garrett et al., 1988b) and interferon tau (IFNT) production 

(Mann et al., 2006). Consequently, rapid embryo elongation coupled with adequate INFT 

production should increase the likelihood of maternal recognition of pregnancy around 

days 15 to 16 post ovulation in cattle. Since increased postovulatory progesterone can 

accelerate bovine embryonic elongation and IFNT production, we hypothesized that 

exogenous progesterone supplementation on day 4 postestrus might increase the 

pregnancy rate following FTAI. Therefore, the objective was to determine if treatment 

with a CIDR from d 4 to 11 would increase pregnancy rate following FTAI (day 0), and to 

examine the potential interaction between CIDR treatment and estrous expression on 

pregnancy rate in postpartum beef cows.  

4.3. Materials and Methods 

4.3.1. Experiment 1 

Animal Handling: All protocols and procedures were approved by the University 

of Missouri Animal Care and Use Committee. This experiment was conducted in three 

replicates (Replicate 1 [n=80], Replicate 2 [n=94], and Replicate 3 [n=72]) from spring 

2017 to spring 2018. Ovulation was synchronized as follows: on d -9 GnRH was injected 

(GnRH1; Cystorelin; i.m.; 100µg; Merial; Duluth, GA) and an intravaginal progesterone 

implant (CIDR 1.38g, Zoetis; Kalamazoo, MI) was administered, on d -2 the CIDR was 

removed and prostaglandin F2α (PGF; Lutalyse; i.m.; 25mg Zoetis; Kalamazoo, MI) was 

administered, and 66 hr later GnRH was administered (GnRH2; Cystorelin; i.m.; 100µg) 

at FTAI and cows (n=246) were artificially inseminated to a single bull. Estrotect patches 

https://paperpile.com/c/MC1KDa/d2mhT
https://paperpile.com/c/MC1KDa/gH7Vd
https://paperpile.com/c/MC1KDa/wi8f5
https://paperpile.com/c/MC1KDa/wi8f5
https://paperpile.com/c/MC1KDa/t25nH
https://paperpile.com/c/MC1KDa/t25nH
https://paperpile.com/c/MC1KDa/ixD7z
https://paperpile.com/c/MC1KDa/uY34q
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(Western Point Inc, Apple Valley, MN) were applied on d -2 and estrous expression was 

recorded at GnRH2 administration and FTAI. Cows were classified as having expressed 

estrus if >50% of the patch coating was rubbed off. Cows were allotted within replicate to 

a control (n=125) or treatment (CIDR d 4-11; n=121) group by breed, age, and days 

postpartum. Treatment included insertion of a new CIDR on d 4 and removal on d 11 (d 

0 = AI; Figure 4.1). 

Blood collection and hormone quantification: A subset of cows from replicate 2 

(n=30) were randomly chosen for blood collection (n=15 control; n=15 CIDR treated). 

Blood was collected via jugular venipuncture into 10 mL silicone Vacutainer tubes on d -

1, the morning of d 4 (4 AM), the evening of d 4 (4 PM), and the morning of d 5, d 6, d 7, 

and d 8. Blood was stored at 4°C for approximately 24 hr. Samples were centrifuged at 

1,200 x g for 20 minutes at 4°C and serum collected. Serum was stored frozen at -20°C 

until circulating concentrations of progesterone were determined via double antibody RIA 

(MP BioMedical, California, USA) as described and validated previously (Pohler et al., 

2016). Sensitivity of the assay was 0.05 ng/ml. Intraassay and interassay coefficients of 

variation were 3% and 6%, respectively. 

Pregnancy Diagnosis: Transrectal ultrasonography was used to diagnose 

pregnancy to FTAI on d 43 (Replicate 1), d 49 (Replicate 2), and d 47 (Replicate 3). A 

SonoSite EDGE ultrasound equipped with a L52 10.0-5.0 MHz transducer (SonoSite 

Inc.) was used to detect the presence of an embryo. 

4.3.2. Statistical Analysis 

All statistical analyses were conducted using SAS 9.4 software. Circulating 

concentrations of progesterone were analyzed by analysis of variance for repeated 

measures (PROC MIXED; Littell et al., 1998). The covariance structure used was 

autoregressive. The statistical model consisted of the variable tested (treatment group, 

pregnancy status), day, and their interactions. Differences among BCS, DPP, weight,  

https://paperpile.com/c/MC1KDa/t3oyK
https://paperpile.com/c/MC1KDa/t3oyK
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Figure 4.1. Experimental protocol for cows assigned to the control or CIDR (d 4) groups. 

Details pertaining to the synchronization of ovulation, application of Estotect patches 

(patch) and FTAI are explained in the Materials and Methods. Cows in the CIDR group 

received a CIDR from d 4 to 11 (d 0=AI); whereas, Control cows did not receive a 

second CIDR. Pregnancy diagnosis occurred on d 43 (Replicate 1; n=80), d 49 

(Replicate 2; n=94), and d 47 (Replicate 3; n=72). 
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and age were analyzed by analysis of variance in SAS (PROC GLIMMIX). The statistical 

model consisted of the variable tested (BCS, DPP, weight, age) and their respected 

values. Mean separation was performed using least significant differences (Means ± 

SEM, Means ± SEM; Snedecor and Cochran, 1989). Differences were considered to be 

significant when P ≤ 0.05 and a tendency when P > 0.05 but P ≤ 0.10.  All data are 

reported as LSmeans ± SE of the mean.  

4.4. Results 

There was no difference (P > 0.18) in cow age, weight, or days postpartum 

between the control and CIDR groups (Table 4.1). The CIDR treatment from d 4 through 

11 (d 0 = AI) increased circulating progesterone concentrations compared to control 

cows, beginning on the evening of d 4 (CIDR inserted morning of d 4) and continuing 

through d 6 (P < 0.0001; Figure 4.2). There was no difference between groups in 

circulating concentrations of progesterone on d 7 and 8. The proportion of cows in 

estrus, regardless of treatment, at FTAI was 53% and there was no difference (P = 

0.130) in estrous expression between the control (58%) and CIDR (48%) groups. 

Estrous expression at FTAI increased (P = 0.07) pregnancy rate compared to the cows 

that did not express estrus (Figure 4.3). Pregnancy rate for the control and CIDR groups 

was 68% and 71%, respectively (P = 0.87). Of the cows in the CIDR treatment, those 

that expressed estrus had a higher pregnancy rate (P < 0.03) than those that did not 

express estrus (Figure 4.5). Overall pregnancy rate to FTAI for replicates 1, 2, and 3 was 

62%, 77%, and 60%, (P = 0.91) respectively.  

4.5. Discussion 

Exogenous supplementation of P4 dramatically increased bovine conceptus 

elongation (37mm in length compared to 4mm [Garrett et al., 1988]) and increased INFT 

production from the embryo [Mann et al., 2006]). The genomic progesterone receptor is 

expressed in bovine embryos from the zygote to blastocyst stage (excluding the morula  
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Table 4.1. Mean ± SEM of cow age (years), DPP, and weight (kg) between CIDR d 4-11 

and control groups from all three replicates (P > 0.18). 

 

Treatment No. cows Age DPP Weight 
(kg) 

Control 125 4 ± 0.4 72 ± 2 648 ± 10 

CIDR d 4-11 121 4 ± 0.4 75 ± 2 649 ± 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

65 

 

 

Figure 4.2. Circulating concentration of progesterone (ng/ml) by day of treatment for 

cows assigned to the Control (n=15) and CIDR (n=15) groups from replicate 2 

(*P<0.0001).  
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Figure 4.3. Effect of estrus expression at FTAI on pregnancy rate (P = 0.07). 
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Figure 4.4. Pregnancy rate following FTAI for the control (n=125) and CIDR d 4-11 

groups (n=121) when all three replicates were combined (P = 0.87). 
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Figure 4.5. Pregnancy rate for cows allotted to the control and CIDR d 4-11 groups by 

estrus expression at FTAI (abP <0.05).  
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stage); however, a direct effect of progesterone on the embryo has not been observed 

(Clemente et al., 2009). The effect of progesterone on conceptus elongation in cattle 

appears to be mediated through the uterus. Culture of in vitro produced bovine embryos 

with progesterone had no effect on stage of embryo development, in vitro, or conceptus 

elongation in vivo on d 14 when transferred to synchronized recipients. However, when 

embryos were transferred to recipients that had been primed with supplementary P4 

there was a fourfold increase in embryo elongation (Clemente et al., 2009). 

Progesterone may be supporting the embryo indirectly through the uterus via the 

production of histotroph from endometrial glands (Brooks et al., 2014). This is supported 

by the inability of uterine gland knockout sheep to maintain pregnancy past the 

blastocyst stage (Gray et al., 2010). 

Circulating concentrations of P4 can be increased exogenously via i.m. injections 

(Garrett et al., 1988b), intravaginal inserts containing P4 (Stronge et al., 2005; Parr et 

al., 2017), or induction of an accessory CL with hCG (Nascimento et al., 2013). 

Combination of an intravaginal P4 releasing device and hCG induction of an accessory 

corpus luteum was more effective in elevating circulating concentrations of P4 then an 

intravaginal device alone (O’Hara et al., 2016). In the present study, insertion of a CIDR 

from d 4 through 11 increased circulating concentrations of P4 beginning on the evening 

of d 4 (CIDR inserted morning of d 4) through d 6 (P < 0.0001; Figure 4.2). In this study, 

mean circulating concentrations of P4 in CIDR treated cows were 4ng/ml, 5ng/ml, and 

6ng/ml, compared to 1 ng/ml, 2ng/ml, and 3ng/ml in control cows on d 4 (PM), 5, and 6, 

respectively. The magnitude of the increase in circulating P4 in the CIDR group 

compared to the control group is surprising. In a comparison of new CIDRs (1.38g P4) 

versus used CIDRs (i.e. previously inserted into cows for 7 d), circulating concentrations 

of P4 were increased by only 1 to 2 ng/ml (Risley, 2009). Similarly, Beltman et al. (2009) 

reported that CIDR insertion only raised circulating P4 concentrations in cattle by 1ng/ml 

https://paperpile.com/c/MC1KDa/ixD7z
https://paperpile.com/c/MC1KDa/fnqfE+3IvTd
https://paperpile.com/c/MC1KDa/fnqfE+3IvTd
https://paperpile.com/c/MC1KDa/jBYIb
https://paperpile.com/c/MC1KDa/7sYX
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compared to control animals. Why concentrations of P4 in this study surpassed 

concentrations seen by others is unknown. 

Pregnancy rate for control versus CIDR d 4-11 cows was 68% and 71%, 

respectively. The equivalent pregnancy rates in this study were not unexpected given 

the mixed reports by previous authors that show artificially elevated P4 can have a 

beneficial effect (Stronge et al., 2005; Parr et al., 2010), negative effect (Parr et al., 

2014), or no effect (Beltman et al., 2009a; Colazo et al., 2013) on pregnancy rate in 

cattle. A likely explanation for a negative effect of progesterone supplementation on 

pregnancy rate is a reduction in estrous cycle length due to an advance in the luteolytic 

release of PGF. Progesterone treatment decreased estrous cycle length in sheep by 6 

days (Ottobre et al., 1980) and in cattle by 5 days (Garrett et al., 1988). Administration of 

P4 to ovariectomized ewes for 7 days increased concentrations of PGF compared to 

control ewes (Scaramuzzi et al., 1977). Our current understanding of regulation of PGF 

secretion at luteolysis in ruminants is as follows (Kotwica et al., 1999): 1) The increase in 

estradiol during the preovulatory period induces endometrial progesterone receptors and 

progesterone binding to its receptor inhibits estradiol receptor expression (ESR1)  in the 

endometrium, 2) As circulating concentrations of progesterone increase during the luteal 

phase progesterone downregulates its genomic receptor in the luminal and superficial 

glandular epithelium of the endometrium, 3) Downregulation of the endometrial 

progesterone receptor in the luminal and superficial glandular epithelium permits 

expression of the endometrial estradiol receptor, 4) Binding of estradiol, presumably of 

follicular origin, to ESR1 in the endometrium induces endometrial oxytocin receptors, 

and 5) Oxytocin binding to its receptor initiates the luteolytic pulses of PGF. 

Consequently, premature downregulation of the progesterone receptor, due to 

progesterone supplementation, may advance downregulation of the endometrial P4 

receptor culminating in premature luteolysis and a decrease in estrous cycle length. 

https://paperpile.com/c/MC1KDa/fnqfE+nPmO
https://paperpile.com/c/MC1KDa/1Ie9
https://paperpile.com/c/MC1KDa/1Ie9
https://paperpile.com/c/MC1KDa/4mFz+HbsD6
https://paperpile.com/c/MC1KDa/zvNm
https://paperpile.com/c/MC1KDa/Wgj6
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However, in the current study, despite a large increase in circulating progesterone in the 

CIDR treated cows during the early luteal phase, pregnancy rate was not reduced in the 

CIDR treated versus the control cows. Thus, it seems unlikely that estrous cycle length 

was significantly reduced by progesterone supplementation. 

In a meta-analysis by Yan et al. (2016) P4 supplementation had the greatest 

benefit in subfertile animals; however, the cows in the current study were not subfertile. 

Tortorelli et al. (2016) reported that an i.m. injection of P4 (900 mg) on d4 increased 

pregnancy rate in lactating dairy cows from 15.8% to 25%. Other studies (Mann et al., 

2006; Beltman et al., 2009a) have shown a positive effect of change in P4 from d 3.5 to 

6 on pregnancy establishment in cattle. These results indicate that change in P4 

concentration might be more important than overall circulating concentration.  

The proportion of cows in estrus, regardless of treatment, at FTAI was 53% and 

there was no difference (P = 0.130) in estrous expression between the control and CIDR 

groups. The proportion of cows in estrus at FTAI was similar to that seen previously. As 

expected, pregnancy rate, was higher for cows that expressed estrus compared to cows 

that did not express estrus. Cows that express estrus prior to fixed time AI are reported 

to have a 27% higher pregnancy rate compared to cows that did not express estrus prior 

to FTAI (Richardson et al., 2016). This increase in pregnancy rate is likely due to a 

corresponding increase in preovulatory circulating concentrations of estradiol and its 

effect on the maternal environment, as reported in Chapter 3. Estradiol increased sperm 

transport (Hawk, 1983), decreased uterine pH (Perry and Perry, 2008), and induced 

endometrial progesterone receptors (Zelinski et al., 1982). Estradiol has been reported 

to prepare follicular cells for luteinization, (Goldenberg et al., 1972) and circulating 

progesterone on day 7 following embryo transfer had a positive effect on pregnancy rate 

in postpartum beef cows (Atkins et al., 2013).  

https://paperpile.com/c/MC1KDa/CjqdG
https://paperpile.com/c/MC1KDa/HbsD6+uY34q
https://paperpile.com/c/MC1KDa/HbsD6+uY34q
https://paperpile.com/c/MC1KDa/gH7Vd
https://paperpile.com/c/MC1KDa/t25nH
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Cows in the CIDR treatment that expressed estrus had a higher pregnancy rate 

(P < 0.05) than CIDR treated cows that did not express estrus (Figure 4.5). Based on the  

earlier discussion regarding the beneficial effect of estrous expression on pregnancy 

rate, this was expected. However, it is not clear why the pregnancy rate in the control 

group was similar for the cows that expressed estrus and those that did not express 

estrus. This may be a function of the relatively small number of cows in the experiment.  

In summary, P4 supplemented to cows in the early luteal phase did not increase 

pregnancy rates and was harmful to pregnancy establishment in cows that did not 

express estrus prior to FTAI. 
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APPENDIX 

Bovine Estradiol-17ꞵ Radioimmunoassay Protocol 

How to Make Estradiol Tracer 

Materials 
● Borosilicate glass tubes(10) 
● Pipettes: P200, P20, P2 
● Pipette tips 
● Serological pipette and 25mL tip 
● Plastic cups (to make trace in). 
● Counter cassette(1) 
● Radioactive tip waste can 
● PAB Solution 
● Iodinated Estradiol (I125) 

 Always record tracer calculations in your lab book! 

1. In the first 3 tubes add 10µl of tracer to each. 

2. Count tubes for 5 minutes 

3. Average CPM 

4. Determine amount of tracer needed for desired counts: 

 

5. Determine amount of PAB: 

 

6. Add determined amount of PAB and Tracer to plastic cup, give it a good swirl. Label cup 
as radioactive, with date, content, and initials. 

7. Put 100µl of newly mixed trace in the next three glass tubes. 

8. Count for 5 minutes. 

9. If it is not running at desired counts, add 2µl of trace to mixture, swirl and recheck at 
100µl until desired counts are reached. If counts are too high, add 1mL PAB, and 
recount. Repeat until desired counts are reached. 



 

74 

 

Estradiol Binding Check Protocol 

1. Label two sets of borosilicate glass tubes(12x75mm). 

2.  Add 4ml MtBE to Bo Solvant tubes, and all following tubes. Do not add MtBE to 

TC, NSB or BO tubes. Dry down in 37°C water bath. Use these tubes in the 

following steps once they are completely dry. 

3. Add PAB+EDTA to NSB tubes, add PAB to the rest of tubes as listed 

4.  Add 100µl 1%BSA to all tubes except TC. 

5. Add Estradiol Antibody to all tubes except TC and NSB. 

6. Add 100µl of trace(5,000-6,000CPM) to all tubes, vortex. 

7. Refrigerate for 20 hours. 

Extraction: Charcoal Procedure 

1. Put beaker containing charcoal suspension in an ice bath and put on top of automatic 

stirrer. Mix well then lower speed to constant swirl. Allow to mix for 20 minutes before 

use. 

2. Turn on centrifuge and allow to cool to 4°C with carriers inside. 

3. Start timer 10 minutes. 

4. Add 500µl charcoal dextran to all tubes except TC. Set aside TC, do not spin or pour off. 

5. When 10 minutes is up, load cooled centrifuge. Spin at 3200RPM for 10 minutes 

(~2,500g). 

6. Pour off into corresponding 12x75 tubes. Count poured off portion. KEEPING TUBES 

COLD IS CRUCIAL! Liquid being poured off should be clear, no charcoal flakes. 

7. Count each sample for 5 minutes. 

 Pour off liquid portion into liquid radioactive waste and put tubes(charcoal tubes included) in solid 

radioactive waste. 
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Figure A.1. Example estradiol binding check starting from a 1:200 antibody dilution. 
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Bovine Estradiol 17β Radioimmunoassay Protocol (Kirby et al., 1997) 
Materials: 
Test Tubes: Fisher brand culture tubes with plain end made of borosilicate glass 

(12x75, 14-961-26; 16x100, 14—961-29) 
● 1% BSA: 

○ 1g BSA (Sigma 4503, Fraction V). 
○ 0.12 grams PO4 (sodium phosphate monobasic, anhydrous 119.6 mwt) 
○ 0.88 grams NaCl 
○ 0.01 grams Sodium azide 
○ 100 ml ddH2O (pH = 7.0 - 7.2) 

 
● PAB: 

Needs low heat to dissolve. 
○ 8.8 grams NaCl 
○ 1.2 grams PO4 (sodium phosphate monobasic, anhydrous 119.6 mwt) 
○ 0.1 grams sodium azide 
○ 1 gram Knox unflavored gelatin 
○ 1 L ddH2O, pH = (7.0 – 7.2) 

 
● PAB+EDTA: 

Needs low heat to dissolve. 
○ 8.8 grams NaCl 
○ 1.2 grams PO4 (sodium phosphate monobasic, anhydrous 119.6 mwt) 
○ 0.1 grams sodium azide 
○ 1 gram Knox unflavored gelatin 
○ 3.2 grams EDTA(Disodium Ethtenediamine Tetroacetate) 
○ 1 L ddH2O, pH = (7.0 – 7.2) 

 
● PBS: 

○ 8.8 grams NaCl 
○ 1.2 grams PO4 (sodium phosphate monobasic, anhydrous 119.6 mwt) 
○ 0.1 grams sodium azide 
○ 1 L ddH2O, pH = (7.0 – 7.2 

 
● Estradiol Antibody: MP Biomedicals (#07-138216; 1000 tubes) 

Reconstitute 1 vial in 1ml ddH20. Let stand 30 minutes at room temperature. Dilute in 
200ml PAB with Disodium Ethtenediamine Tetroacetate (EDTA) [3.2 grams 
EDTA(disodium salt)/Liter of PAB] 
pH antibody so it is between a pH of 7.0 to 7.2. 

  
● Iodinated Estradiol 

3-Iodo-Estradiol-17Beta (MP Biomedicals 07-138226 for 10 uCi). Dilute in 100 
mL PAB to 5000-6000 CPM with total binding of 40-50%. 

● Estradiol Standards: 
0.25, 0.5, 1.0, 2.5, 5, 7.5, 10, 20 pg/tube (E2 in MeOH), these are made by 
putting 5, 10, 20, 50, 100, 150, 200, and 400 ul of 50pg/ml estradiol standard in 
curve tubes. 

● Methyl t-Butyl Ether: (HPLC grade/ Fisher E127-4) 

 
● Charcoal-Dextran Solution: 

○ 0.25 grams Carbon decolorizing neutral (NORIT; Fisher #C170) 
○ 1 gram Dextran T-70 (Sigma #31390) 
○ 100ml PBS, Create STRONG vortex, and allow to mix for 30 minutes. 
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Estradiol Procedure -Duplicate (Day 1) 

1. Pipette 4ml of MtBE into 12x75 tubes #7-24(B0 solvant and standard curve 

tubes). Dry down in 37° C water bath, under low air. Tubes are now ready to 

pipette standard curve. Allow standard to reach room temperature before 

use! 

2. Dry down standard curve, being careful not to over dry tubes. Reconstitute them with 

100µL 1%BSA as soon as they are dry, seal and set aside. 

3. In 16x100 tubes pipette 500µL and 200µL of pool for high and low serum curve, tubes 

#25-30, and the last four tubes of the assay. 

4. Add 300µL of sample to 16x100 tubes, #31- end. 

5. Add 4 ml MtBE to 16x100 tubes, #25-end. 

6. Vortex 1 min. 

7.  Allow samples to sit for 5 minutes. 

8.  Freeze samples in (EtOH)MeOH-Dry Ice bath. When the pellet is white, pour off 

supernatant into 12x75 corresponding tube. Be careful not to over freeze! 

9.  Dry down ether extract in 37°C water bath under air. Be careful not to over dry tubes! 

Check frequently. 

10.  As soon as tubes are dry, add 100µL 1% BSA to all tubes EXCEPT TOTAL COUNTS as 

soon as they are dry, #3-end. 

11.  Combine standard curve tubes and sample tubes into one rack. 

12.  Add 100µL (PAB+EDTA) to NSB tubes, #3-4. 

13.  Add 100µL estradiol antibody to all tubes EXCEPT TOTAL COUNTS and NSB, #5-end. 

14.  Vortex all tubes for 1 minute and place in 37°C water bath for 5 minutes. 

15.  Refrigerate all tubes for 1 hour. 

16.  Add 100µL trace to all tubes, vortex. 

17.  Incubate for 20 hours in refrigerator. After refrigeration, begin extraction. 
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 Extraction Method: Charcoal Procedure (Day 2) 

 

1. Put beaker containing charcoal suspension in an ice bath and put on top of 

automatic stirrer. Mix well then lower speed to constant swirl. Allow to mix for 20 

minutes before use. 

2. Turn on centrifuge and allow to cool to 4°C with carriers inside. 

3. Start timer 10 minutes. 

4. Add 500µl charcoal dextran to all tubes except TC. Set aside TC, do not spin or pour off. 

5. When 10 minutes is up, load cooled centrifuge. Spin at 3200RPM for 10 

minutes(~2,500g). 

6. Pour off into corresponding 12x75 tubes. Count poured off portion. KEEPING TUBES 

COLD IS CRUCIAL! Liquid being poured off should be clear, no charcoal flakes. 

7. Count each sample for 5 minutes. 
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Figure A.2. Example estradiol assay standard curve and parallelism curve in triplicate. 
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Estradiol Recovery Procedure 

1. Label three sets of large tubes (16x100, 4 in each), one set with #1 on them, and two 

sets with #2. Label one set of small tubes (12x75) with #1 and one set of small tubes with 

#2. 

2. Add 100µl of trace and 4mL MtBE to set #1, and one set of #2 big tubes.  

3. Vortex one minute, let sit for 5 minutes. 

4. Extract #1 and #2 sets in dry ice bath. 

5. Pour off #1’s set into small tubes 

6. Pour off #2’s set into the next big tube set of #2.  

7. Dry down and reconstitute both with 300µl 1%BSA. 

8. Add 4mL MtBE to #2 big tubes, extract again pouring off into small tubes. 

9. Dry down and reconstitute #2 tubes with 300µl 1%BSA. 

10. Count for 5 minutes. 

11. Average tubes and divide tube #1 by tube #2 to get percent recovery. 
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Progesterone Binding Check Protocol 

 

Progesterone ImmuChem Double Antibody Assay – I125 RIA Kit- MP Biomedical 

Bring reagents, samples and controls to room temperature prior to use. 

 

1. Add provided diluent to tubes, excluding TC and NSB. 

 

2. Add First Antibody(Anti-Progesterone) in 500ul, 300ul, 200ul, and 100ul increments. 

 

3. Add 200ul of I125 tracer to all tubes. 

 

4. Cover tube, and vortex all tubes thoroughly and incubate at 37°C for 1hr 15 minutes.  

(Use MU drying oven, or water bath). 

 

5. Add Second Anti-body to all tubes excluding TC, in 500ul, 300ul, 200ul, and 100ul 

increments. 

 

6.Vortex for 60 seconds. 

 

7. Allow all tubes to set on bench top for 15 minutes. 

 

8. Centrifuge at 2800RPM for 20 minutes at a temperature of 2-8°C. 

 

9. Aspirate or decant the supernatant (if decanting, blot the tube on absorbent paper 

before turning upright). Do NOT DECANT TOTAL COUNT TUBES (1 and 2). 

 

10. Count the precipitate remaining in the tube in a gamma counter for I125(2 minute 

count). 
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Progesterone Immuchem Double Antibody Assay - I125 RIA KIT (MP Biomedical- 

Adapted for Bovine) (Pohler et al., 2016) 

 

Bring reagents, samples and controls to room temperature prior to use. 

 

1. Add 500 µL of DILUENT to tubes number 3 and 4. 

 

2. Add 100 µL of the 0 ng/ml STANDARD to tubes number 3 - 6. 

 

3. Add 100 µL each of provided PROGESTERONE STANDARD for 0.2ng(Tubes 7-8), 

0.5ng(Tubes 9-10), 2.0ng(Tubes 13-14), 5.0ng(15-16), 10.0ng(Tubes 19-20), and 25.0 

ng(Tubes 21-22) to the respective tubes. 

 

4. To create 1.0ng standard, add 50µL of provided 2.0ng standard and 50µL of 0ng 

standard to tubes 11-12. 

 

5. To create 7.5ng standard, add 75µL of provided 10.0ng standard and 25µL of 0ng 

standard to tubes 17-18. 

 

6. Serum Curve: Using high progesterone pool, add 10µL to tubes 23-24, 25µL to tubes 

25-26, 50µL to tubes 27-28, 75µL to tubes 29-30, and 100µL to tubes 31-32.  

 

7. Serum Curve: Using 0ng standard, add 90µL to tubes 23-24, 75µL to tubes 25-26, 

50µL to tubes 27-28, and 25µL to tubes 29-30. 

 

8. Add 100µL of STEER SERUM to tubes 33-34. 

 

9. Add 100 µL of each SAMPLE to the respective tubes. 

 

10. Add 500 µL of ANTI-PROGESTERONE(yellow liquid) to all tubes starting with 

the tube number 5. Keep antibody spinning while in use. 

 

11. Add 200 µL of I125 to all tubes. 

 

12. Vortex all tubes thoroughly and incubate at 37°C for 2 hours. (Use MU drying oven, 

or water bath). 

 

13. Allow tubes to set at room temperature for 45 minutes, until they have reached room 

temp. 

 

14. Add 500 µL of SECOND ANTIBODY(Red liquid) to all tubes and vortex thoroughly 

for 60 seconds. Do not add to Total Count tubes (#1 and 2). Keep second antibody 

spinning while in use. 
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15. Allow all tubes to sit on bench top for 15 minutes. 

 

16. Centrifuge at 2800RPM(1,000 x g) for 20 minutes at a temperature of 2-8°C. Use 

decanting aids on carriers. 

 

17. Aspirate or decant the supernatant (if decanting, blot the tube on absorbent paper 

before turning upright). Do NOT DECANT TOTAL COUNT TUBES(1 and 2)! 

 

18. Count the precipitate remaining in the tube in a gamma counter for I125 for 2 

minutes. 
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Figure A.3. Progesterone example standard curve and parallelism curve in duplicate. 
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