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Abstract 

Reproductive efficiency is a major determinant of the profitability and sustainability of 

modern dairy production systems. Although synchronization protocols have revolutionized 

reproductive management by allowing timed artificial insemination (TAI) and timed embryo 

transfer (TET) without reliance on estrus detection, fertility remains highly variable among 

synchronized animals. Numerous studies have demonstrated that cows expressing estrus during 

synchronization programs consistently achieve greater fertility than cows that fail to express estrus. 

These observations suggest that estrus expression represents more than a behavioral event and may 

instead reflect a favorable periovulatory endocrine environment associated with improved 

reproductive competence. However, the physiological mechanisms responsible for these 

associations remain poorly understood. 

The overall objective of this dissertation was to determine whether estrus expression serves 

as a biological indicator of the periovulatory endocrine environment within synchronization 

protocols and to investigate how variation in this endocrine milieu influences subsequent 

reproductive events in dairy cattle. Specifically, this work evaluated the relationships between 

estrus expression, periovulatory ovarian and endocrine characteristics, endometrial programming, 

and fertility under synchronized reproductive management. 

The findings of this dissertation demonstrated that cows expressing estrus before TAI 

achieved greater pregnancy per artificial insemination and were more likely to subsequently calve 

than cows that failed to express estrus. In contrast, estrus duration within TAI protocols was not 

associated with fertility. Although these observations established estrus expression as a robust 

indicator of reproductive success within TAI, the retrospective nature of the study did not allow 

for the determination of whether greater fertility in cows expressing estrus reflected a more 



  

favorable hormonal milieu for pregnancy or was just the result of asynchronous animals in the no 

estrus group. 

Experimental manipulation of the periovulatory endocrine environment by extending the 

duration of proestrus before inducing ovulation increased estrus expression, altered periovulatory 

ovarian characteristics, and reduced pregnancy loss following embryo transfer. Because embryo 

transfer eliminates variation associated with fertilization and early embryonic development, these 

findings demonstrated that the preovulatory endocrine milieu influences reproductive performance 

independently of fertilization. 

Further evidence for this concept was provided by evaluating natural variation in the 

periovulatory endocrine milieu and its associations with subsequent luteal function and 

endometrial receptor dynamics throughout the estrous cycle. Periovulatory endocrine 

characteristics were associated with subsequent luteal progesterone production, the timing of 

luteolysis, and changes in endometrial receptor abundance, demonstrating that endocrine 

conditions established before ovulation continue to influence both ovarian and uterine function 

after ovulation. These findings suggest that the periovulatory endocrine environment coordinates 

postovulatory luteal function and endometrial programming through interconnected physiological 

pathways, providing a mechanistic explanation for the superior fertility consistently observed in 

cows expressing estrus. 

Collectively, these findings support a unifying biological concept in which estrus 

expression represents an external manifestation of a favorable periovulatory endocrine 

environment rather than an isolated behavioral event. However, the results of this dissertation also 

demonstrate that important physiological variation exists among cows that express estrus, 

indicating that estrus expression alone does not fully capture the complexity of the periovulatory 



  

endocrine milieu. Instead, endocrine conditions established during the periovulatory period 

continue to influence multiple physiological processes extending beyond ovulation, including 

follicular maturation, corpus luteum development, luteal progesterone secretion, endometrial 

programming, and ultimately pregnancy maintenance. Together, these findings support a 

conceptual model in which the periovulatory endocrine milieu functions as a central regulator of 

reproductive success in dairy cattle, emphasizing the importance of optimizing endocrine 

conditions before ovulation to improve fertility under synchronized reproductive management. 

Keywords: Dairy cattle reproduction, estrus expression, periovulatory endocrine environment, 

embryo transfer, endometrial gene expression.   
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Abstract 

Reproductive efficiency is a major determinant of the profitability and sustainability of 

modern dairy production systems. Although synchronization protocols have revolutionized 

reproductive management by allowing timed artificial insemination (TAI) and timed embryo 

transfer (TET) without reliance on estrus detection, fertility remains highly variable among 

synchronized animals. Numerous studies have demonstrated that cows expressing estrus during 

synchronization programs consistently achieve greater fertility than cows that fail to express estrus. 

These observations suggest that estrus expression represents more than a behavioral event and may 

instead reflect a favorable periovulatory endocrine environment associated with improved 

reproductive competence. However, the physiological mechanisms responsible for these 

associations remain poorly understood. 

The overall objective of this dissertation was to determine whether estrus expression serves 

as a biological indicator of the periovulatory endocrine environment within synchronization 

protocols and to investigate how variation in this endocrine milieu influences subsequent 

reproductive events in dairy cattle. Specifically, this work evaluated the relationships between 

estrus expression, periovulatory ovarian and endocrine characteristics, endometrial programming, 

and fertility under synchronized reproductive management. 

The findings of this dissertation demonstrated that cows expressing estrus before TAI 

achieved greater pregnancy per artificial insemination and were more likely to subsequently calve 

than cows that failed to express estrus. In contrast, estrus duration within TAI protocols was not 

associated with fertility. Although these observations established estrus expression as a robust 

indicator of reproductive success within TAI, the retrospective nature of the study did not allow 

for the determination of whether greater fertility in cows expressing estrus reflected a more 



  

favorable hormonal milieu for pregnancy or was just the result of asynchronous animals in the no 

estrus group. 

Experimental manipulation of the periovulatory endocrine environment by extending the 

duration of proestrus before inducing ovulation increased estrus expression, altered periovulatory 

ovarian characteristics, and reduced pregnancy loss following embryo transfer. Because embryo 

transfer eliminates variation associated with fertilization and early embryonic development, these 

findings demonstrated that the preovulatory endocrine milieu influences reproductive performance 

independently of fertilization. 

Further evidence for this concept was provided by evaluating natural variation in the 

periovulatory endocrine milieu and its associations with subsequent luteal function and 

endometrial receptor dynamics throughout the estrous cycle. Periovulatory endocrine 

characteristics were associated with subsequent luteal progesterone production, the timing of 

luteolysis, and changes in endometrial receptor abundance, demonstrating that endocrine 

conditions established before ovulation continue to influence both ovarian and uterine function 

after ovulation. These findings suggest that the periovulatory endocrine environment coordinates 

postovulatory luteal function and endometrial programming through interconnected physiological 

pathways, providing a mechanistic explanation for the superior fertility consistently observed in 

cows expressing estrus. 

Collectively, these findings support a unifying biological concept in which estrus 

expression represents an external manifestation of a favorable periovulatory endocrine 

environment rather than an isolated behavioral event. However, the results of this dissertation also 

demonstrate that important physiological variation exists among cows that express estrus, 

indicating that estrus expression alone does not fully capture the complexity of the periovulatory 



  

endocrine milieu. Instead, endocrine conditions established during the periovulatory period 

continue to influence multiple physiological processes extending beyond ovulation, including 

follicular maturation, corpus luteum development, luteal progesterone secretion, endometrial 

programming, and ultimately pregnancy maintenance. Together, these findings support a 

conceptual model in which the periovulatory endocrine milieu functions as a central regulator of 

reproductive success in dairy cattle, emphasizing the importance of optimizing endocrine 

conditions before ovulation to improve fertility under synchronized reproductive management. 
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Chapter 1 - General Introduction to the Dissertation  

 

Reproductive efficiency is one of the major determinants of profitability and sustainability 

in modern dairy production systems. The ability of a dairy cow to calve at regular intervals directly 

affects milk production efficiency, replacement rates, genetic progress, and overall herd 

economics. Consequently, reproductive management has become a central component of dairy 

herd management. Genetic selection programs, advances in nutritional management, 

improvements in cow comfort, and a greater understanding of herd health substantially increased 

milk production per cow over the second half of the twentieth century. However, these productive 

gains were accompanied by important physiological and reproductive challenges (Butler, 1998; 

Washburn et al., 2002). For instance, reproductive performance, measured as daughter pregnancy 

rate, decreased from 1960 to 2000 while milk production increased over the same period (Council 

on Dairy Cattle Breeding, n.d.).  

Historically, reproductive management in dairy herds relied almost entirely on estrus 

detection. Cows observed in standing estrus were inseminated according to the traditional AM–

PM rule, which was developed to optimize insemination timing relative to ovulation. Under this 

system, reproductive success depended largely on the accurate identification of behavioral estrus. 

However, high-producing cows commonly exhibit estrus events that are shorter in duration, with 

fewer standing events and less total standing time than lower-producing cows (Lopez et al., 2004; 

Rivera et al., 2010). These characteristics can make estrus detection based on visual observation 
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alone, without estrus-detection aids such as tail chalk or automated activity monitors, challenging 

under commercial conditions. 

The reduction in estrous expression duration observed in lactating dairy cows appears to 

be closely associated with metabolic adaptations required to sustain high milk production. 

Increased feed intake and hepatic blood flow accelerate the metabolism of steroid hormones such 

as estradiol and progesterone, reducing circulating concentrations of these hormones during 

critical stages of the estrous cycle (Sangsritavong et al., 2002). Because estradiol is the primary 

hormone responsible for inducing estrous behavior, lower circulating concentrations may 

contribute to reduced intensity and duration of estrus (Lyimo et al., 2000; Lopez et al., 2004). 

Additionally, the dominant follicle in lactating dairy cows may need to grow for an extended period 

to produce sufficient estradiol to induce estrous behavior. Prolonged follicular growth and the 

resulting larger dominant follicles have been associated with extended exposure to LH, reduced 

oocyte quality, and compromised fertility.  

Synchronization programs aim to control follicular development, progesterone 

concentrations, and the timing of ovulation without requiring estrus detection. Importantly for our 

studies, these protocols are designed to induce ovulation of mid-sized follicles that, in many cases, 

may not produce sufficient estradiol to induce estrous expression. Thus, the absence of estrous 

expression during a synchronization protocol may reflect ovulation of a physiologically younger 

follicle rather than inadequate follicular development. 

The development of synchronization programs such as Ovsynch and Double-Ovsynch 

revolutionized reproductive management in dairy cattle (Pursley et al., 1995; Pursley et al., 1997). 
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These protocols allowed producers to synchronize follicular development, luteolysis, and 

ovulation through the strategic administration of gonadotropin-releasing hormone (GnRH) and 

prostaglandin F2α (PGF2α), thereby permitting timed artificial insemination (TAI) without the 

need for estrus detection. In 2013, 55.5% of surveyed U.S. dairy operations used TAI programs to 

manage cow reproduction, and this proportion was 70.9% among operations with 500 or more 

cows (USDA, 2018). Nevertheless, AI after detected estrus remained an important component of 

reproductive management, accounting for 55.5% of pregnancies, compared with 18.2% resulting 

from TAI without detected estrus (USDA, 2018).  

Although synchronization protocols successfully improved reproductive management 

efficiency, there is substantial evidence demonstrating that cows expressing estrus during 

synchronization programs consistently achieved greater pregnancy per artificial insemination 

(P/AI) compared with cows that failed to express estrus before insemination. These findings 

created an apparent paradox within reproductive management: synchronization programs aim to 

induce ovulation of mid-size follicles to avoid some of the issues associated with estrus, and larger 

dominant follicles in lactating dairy cows, yet cows that continued to express estrus within these 

protocols consistently exhibited superior fertility. This paradox became one of the central 

biological questions driving the research program developed throughout this dissertation. 

 

 Estrus expression as a biological indicator of fertility 

Increasing evidence suggests that estrus expression represents more than a simple 

behavioral event associated with ovulation. Rather, estrus may function as an external 
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manifestation of an optimal periovulatory endocrine environment associated with improved 

follicular maturation, appropriate luteolysis, enhanced uterine receptivity, and greater probability 

of pregnancy establishment. 

Several studies evaluating lactating dairy cows subjected to synchronization protocols have 

consistently demonstrated positive associations between estrus expression and fertility. Santos et 

al. (2010) and Stevenson et al. (2010) reported greater P/AI in cows expressing estrus before TAI 

compared with cows that failed to express estrus. In separate observational studies in which cows 

were inseminated following estrus alerts generated by automated activity monitoring systems, 

greater peak activity was associated with greater P/AI (Madureira et al., 2015; Tippenhauer et al., 

2021). A positive association between estrus intensity and fertility has also been reported in 

lactating dairy cows subjected to an estradiol–progesterone-based synchronization protocol 

(Madureira et al., 2019). Nevertheless, whether the intensity and duration of estrus are associated 

with fertility when estrus occurs during GnRH-based TAI protocols remains less well established. 

These findings are particularly interesting because they occur within highly synchronized 

populations. In theory, synchronization protocols should induce ovulation in all cows 

independently of behavioral estrus. Nevertheless, cows expressing estrus repeatedly outperform 

non-estrus cows reproductively. This observation suggests that estrus expression may reflect 

underlying physiological differences among synchronized cows. 

One possible interpretation is that cows expressing estrus represent the subgroup of animals 

that responded most appropriately to the synchronization protocol. Under this model, estrus 

expression may indicate complete luteolysis, adequate dominant follicle growth, sufficient 
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estradiol exposure, and proper timing of ovulation relative to insemination. In contrast, cows 

failing to express estrus may represent animals with incomplete luteolysis, reduced estradiol 

secretion, altered follicular dynamics, or suboptimal endocrine synchronization. 

The importance of estrus expression becomes even more intriguing when fertility is 

evaluated in embryo transfer (ET) recipients. In ET programs, fertilization failure and variation 

associated with semen quality are largely removed from the reproductive equation. Consequently, 

differences in pregnancy outcomes among recipients are more likely to reflect maternal 

physiological factors. Under these conditions, estrus expression has also been associated with 

improved fertility and reduced pregnancy losses (Pereira et al., 2015; Pereira et al., 2016). These 

findings strongly suggest that estrus expression may influence maternal reproductive physiology 

beyond its role in ovulation. 

Collectively, these studies support the hypothesis that estrus expression may serve as a 

biological indicator of an optimal “reproductive state” in addition to being a behavioral sign that 

can be used for breeding management. 

 

 Estrus Detection in Dairy Cows 

Accurate and timely identification of cows in estrus is a fundamental component of 

reproductive management in breeding programs that rely on estrus detection. Estrus, commonly 

referred to as heat, is the period of sexual receptivity in the bovine estrous cycle during which 

cows display behavioral and physiological signs indicating readiness for mating (Roelofs et al., 

2010). The primary and most reliable indicator of estrus is the standing reflex, the willingness to 
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remain motionless while being mounted by herdmates or a bull. Because ovulation occurs within 

a relatively predictable interval after the onset of standing estrus, this behavior has historically 

served as the cornerstone for determining the optimal timing of artificial insemination (AI) in 

estrus-based breeding programs (Roelofs et al., 2010; Van Eerdenburg et al., 1996). Secondary 

signs of estrus include increased activity, agitation, mounting other cows, chin-resting, and 

reduced dry matter intake and milk yield (Roelofs et al., 2010). These behavioral changes are 

primarily induced when circulating concentrations of estradiol-17β (E2), secreted by the 

preovulatory dominant follicle, reach the threshold required to activate hypothalamic and limbic 

pathways controlling estrous behavior (Allrich, 1994). 

Although estrus expression is physiologically relevant, its visual detection without the use 

of detection aids can be challenging in high-producing Holstein cows, particularly when estrus 

events are short or include few standing events. Epidemiological evidence indicates that the 

duration of standing estrus has decreased from approximately 12 to 18 hours in the 1970s to fewer 

than 7 hours in contemporary high-producing cows (Roelofs et al., 2010; Van Eerdenburg et al., 

1996). Lopez et al. (2004) demonstrated that high-producing Holstein cows (≥39.5 kg milk/d) had 

significantly shorter estrus duration (6.2 ± 0.5 h) and fewer standing events compared with lower-

producing herdmates (10.9 ± 0.7 h), and that higher milk production was negatively correlated 

with circulating concentrations of E2 at the time of estrus. The suppression of estrus expression in 

high-producing cows is attributed primarily to the enhanced hepatic clearance of steroid hormones 

associated with greater dry matter intake and hepatic blood flow, resulting in lower systemic E2 

concentrations despite the presence of a large preovulatory follicle (Sangsritavong et al., 2002). 
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Additional factors that compromise estrus expression include negative energy balance in early 

lactation, lameness, housing on concrete flooring, high ambient temperature and humidity, and 

increasing herd size, all of which reduce the frequency and duration of mounting interactions and 

deficient visual observation by farm personnel (Dobson et al., 2007). 

Traditional methods of estrus detection in dairy cattle include systematic visual 

observation, tailhead paint (chalk or spray applied to the tailhead region that is removed by 

mounting activity), pressure-sensitive devices (e.g., KaMaR® detectors), and chin-ball marking 

harnesses fitted on androgenized females or bulls. The performance of visual estrus detection 

varies according to the frequency and duration of observation, housing conditions, and the 

characteristics of estrus expression. When performed under good conditions, visual detection 

achieves sensitivities of approximately 50 to 70% (Dobson et al., 2007; Roelofs et al., 2010). 

Consequently, contemporary estrus-based reproductive programs frequently combine visual 

observation with detection aids or automated activity monitoring systems, which can identify 

estrus events that may not be detected visually (Mayo et al., 2019). When combined with backup 

TAI for cows not detected in estrus, these programs can achieve reproductive performance 

comparable with programs based primarily on synchronization (Rial et al., 2022; Valenza and 

Bach, 2026). 

Among these technologies, automated activity monitoring (AAM) systems have provided 

new opportunities in commercial dairy herds using estrus detection. These systems use 

accelerometers or pedometers attached to the leg or neck of the cow to continuously record 

locomotor or combined activity, and detect estrus based on a threshold increase in activity relative 
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to the cow’s own historical baseline (Madureira et al., 2015). Neck-mounted accelerometer 

systems additionally capture rumination time, which decreases during estrus and provides a 

complementary signal that improves detection performance (Schilkowsky et al., 2021). Multiple 

independent validation studies have reported sensitivities ranging from 74 to 92% and specificities 

of 85 to 97% for commercial AAM systems when compared with progesterone-based reference 

standards (Mayo et al., 2019; Schilkowsky et al., 2021). These performance metrics may represent 

an improvement over traditional visual observation and are largely independent of observer skill, 

labor availability, or time of day, making AAM systems particularly well-suited to large 

commercial operations. 

A critical advantage of AAM technology over traditional detection methods is the ability 

to quantify estrus as a continuous variable rather than a binary event. Estrus intensity, typically 

expressed as the relative increase (RI) in physical activity above the cow’s own pre-estrus baseline, 

captures meaningful biological variation in the magnitude of the periovulatory hormonal 

environment. Cows classified as displaying high-intensity estrus consistently demonstrate superior 

fertility outcomes compared with cows showing low-intensity estrus (Burnett et al., 2017; Burnett 

et al., 2018). Madureira et al. (2015) reported that cows with high activity at estrus had greater 

pregnancy per AI (P/AI) and lower pregnancy loss compared with cows showing moderate or 

absent estrus expression. These differences persisted regardless of preovulatory follicle diameter, 

suggesting that estrus intensity captures aspects of the periovulatory endocrine environment that 

extend beyond follicular size per se. Subsequent work by Madureira et al. (2019) confirmed that 

estrus intensity following an estradiol-progesterone-based synchronization protocol was positively 
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associated with P/AI and negatively associated with pregnancy loss, further reinforcing the value 

of estrus intensity as a reproductive indicator in managed dairy herds. 

The physiological mechanisms by which estrus intensity influences fertility are not fully 

elucidated but are believed to involve the coordination of multiple periovulatory processes. Burnett 

et al. (2018) demonstrated that cows expressing high-intensity estrus ovulated at a predictable 

interval following estrus alert and had lower rates of ovulation failure compared with cows in 

which estrus expression was absent or weak. These findings suggest that adequate estrus 

expression reflects endocrine conditions that also support the preovulatory LH surge and 

successful ovulation. Beyond ovulation, E2 acting during proestrus and estrus plays a critical role 

in preparing the uterine environment for sperm transport, fertilization, and early embryo 

development, through the induction of endometrial secretory activity and the upregulation of 

specific hormone receptors in luminal and glandular epithelium (Cerri et al., 2021; Spencer et al., 

2006). Accordingly, it has been proposed that cows expressing high-intensity estrus benefit not 

only from better ovulatory outcomes but also from a more receptive uterine microenvironment at 

the time of insemination and during early embryo establishment (Cerri et al., 2021; Pereira et al., 

2016). 

All together, these findings establish estrus expression as a biologically meaningful 

indicator of periovulatory endocrine competence rather than a merely behavioral outcome. The 

intensity with which a cow expresses estrus integrates information about follicular development, 

E2 secretory capacity, hypothalamic sensitivity, and uterine preparedness, all of which are relevant 

determinants of fertility in synchronized dairy cows. This conceptual framework underpins the 
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research presented in this dissertation, in which estrus expression is evaluated both as a binary 

outcome and as a continuous physiological variable across experiments involving timed AI, timed 

embryo transfer, and molecular characterization of the endometrium. 

 

 Endocrine and physiological basis of estrus expression 

The expression of estrus is the result of a coordinated series of endocrine, neuroendocrine, 

and physiological events that lead to ovulation. Understanding the physiological mechanisms 

regulating estrus expression is essential for interpreting why cows expressing estrus consistently 

exhibit superior fertility. 

The bovine estrous cycle is classically divided into luteal and follicular phases. During the 

luteal phase, progesterone secreted by the corpus luteum decreases the pulse secretion of GnRH 

from the hypothalamus and thereby reduces luteinizing hormone (LH) pulse frequency (Wiltbank 

et al., 2002). This endocrine environment limits final follicular maturation while maintaining 

cyclicity. Regression of the corpus luteum near the end of the cycle results in a rapid decline in 

circulating progesterone concentrations, initiating the transition into the follicular phase 

(Niswender et al., 2000). 

The reduction in progesterone concentrations removes the inhibitory effects of 

progesterone on the hypothalamic–pituitary axis, allowing an increase in GnRH pulsatility and 

thereby LH pulsatility. Increased LH pulse frequency stimulates continued growth and 

steroidogenic activity of the dominant follicle, resulting in progressively greater secretion of 

estradiol (Ginther et al., 1996). As circulating estradiol concentrations rise, estradiol exerts positive 
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feedback on the hypothalamus and pituitary gland, culminating in the preovulatory GnRH and LH 

surge responsible for ovulation (Allrich, 1994). Estradiol is the primary endocrine signal 

responsible for the expression of behavioral estrus. High circulating concentrations of estradiol 

activate neuronal pathways regulating sexual receptivity and induce the behavioral signs 

characteristic of estrus, including standing to be mounted. Thus, estrus expression may represent 

the behavioral manifestation of the endocrine events associated with final follicular maturation and 

ovulation. 

The dominant follicle undergoes important functional changes during proestrus. Follicular 

growth is accompanied by increased estradiol synthesis, expansion of the antral cavity, acquisition 

of LH receptors by granulosa cells, and final oocyte maturation. Ovulatory follicles generally reach 

larger diameters and produce greater concentrations of estradiol than follicles that fail to ovulate 

(Sartori et al., 2002). Consequently, estrus expression may reflect the presence of a functionally 

mature dominant follicle capable of producing an appropriate amount of E2 to stimulate the brain 

and induce behavioral estrus, while simultaneously priming the periovulatory endocrine 

environment. 

The endocrine environment established during proestrus appears to influence not only 

ovulation itself, but also subsequent luteal development. Studies evaluating periovulatory 

endocrine dynamics demonstrated that cows exposed to greater concentrations of estradiol before 

ovulation frequently develop larger corpora lutea and exhibit increased progesterone 

concentrations during the early luteal phase (Vasconcelos et al., 2001). Because progesterone is 
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essential for uterine receptivity and pregnancy maintenance, the periovulatory endocrine 

environment may have important downstream consequences for fertility. 

These concepts become particularly relevant when evaluating synchronization protocols in 

lactating dairy cows. Modern synchronization programs successfully control ovulation timing, but 

substantial variation still exists in follicular maturation, estradiol secretion, and estrus expression 

among cows within the same protocol. Therefore, although ovulation may occur in synchronized 

cows independently of estrus, the physiological quality of the periovulatory endocrine 

environment may still vary considerably among animals. 

 

 Estradiol and the periovulatory uterine environment 

One of the most important emerging concepts in dairy reproductive physiology is that 

periovulatory estradiol exposure may influence fertility not only through regulation of ovulation, 

but also through programming of the uterine environment. During proestrus and estrus, rising 

concentrations of estradiol induce substantial structural and functional changes throughout the 

reproductive tract. These effects are mediated primarily through estrogen receptor α (ESR1) and 

estrogen receptor β (ESR2), which are expressed in the uterus, ovary, hypothalamus, and other 

reproductive tissues (Ing & Ott, 1999). 

Within the uterus, estradiol stimulates endometrial proliferation, vascular remodeling, 

glandular activity, and changes in gene expression associated with uterine receptivity (Mazzarella 

et al., 2025; Mitko et al., 2008). Increased uterine blood flow and vascular permeability during 

estrus contribute to tissue remodeling and preparation of the endometrium for potential pregnancy 
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establishment. Estradiol also stimulates epithelial proliferation and modifies the composition of 

uterine luminal secretions that support sperm transport and early embryonic development (Abe et 

al., 1995; Perry et al., 2023). Several studies demonstrated that periovulatory estradiol influences 

the expression of genes associated with nutrient transport, immune regulation, and conceptus 

development (Mitko et al., 2008). Northrop et al. (2018) reported greater expression of glucose 

transporters SLC2A1 and SLC5A1 in cows exposed to greater periovulatory estradiol 

concentrations. These transporters influence glucose availability within the uterine lumen and may 

support conceptus elongation and survival. 

Estradiol also regulates the expression of mucins such as MUC1 and MUC16 within the 

luminal epithelium. These glycoproteins play important roles in epithelial protection and 

regulation of conceptus–maternal interactions (Mitko et al., 2008). Although mucins are highly 

expressed during estrus, their subsequent downregulation during the luteal phase is necessary to 

permit appropriate communication between the elongating conceptus and the endometrium. 

Another important pathway regulated by estradiol involves oxytocin receptor (OXTR) 

expression and prostaglandin synthesis (Thatcher et al., 1997). Estradiol stimulates endometrial 

sensitivity to oxytocin and contributes to the regulation of prostaglandin secretion during the 

estrous cycle (McCracken et al., 1999). These mechanisms are central to luteolysis in nonpregnant 

cows and illustrate the extensive role of estradiol in coordinating reproductive cyclicity (Ginther 

et al., 2011; Ginther et al., 2012). 

The periovulatory endocrine environment may therefore influence fertility through 

multiple mechanisms extending beyond ovulation itself. Exposure to an appropriate estradiol 
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environment before ovulation may program subsequent uterine function, modify endometrial gene 

expression, and enhance uterine receptivity during the early luteal phase. These concepts have 

important implications for understanding why estrus expression is consistently associated with 

improved fertility in synchronized dairy cows. 

 

 Timed embryo transfer models  

Embryo transfer programs provide an interesting experimental model for evaluating the 

physiological significance of estrus expression in dairy cattle. Unlike artificial insemination 

systems, ET programs largely eliminate variation associated with fertilization failure, semen 

quality, and very early embryonic development before transfer. Consequently, differences in 

pregnancy outcomes among ET recipients are more likely to reflect maternal physiological factors. 

Retrospective studies evaluating ET recipients consistently demonstrated that cows 

expressing estrus before embryo transfer achieve greater fertility and reduced pregnancy losses 

compared with cows failing to express estrus (Madureira et al., 2022; Madureira et al., 2015; 

Pereira et al., 2016). These findings strongly support the hypothesis that estrus expression 

influences maternal reproductive physiology and uterine receptivity. 

Despite these observations, significant knowledge gaps remain regarding the physiological 

mechanisms that link estrus expression and fertility in synchronized dairy cows. Specifically, it 

remains unclear how estrus expression is related to the periovulatory endocrine milieu and ovarian 

structures, including preovulatory follicle diameter, subsequent corpus luteum development, and 

pre- and postovulatory hormone profiles, and whether these characteristics help explain the greater 
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P/ET observed in cows expressing estrus. More broadly, it remains uncertain whether estrus 

directly contributes to improved reproductive outcomes through a more coordinated and favorable 

periovulatory endocrine environment. Alternatively, the apparent fertility advantage of cows 

expressing estrus may simply result from comparing cows that responded appropriately to the 

synchronization protocol with asynchronous cows included in the non-estrus group.  

The studies included in this dissertation were developed to address these knowledge gaps 

by evaluating the physiological and reproductive significance of estrus expression in synchronized 

lactating dairy cattle, with emphasis on the periovulatory endocrine environment, ovarian 

dynamics, luteal development, uterine function, and fertility outcomes under commercial dairy 

conditions. One strategy that we used in our studies was to experimentally modify the 

periovulatory hormonal milieu by increasing the interval between luteolysis and induced 

ovulation, thereby lengthening proestrus. Extending this interval may allow additional dominant 

follicle maturation, greater estradiol secretion, and a more complete periovulatory endocrine 

transition before ovulation is induced. 

The overall objective of this dissertation was to determine whether estrus expression serves 

as a biological indicator of the periovulatory endocrine environment and to evaluate its 

associations with subsequent reproductive events. Specifically, this work aimed to characterize the 

relationships between estrus expression and periovulatory endocrine characteristics, including 

circulating concentrations of estradiol and progesterone, ovarian dynamics, and luteal 

development; to investigate the associations between the periovulatory endocrine milieu and 

temporal changes in the endometrial mRNA abundance of ESR1, PGR, OXTR, and MUC16 
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throughout the estrous cycle; and to evaluate the relationship between estrus expression and 

fertility outcomes in dairy cattle managed under synchronization protocols. 

We hypothesized that estrus expression reflects a favorable periovulatory endocrine 

environment characterized by increased estradiol exposure and low progesterone concentrations 

before ovulation. Consequently, animals expressing longer estrus were expected to exhibit 

enhanced postovulatory luteal function, altered endometrial receptor dynamics consistent with 

improved uterine receptivity, and greater fertility compared with animals expressing less intense 

estrus. 
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The following chapter presents the first study of this dissertation, which evaluated whether 

activity monitor-detected estrus expression before timed artificial insemination was associated 

with fertility under commercial dairy conditions.  
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 ABSTRACT  

Objective: To evaluate the association of activity monitor-detected estrus preceding first-service 

timed artificial insemination (TAI) with fertility, calving outcome, and estrus characteristics in 

lactating dairy cows submitted to a PG3G synchronization protocol. 

Materials and Methods: Retrospective records from 1,064 first-service breedings performed 

from January 2021 through October 2024 at the Kansas State University Dairy Teaching and 

Research Center were analyzed. Estrus events were recorded by an automated activity monitoring 

system, and only “in heat” alerts occurring within 48 h before TAI were considered. Logistic 

regression models were used to evaluate associations of estrus expression, intensity, and duration 

with pregnancy per AI (P/AI). The association between estrus expression and subsequent calving 

among pregnant cows was also evaluated. 

Results and Discussion: Overall, 22.6% of cows expressed estrus before TAI, with greater 

incidence in primiparous than multiparous cows (25.9 vs. 20.4%; P = 0.037). Cows expressing 

estrus had a 9 percentage-point greater P/AI and 46% greater odds of pregnancy (odds ratio = 1.46; 

95% CI: 1.08 to 1.96; P = 0.014) than cows not expressing estrus. Furthermore, a greater proportion 

of cows expressing estrus subsequently calved (95.1 vs. 84.2%; P = 0.045). Estrus intensity and 

duration were moderately correlated (r = 0.58) but were not associated with P/AI (P ≥ 0.70). These 

results indicate that estrus expression identified a subset of cows with greater reproductive success 

following first-service PG3G synchronization, whereas quantitative characteristics of estrus alerts 

provided little additional information regarding fertility. 
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Implications and Applications: Activity monitor-detected estrus during the 48 hours preceding 

TAI can be used to identify lactating dairy cows with greater reproductive success following first-

service synchronization. However, because synchronization status was not confirmed, the 

observed associations may reflect successful synchronization, a more favorable periovulatory 

endocrine environment, or both. Under the conditions of this study, the occurrence of an estrus 

alert was more informative than its intensity or duration. 

 

Keywords: Dairy cows; Estrus expression; Fertility; timed artificial insemination; activity 

monitors.
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 INTRODUCTION 

Timed artificial insemination (TAI) is widely used in dairy herds because it facilitates 

insemination without the need for estrus detection and improves reproductive performance 

compared with breeding based solely on detected estrus (Thatcher et al., 1989; Pursley et al., 1995; 

Fricke and Wiltbank, 2022). Nevertheless, a different question is whether estrus expression during 

a synchronized TAI program identifies cows with different reproductive outcomes. Furthermore, 

the widespread adoption of automated activity monitors (Mayo et al., 2019) has enabled 

continuous estrus monitoring, even in cows enrolled in synchronization programs. These systems 

routinely provide information on estrus occurrence, timing, duration, and intensity (Madureira et 

al., 2015), enabling monitoring of estrus expression during the peri-insemination period before 

TAI without altering the insemination schedule. Whether information obtained from these estrus 

events provides useful information regarding subsequent fertility remains unclear. 

Data from previous studies across multiple dairy herds suggested that dairy cows 

expressing estrus prior to TAI had a 12-20 percentage-point increase in P/AI compared with cows 

that did not express estrus (Santos et al., 2010; Stevenson and Phatak, 2010). In contrast, Lauber 

and Fricke (2023) reported no difference in P/AI between Jersey cows that did or did not express 

estrus, as determined by tail-paint removal during a Double-Ovsynch protocol. Moreover, little 

information is available regarding whether activity monitor-derived estrus characteristics, such as 

intensity, duration, or timing relative to TAI, provide additional information beyond estrus 

occurrence itself.  



30 

 

 

 

 

Therefore, the objective of this retrospective study was to evaluate the association between 

activity monitor-detected estrus preceding first-service timed artificial insemination and fertility 

in lactating dairy cows submitted to a PG3G synchronization protocol. We hypothesized that cows 

expressing estrus before TAI would have greater fertility than cows that did not express estrus. 

Among cows expressing estrus, we further hypothesized that estrus intensity, duration, and timing 

relative to TAI would be associated with fertility. 

 

 MATERIALS AND METHODS 

 Data Source and Records 

The current study was based on retrospective records obtained from January 2021 through 

October 2024 at the Kansas State University Dairy Teaching and Research Center (KSU-DTRC). 

Therefore, animal care and use approval was not required. All animals from KSU-DTRC are 

Holstein, born and bred through AI using sires from U.S. bovine genetic companies. Cows are 

housed in open free stall pens with overhead roofs. Shades and sprinklers are provided from May 

through September to mitigate heat stress. Diets consisted of TMR fed twice or three times daily 

to meet nutrient requirements for 50 kg of milk at 3.5% milk fat (NASEM, 2021). 

Four datasets were extracted and analyzed: breeding, estrus, pregnancy diagnosis, and 

calving records. Breeding records were extracted from PCDART (Dairy Record Management 

System, Raleigh, NC, USA) and included cow identification, insemination date, lactation number, 

AI sire, AI technician, and breeding trigger (TAI or estrus). The TAI protocol used for the first 

service of lactating dairy cows at 75 ± 3 days in milk was a PG3G protocol (D –20: PGF; D –17: 
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GnRH; D –10: GnRH; D –3: PGF; D –2: PGF; D –1 PM: GnRH; D 0: TAI). Gonadorelin acetate 

(100 µg, GONAbreed, Parnell, New South Wales, Australia) and cloprostenol sodium (500 µg; 

estroPLAN, Parnell) were used as GnRH and PGF treatments, respectively. 

Estrus records contained cow identification and information related to each estrus event 

itself: date, time, magnitude of intensity, category (suspicious, potential, in heat), and duration in 

hours. Only "in heat" estrus events were considered for all analyses. All estrus events at the KSU-

DTRC were recorded by an automated activity monitor (CowManager Sensor ear tag, Agis, 

Harmelen, Netherlands) using proprietary software algorithms. 

Pregnancy diagnosis records contained information on the cow identification number, day 

of pregnancy diagnosis, breeding date, days post-AI, and pregnancy outcome (pregnant or 

nonpregnant). Briefly, pregnancy diagnoses were determined weekly by transrectal 

ultrasonography at 34 ± 3 d post-AI and were confirmed by the presence of an embryo with a 

positive heartbeat. Moreover, at the time of the pregnancy diagnosis, it was assumed that an animal 

was nonpregnant if reinseminated before the scheduled pregnancy diagnosis. Finally, calving data 

were retrieved from PCDART for cows with a positive pregnancy diagnosis, using a subset of 2 

years of data. 

To combine the four datasets, a unique identification code was created by concatenating 

the cow identification number and breeding date because individual cows could contribute 

multiple breeding records during the study period. Estrus events were matched to the 

corresponding breeding according to cow identification and their occurrence relative to the TAI 

date. Data curation consisted of removing cows bred to estrus, those enrolled in resynchronization 
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protocols, cows with missing breeding information, and cows that were sold or died before 

pregnancy diagnosis. To minimize inclusion of cows with asynchronous ovulations, cows 

expressing estrus from D −8 to −2 or from D 1 to 15 relative to TAI (D 0) were excluded (n = 90). 

After these exclusions, cows were classified as expressing estrus when an “in heat” event occurred 

during the 48 h preceding TAI. Additionally, cows with missing data or flagged as sold or died 

before a calving event was recorded were removed from the calving analysis. Thus, the combined 

curated records from January 2021 through October 2024 comprised 1,064 breeding records, 240 

estrus events, and 232 calving events. 

 

 Statistical Analysis 

The experimental unit was the first-service breeding within lactation. Therefore, individual 

cows could contribute more than one experimental unit across the study period if they completed 

multiple lactations. The statistical analyses assessed differences in estrus incidence among parity 

categories with a logistic regression model with estrus expression as the response and parity 

(primiparous or multiparous) as a fixed effect. Logistic regression models were also used to 

associate estrus expression (yes/no), estrus intensity (index obtained by the software algorithm; 

ranged from 3.5 to 15.9 [arbitrary units]), and estrus duration (ranged from 4 to 32 h) with P/AI. 

The models included P/AI as the response variable, parity (primiparous or multiparous) as a fixed 

effect, tested fixed effects (estrus expression, estrus intensity, estrus duration, or estrus timing), 

and interaction between parity and tested fixed effects. Random effects were AI sire (n=29 

[including sires with less than 12 breedings as "others"]), AI technician (n=7 [including technicians 
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with less than 40 breedings as "others"]), and year/season of AI (Season 1 = October–May; Season 

2 = June–September). Finally, the association of estrus expression (yes/no) with calving risk was 

estimated by a logistic regression model fitting the same random effects but only the fixed effect 

of estrus expression and parity because of sample size limitations. All statistical analyses were 

performed with PROC GLIMMIX in SAS v. 9.4 (SAS Institute Inc, Cary, NC, USA). In all cases, 

statistical significance was declared when P ≤ 0.05 and tendencies when 0.05 < P ≤ 0.10. Data are 

presented as odds ratio or least square probabilities when the main effect of estrus was significant 

or approached significance, respectively. Otherwise, data are presented as proportions in 

percentage (%) and n/n. 

 

 RESULTS AND DISCUSSION 

 Estrus Expression Before TAI 

Overall, 22.6% of lactating dairy cows submitted to a PG3G protocol expressed estrus 

during the 48 h preceding TAI. Incidence of estrus expression was greater (P = 0.037) in 

primiparous cows (25.9%) than in multiparous cows (20.4%; Figure 2.1). The temporal 

distribution of estrus events relative to TAI is presented in Figure 2.2, with the greatest incidence 

occurring between 12 and 6 h before TAI. 

The relatively low overall incidence of estrus was expected because GnRH-based TAI 

programs are designed to induce ovulation at a predetermined time rather than to maximize estrus 

expression. Administration of GnRH may trigger ovulation before the dominant follicle has 

produced sufficient estradiol to induce a detectable estrus event. Moreover, high dry matter intake 
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and the associated increase in hepatic blood flow and steroid metabolism may reduce circulating 

estradiol concentrations in lactating cows, particularly in cows with greater milk production 

(Harrison et al., 1990; Sangsritavong et al., 2002; Wiltbank et al., 2006). Lactating cows also 

generally require a larger preovulatory follicle than nonlactating heifers to achieve sufficient 

circulating estradiol concentrations to initiate estrus and the preovulatory LH surge (Sartori et al., 

2002). Thus, GnRH-based programs may successfully synchronize ovulation of a physiologically 

appropriate follicle while limiting the proportion of cows that express estrus before TAI. 

Nevertheless, the current study did not measure milk production, circulating steroid 

concentrations, follicular dynamics, or ovulation; therefore, the biological basis for the parity 

difference in estrus expression cannot be determined from these data. 

 

 Association Between Estrus Expression and P/AI 

Figure 2.3 displays the P/AI for each parity group (primiparous and multiparous) 

categorized by estrus expression. The interaction between estrus expression and parity was not 

significant (P = 0.445), whereas parity tended to be associated with P/AI (P = 0.091). Overall, a 

10 percentage-point advantage in P/AI was detected for cows expressing estrus compared with 

those not expressing estrus. In fact, dairy cows expressing estrus preceding TAI had 46% greater 

odds (odds ratio [95% CI] = 1.46 [1.08; 1.96]; P = 0.014) of P/AI than cows not expressing estrus.  

These results agree with previous studies reporting 12- to 20-percentage-point increases in 

P/AI among lactating cows expressing estrus before scheduled TAI (Santos et al., 2010; Stevenson 

and Phatak, 2010). Pereira et al. (2016) similarly reported greater fertility among cows expressing 
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estrus during an estradiol-based TAI program, whereas Lauber and Fricke (2023) detected no 

difference in P/AI between Jersey cows that did or did not express estrus during Double-Ovsynch. 

All together, these findings indicate that the association between estrus expression and fertility is 

not completely consistent across populations, breeds, methods of estrus detection, and 

synchronization programs. 

An important limitation when interpreting the association between estrus expression and 

P/AI is that synchronization status and ovulation were not confirmed in the present retrospective 

study. Although high synchronization rates have been reported for Double-Ovsynch programs 

(Souza et al., 2008; Herlihy et al., 2012), and administration of a second PGF treatment 24 h after 

the first improves complete luteolysis during Ovsynch (Wiltbank et al., 2015; Borchardt et al., 

2018), individual responses to the synchronization treatments were not confirmed in the present 

study. Cows that failed to respond appropriately to one or more treatments in the PG3G program 

would be more likely to be included in the non-estrus group and would also be expected to have 

reduced fertility after TAI. Therefore, the observed association may reflect successful 

synchronization, a more favorable periovulatory environment among cows expressing estrus, or a 

combination of both. Nevertheless, activity monitor-detected estrus identified a subset of cows 

with greater reproductive success following first-service PG3G synchronization. Future studies are 

warranted to determine whether estrus expression is merely a marker of improved synchrony or 

can contribute to greater fertility. 
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 Estrus Expression and Calving Outcome 

Among cows diagnosed pregnant at 34 ± 3 d after AI, the proportion that subsequently 

calved was greater for cows that expressed estrus before TAI (58/61 = 95.1%) than for cows that 

did not express estrus (144/171 = 84.2%; P = 0.045), whereas parity was not associated with the 

probability of calving (P = 0.52). Thus, the relationship between estrus expression and 

reproductive success was not limited to pregnancy diagnosis at 34 ± 3 d after AI. This finding is 

consistent with previous reports of a lower risk of pregnancy loss among cows that expressed 

estrus before insemination than among those that did not (Pereira et al., 2016; Consentini et al., 

2025). Although the presence of cows that failed to respond completely to the synchronization 

protocol in the non-estrus group could explain part of the difference in initial P/AI, all cows 

included in the calving analysis had already established a detectable pregnancy. Therefore, the 

greater proportion of cows subsequently calving among those that expressed estrus may reflect 

biological differences extending beyond ovulatory synchrony alone, potentially involving oocyte 

competence, early embryonic development, luteal function, the uterine environment, or pregnancy 

maintenance. Nevertheless, these potential mechanisms were not evaluated in the present study 

and require further investigation. 

The positive association between estrus expression and reproductive success raises the 

question of whether TAI programs could be modified to promote a greater incidence of estrus. 

Different strategies have successfully increased estrus expression before TAI or embryo transfer. 

One approach is extending the interval between luteolysis and induction of ovulation (“extended 

proestrus”), allowing additional time for dominant follicle growth and endogenous estradiol 
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production. Using this strategy during TAI Laplacette et al. (2024) increased estrus expression by 

delaying the final GnRH treatment. More recently, removing the final GnRH of a Double-Ovsynch 

resulted in high estrus expression and high P/AI when cows were bred to estrus (Laplacette et al., 

2026). Similarly, extending proestrus also increased estrus expression in lactating dairy cows 

submitted to timed embryo transfer in our recent work (unpublished), although the principal 

benefit in that study was reduced pregnancy loss rather than increased pregnancy establishment. 

Alternatively, Consentini et al. (2025) increased estrus expression in TAI programs by using 

estradiol benzoate rather than extending proestrus. These findings indicate that estrus expression 

can be increased through either pharmacological approaches or by extending the physiological 

proestrus period. However, whether greater estrus expression consistently translates into greater 

fertility appears to depend on the synchronization strategy, reproductive technology (TAI vs. 

TET), and, more importantly, the accompanying periovulatory endocrine environment. 

 

 Estrus Intensity and Duration 

Our secondary hypothesis regarding estrus intensity and duration was not supported 

because neither variable was associated with P/AI. Among the 240 cows that expressed estrus 

preceding TAI, estrus intensity and estrus duration were correlated (r = 0.58). On average, estrus 

intensity was 5.77 ± 1.51 units, and estrus duration was 14.2 ± 3.55 h. Despite this variability, 

neither estrus intensity nor estrus duration was associated with P/AI (P ≥ 0.70).  

Previous studies in which cows were inseminated following estrus detection reported 

greater P/AI with greater estrus intensity (Madureira et al., 2015; Tippenhauer et al., 2021) or 
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longer estrus duration (Burnett et al., 2017). Greater estrus intensity was also associated with 

greater P/AI in cows submitted to an estradiol–progesterone-based TAI protocol (Madureira et al., 

2019). Several factors could explain the contrasting results. First, cows in the current study were 

inseminated at a predetermined time rather than according to the onset or peak of estrus. 

Consequently, differences in estrus characteristics did not alter the timing of AI. Second, only 

alerts classified by the system as “in heat” were included, which may have restricted the range of 

estrus intensity and duration evaluated. Third, activity-monitor measurements are generated by 

proprietary algorithms, and the reported intensity and duration may not correspond directly to the 

biological onset, magnitude, or duration of standing estrus. Finally, analyses of estrus 

characteristics were limited to 240 cows, reducing the statistical power to detect modest 

associations. Thus, under the conditions of the present study, once a cow was classified as 

expressing estrus, the quantitative characteristics generated by the activity monitor provided no 

additional information regarding pregnancy outcome. 

 

 Study Limitations 

An important limitation of this retrospective study was the absence of ovarian and 

endocrine measurements to confirm the physiological response to the synchronization protocol. 

Consequently, we could not distinguish between cows that were adequately synchronized but did 

not express detectable estrus and cows that failed to respond to the protocol. Therefore, the 

potential inclusion of cows with suboptimal synchronization in the non-estrus group may have 

contributed to their lower P/AI. Although cows expressing estrus outside the expected peri-
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insemination period were excluded to reduce the potential influence of asynchronous ovulations, 

this procedure could not ensure that all remaining cows responded appropriately to the protocol. It 

is also important to note that very few cows remained in the dataset with estrus detected between 

48 and 24 h before TAI. Most cows expressing estrus during this interval were bred to estrus 

according to routine herd management and, therefore, were excluded during data curation. The 

few remaining cows were retained because of their negligible number and expected minimal 

influence on the overall results. 

Several additional limitations should be considered. This study was retrospective and 

included records from one herd using one first-service synchronization program and one activity-

monitoring system only. Consequently, the results need to be validated in other herds, breeds, 

synchronization programs, or monitoring technologies. Finally, calving outcomes were available 

only for a subset of the study period, and estrus intensity and duration were derived from 

proprietary software rather than from direct behavioral observations. These limitations reinforce 

the interpretation of the findings as associations and, subsequently, as evidence for using estrus 

expression to detect a subgroup of cows with greater P/AI. The true biological and applied 

implications of this should be further evaluated in future studies. 

 

 APPLICATIONS 

Activity monitor-detected estrus during the 48 hours preceding first-service TAI was 

associated with greater P/AI and a greater proportion of pregnant cows subsequently calving. Thus, 

estrus expression identified a subset of lactating dairy cows with greater reproductive success 
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following PG3G synchronization. However, because synchronization and ovulation were not 

confirmed, the association may reflect successful synchronization, a more favorable periovulatory 

environment, or both. Estrus intensity and duration did not provide additional information 

regarding fertility beyond the occurrence of estrus itself. Under the conditions of this study, the 

occurrence of an estrus alert was more informative than the quantitative characteristics of the alert. 
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 FIGURE LEGENDS 

 

Figure 2.1. Incidence of activity monitor-detected estrus during the 48 h preceding first-service 

TAI in primiparous (n = 417) and multiparous (n = 647) lactating dairy cows submitted to a PG3G 

synchronization protocol. Briefly, the first service was conducted at 75 ± 3 days in milk using a 

PG3G protocol (D –20: PGF; D –17: GnRH; D –10: GnRH; D –3: PGF; D –2: PGF; D –1 PM: 

GnRH; D 0: TAI). Values within bars represent the percentage (and number) of cows with and 

without estrus. Means of each bar with different letters differ (P < 0.05). 

 

Figure 2.2. PG3G synchronization protocol used for first-service timed artificial insemination 

(TAI) in lactating dairy cows (left panel) and temporal distribution of activity monitor-detected 

estrus during the 48 h preceding TAI (right panel). The histogram represents the number of estrus 

events according to the interval between estrus detection and TAI. PG = cloprostenol sodium; G 

= gonadorelin acetate. Briefly, the first service was conducted at 75 ± 3 days in milk using a PG3G 

protocol (D –20: PGF; D –17: GnRH; D –10: GnRH; D –3: PGF; D –2: PGF; D –1 PM: GnRH; 

D 0: TAI). 

 

Figure 2.3. Pregnancy per artificial insemination (P/AI) according to activity monitor-detected 

estrus during the 48-h preceding first-service timed artificial insemination (TAI) in primiparous 

and multiparous lactating dairy cows. Briefly, the first service was conducted at 75 ± 3 days in 

milk using a PG3G protocol (D –20: PGF; D –17: GnRH; D –10: GnRH; D –3: PGF; D –2: PGF; 
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D –1 PM: GnRH; D 0: TAI). The effects of estrus expression, parity, and the estrus by parity 

interaction were evaluated using a logistic regression model. Values above and within bars 

represent the percentage and number of pregnant cows, respectively. Overall bars represent all 

cows combined regardless of parity.
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Figure 2.1 Incidence of activity monitor-detected estrus during the 48 h preceding first-

service TAI.  
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Figure 2.2 PG3G synchronization protocol and temporal.  
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Figure 2.3 Pregnancy per artificial insemination (P/AI) according to activity monitor-

detected estrus during the 48-h preceding first-service timed artificial insemination (TAI) 

in primiparous and multiparous lactating dairy cows.   
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The findings presented in Chapter 2 demonstrated that estrus expression before timed 

artificial insemination was associated with greater fertility and subsequent calving success in 

synchronized Holstein dairy cows. However, these results also raised an important biological 

question: does estrus expression itself contribute to improved reproductive performance, or 

does it simply identify cows that experienced a more favorable periovulatory endocrine 

environment? Because the retrospective design of that study did not allow assessment of ovarian 

dynamics or endocrine function, the physiological mechanisms underlying this association 

remained unclear. To address this question, the study presented in Chapter 3 was designed.
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The study presented in this chapter investigated the physiological significance of estrus 

expression under synchronized reproductive management. Specifically, the effects of extending 

the proestrus on estrus expression, periovulatory ovarian structures, luteal function, and 

fertility in lactating dairy cows receiving timed embryo transfer were evaluated.
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Interpretative Summary: Extending the interval between cloprostenol and gonadorelin from 48 

to 72 h in a modified Double-Ovsynch protocol increased estrus expression in lactating dairy cows 

used as embryo recipients. Although pregnancy at D39 was unaffected, cows assigned to the 

extended-interval protocol and those that expressed estrus had greater pregnancy per embryo 

transfer at D80 due to reduced pregnancy loss. These improvements were associated with larger 

preovulatory follicles, greater corpus luteum volume, and greater progesterone concentrations after 

ovulation, suggesting that extending the proestrus period promotes a more favorable maternal 

physiological environment for pregnancy maintenance.  
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 ABSTRACT 

The objective of this study was to evaluate the effects of extending the interval between 

cloprostenol (PG) and the final gonadorelin (G) administration from 48 to 72 hours on estrus 

expression, pregnancy per embryo transfer (P/ET), and pregnancy loss (PLOSS) in lactating dairy 

cows subjected to Double-Ovsynch (DOV) for timed embryo transfer (ET). Dairy cows were 

enrolled in weekly cohorts at 40 d in milk and randomly assigned to one of two groups: DOV48 

(n = 693) or DOV72 (n = 683), final G injection 48 or 72 h after PG, respectively. Estrus expression 

was evaluated once daily using tail-chalk paint. Cows with a corpus luteum received a single grade-

1 in-vitro produced blastocyst on D7 (D0 = Day of final G). Pregnancy was diagnosed by 

ultrasound at D39 and D80. Statistical analysis was carried out using generalized linear mixed 

models. Cows assigned to DOV72 were more likely to express estrus (64.7%) compared with cows 

assigned to DOV48 (20.6%; P < 0.001). In DOV72, more cows expressed estrus on the D0 than D 

–1 or D1, whereas in DOV48, estrus expression was lower on D –1 but did not differ between D0 

and D1 (P < 0.001). From the 1,376 cows that completed the protocol, 1,221 received an embryo, 

resulting in a recipient utilization rate of 88.7%, which did not differ between protocols. P/ET at 

D39 was not affected (P ≥ 0.17) by protocol, estrus expression, or their interaction. At D80, P/ET 

tended to be greater for cows assigned to DOV72 than to DOV48 (27.3 vs. 23.3%; P = 0.11), and 

it was significantly greater for cows that expressed estrus than for those that did not (28.2 vs. 

22.9%; P = 0.03).  PLOSS between D39 and D80 was reduced by 44% in cows assigned to DOV72 

compared with DOV48 (P = 0.03) and by 42% in cows that expressed estrus compared with those 

that did not (P = 0.05). Ovarian dynamics and circulating progesterone (P4) concentrations were 
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evaluated in a randomly selected subset of 212 cows using transrectal ultrasonography and blood 

sampling on D−3, D0, and D6 relative to the final G injection. Cows assigned to DOV72 had 

greater preovulatory follicle diameter (P = 0.035) and greater CL volume on D6 (P = 0.004) than 

cows assigned to DOV48. Likewise, cows that expressed estrus had greater preovulatory follicle 

diameter (P < 0.001), greater CL volume on D6 (P = 0.039), and greater circulating P4 

concentrations on D6 (1.97 ± 1.2 vs. 1.11 ± 1.1 ng/mL; P = 0.01) than cows that did not express 

estrus. In conclusion, extending the interval between PG and G from 48 to 72 h increased estrus 

expression and reduced PLOSS in lactating dairy embryo recipients. The associated increases in 

preovulatory follicle diameter and postovulatory CL volume and P4 concentrations suggest a more 

favorable maternal physiological environment for pregnancy maintenance. These findings support 

extending the interval between PG and G from 48 to 72 hours as a practical modification to DOV 

for timed ET. 

 

Keywords: Dairy Cattle, Reproduction, Estrus, pregnancy per embryo transfer, pregnancy losses. 
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 INTRODUCTION  

Increased milk production in modern dairy cows has been associated with important 

changes in reproductive physiology, including altered steroid hormone metabolism (Sangsritavong 

et al., 2002), reduced intensity and duration of estrous behavior (Lopez et al., 2004), and decreased 

efficiency of estrus detection (Sangsritavong et al., 2002, Lopez et al., 2004, Wiltbank et al., 2006). 

These reproductive challenges contributed to reductions in fertility during the late twentieth 

century; however, the development and adoption of synchronization protocols for timed artificial 

insemination (TAI) substantially improved reproductive management and efficiency (Pursley et 

al., 1995, Wiltbank and Pursley, 2014).  

Timed artificial insemination protocols reduce dependence on estrus detection by 

synchronizing ovulation and allowing insemination at a predetermined time (Santos et al., 2017). 

In that sense, GnRH-based protocols for dairy cattle have historically aimed to induce ovulation 

of mid-sized follicles (Wiltbank et al., 2000), partially to avoid the negative association between 

insemination to estrus and fertility in dairy cattle (Lopez et al., 2004, Wiltbank et al., 2006). In 

fact, during fertility programs such as Double-Ovsynch (Souza et al., 2008), estrus expression 

preceding the breeding is only around 30% (Lauber and Fricke, 2023). However, retrospective 

studies have associated the expression of estrus before insemination with improved conception 

and reduced pregnancy loss in both TAI and embryo transfer (ET) programs (Pereira et al., 2016, 

Madureira et al., 2019, Tippenhauer et al., 2021). Retrospective data from our laboratory 

(unpublished) have shown that lactating dairy cows that expressed estrus before breeding had a 

46% higher odds ratio of becoming pregnant than their counterparts that did not express estrus 
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when the entire group was synchronized using a PG-G plus an Ovsynch 56 protocol (Stevenson 

and Pulley, 2012). Nonetheless, specific strategies to promote estrus during GnRH-based protocols 

in dairy cows are only beginning to be explored (Laplacette et al., 2024, Laplacette et al., 2026). 

Two strategies have been proposed to promote estrus preceding the synchronized 

insemination. The first one delays gonadorelin (G) administration after the last cloprostenol (PG) 

administration on a DOV, therefore, extending the “proestrus period” and allowing additional time 

for follicular development and estradiol secretion before ovulation induction (Abel et al., 2017, 

Laplacette et al., 2024, Laplacette et al., 2026). By extending the interval between the last PG and 

G in the DOV protocol from 56 to 80 hours, Laplacette et al. (2024) increased the incidence of 

estrus expression from 28% to 70%. Although DOV80 increased the proportion of cows 

expressing estrus, and cows expressing estrus had greater pregnancy per AI (P/AI), cows that failed 

to express estrus had lower P/AI in DOV80 than in DOV56. A second approach has been proposed 

to induce synchronized, hormonally controlled estrus inseminations using a modified DOV 

protocol (Laplacette et al., 2026). In this study, the authors synchronize lactating cows with a 

modified DOV in which the last G is not administered. Instead, cows were bred to estrus for a 7-

day period after the last PG synchronization, and cows that remain unbred (~12%) were 

subsequently enrolled in a progesterone-supplemented Ovsynch protocol. Although these 

approaches have successfully promoted synchronized, hormonally controlled estrus in AI 

programs, comparable strategies have not been evaluated in ET programs. 

Therefore, the objective of the present study was to evaluate the effects of extending 

proestrus by delaying the final G administration from 48 to 72 h after PG on estrus expression and 
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fertility outcomes in lactating dairy cows subjected to a timed embryo transfer protocol. We also 

aimed to characterize the ovarian dynamics and circulating progesterone (P4) concentrations 

resulting from such an alteration. We hypothesized that extending the interval between PG and G 

administration would increase estrus expression, improve pregnancy per ET, and reduce pregnancy 

loss in lactating dairy embryo recipients. We further hypothesized that the increased fertility will 

be associated with a more favorable peri- and post-ovulatory endocrine milieu characterized by a 

larger preovulatory follicle size, greater luteal size, and increased circulating P4 concentrations 

after ovulation. 

 

 MATERIALS AND METHODS 

 Ethics Statement 

All animal handling was performed according to the United States Department of 

Agriculture Guide for Care and Use of Agricultural Animals in Research and approved by the 

Institutional Animal Care and Use Committee of Kansas State University under protocol #4982. 

 

 Cows, Housing, and General Management 

The current study comprised 1,415 lactating dairy cows used as ET recipients during the 

Summer and Fall of 2025. All cows were housed on a single commercial dairy farm that 

exclusively milks first-lactation animals. Cows were grouped by days in milk (DIM) and housed 

in open dry-lot pens (~400 cows/pen) with concrete surfaces along the feed bunk and water trough 

areas. Cows were milked twice daily at approximately 12-h intervals and fed a total mixed ration 
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twice daily, formulated to meet or exceed the nutrient requirements of lactating dairy cows based 

on milk production and stage of lactation. Cows were managed under the standard herd health 

protocols, and animals that developed clinical health events, as evaluated by herd veterinarians, 

were removed from the ET program and from the current study. 

All cow-handling procedures were performed once daily after the morning milking, while 

the cows were restrained in headlocks at the feed bunk. Herd management, including treatment 

scheduling, hormonal treatments, estrus observations, embryo transfers, pregnancy diagnoses, and 

other protocol-related procedures, were managed using BoviSync herd management software 

(BoviSync LLC, Amarillo, TX). Daily task lists were generated according to the assigned 

synchronization protocol, and the BoviSync mobile application was used in conjunction with a 

Bluetooth-enabled handheld electronic identification reader to identify cows and record all 

protocol-related procedures in real time. All records were stored electronically within the software 

and subsequently extracted for statistical analysis. 

 

 Synchronization Protocols, Estrus Detection, and Embryo Transfer  

Cows between 38 and 45 DIM were enrolled weekly in the study and randomly assigned 

to one of two synchronization protocols designed to differ in the interval between the last PG and 

G (Figure 3.1). Briefly, cows assigned to the first protocol (DOV48, n = 712) received an 

intramuscular G injection (100 µg of gonadorelin; D −26), followed 7 d later by an intramuscular 

injection of PG (500 µg of cloprostenol; D −19). A second G injection (100 µg) was administered 

72 h after PG (d −16). Seven days later (D −9), cows received a G injection (100 µg), followed 7 
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d later by two intramuscular injections of PG (500 µg each) administered 24 h apart (D −2 and D 

−1). Ovulation was induced with a final G injection (100 µg) administered 48 h after the first PG 

injection (D0). Cows assigned to the second protocol (DOV72, n = 703) protocol received the 

same hormonal treatments and injection sequence as described for DOV48, except that ovulation 

was induced with a final G injection administered 72 h after the first PG injection. Cows in DOV72 

started the synchronization protocol one day earlier, so that the day of the last G for both protocols 

was the same day of the calendar (D0 = Thursdays).  

On D −1, D0, and D1 relative to the final G injection, estrus expression was evaluated 

using tail chalk paint. Cows were classified as being in estrus when at least 50% of the tail chalk 

paint was removed and at least two secondary signs of estrus were observed. Cows that displayed 

estrus behavior outside of this predefined observation window (D −1, D0, and D1) were excluded 

from the ET program.  

On D6, the presence of a corpus luteum (CL) was confirmed by transrectal 

ultrasonography, and only cows bearing a CL were eligible to receive an embryo. Subsequently, 

on D7, a single in vitro-produced embryo classified as developmental stage 7 and grade 1 

according to the International Embryo Technology Society (Wright et al., 2010) guidelines was 

transferred into the uterine horn ipsilateral to the CL using standard nonsurgical ET procedures. 

Before transfer, cows received a caudal epidural injection of lidocaine (5 mL of 2% lidocaine 

hydrochloride; Aspen) to facilitate the procedure. Embryos were cultured in vitro for 7 d before 

morphological evaluation and were either transferred fresh (n = 966) or after vitrification and 

warming (n = 183). 
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 Ovarian Dynamics and Progesterone Concentrations 

Ovarian dynamics were assessed in a subgroup of cows (n = 212) randomly selected at 

each week of enrollment. The same cows were evaluated on D −3, D0, and D6 using a B-mode 

ultrasound system (IBEX EVO II; E.I. Medical Imaging, Loveland, CO) equipped with a 7.5-MHz 

linear-array transducer. Diameter of the largest follicle (assumed to be the pre-ovulatory follicle 

on D –3 and D0 [if present]) and the diameter of the CL (D –3, D0, D6) were determined as the 

average of the structure height and width measured at the apparent maximal cross-sectional area 

from frozen gray-scale images (Gomez-León et al., 2019). The CL volume was estimated 

assuming a spherical geometry using the formula [V = 4/3 × π × R³, where R = diameter/2]. 

Volumes were converted from milliliters (mL) to cubic millimeters. When present, the volume of 

the CL cavity was calculated using the same approach and subtracted from the total CL volume. 

Blood samples were collected from the same randomly selected subset of cows from each 

treatment group on D −3, D0, and D6 to determine circulating P4 concentrations during the 

synchronization protocol. Samples were collected via coccygeal venipuncture into heparinized 

blood collection tubes (BD Vacutainer, 8.5 mL; Becton, Dickinson and Company, Franklin Lakes, 

NJ), placed in a cooler with ice, and after centrifugation at 2,000 × g for 15 min, the plasma was 

harvested and stored at −20°C until hormone analysis. Following the manufacturer's instructions, 

P4 concentrations were determined using a solid-phase radioimmunoassay kit containing 

antibody-coated tubes and 125I-labeled P4 (ImmuChem Coated Tube Progesterone 125I RIA Kit, 
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MP Biomedicals, Costa Mesa, CA, USA). The intra-assay CV and sensitivity were 5.3% and 0.037 

ng/mL, respectively. 

 

 Pregnancy Diagnosis  

Pregnancy diagnosis was determined by transrectal ultrasonography performed at D39 (32 

days after ET). Cows were classified as pregnant upon visualization of the embryo with a 

detectable heartbeat. A second pregnancy diagnosis was conducted on D80. Cows that were bred 

before the initial pregnancy diagnosis were considered nonpregnant. Cows that were bred after 

being diagnosed as pregnant on D39 were recorded as nonpregnant at D80. Pregnancy losses were 

recorded when a cow was diagnosed as pregnant on D39 and nonpregnant on D80. 

 

 Statistical Analysis  

All statistical analyses and graphical outputs were generated using R (version 4.1.8; R 

Foundation for Statistical Computing, Vienna, Austria). 

A power analysis determined that a minimum of 590 cows per group was required to detect 

a 7% difference in pregnancy per embryo transfer (30% vs. 37%) between cows that expressed 

estrus and those that did not, assuming an α = 0.05 and 80% power. 

The effect of reproductive protocol (DOV48 vs. DOV72) on estrus expression was 

analyzed using a generalized linear mixed-effects model with a binomial distribution and logit link 

function, including reproductive protocol as a fixed effect and pen and week of enrollment as 

random effects. The distribution of estrus timing relative to the final D injection (D −1, D0, and 
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D1) was summarized using contingency tables. Associations between reproductive protocol and 

estrus timing were evaluated using a chi-square test of independence. When the overall association 

was significant, pairwise comparisons of proportions within each estrus category were performed 

using two-sample tests for equality of proportions with Holm adjustment for multiple comparisons. 

Pregnancy per embryo transfer (P/ET) and pregnancy loss (PLOSS) were analyzed as 

binary outcomes using generalized linear mixed-effects models with a binomial distribution and 

logit link function. Three separate models were fitted for each outcome. The first model included 

protocol (DOV48 or DOV72) as the only fixed effect, the second included estrus expression (yes 

or no) as the only fixed effect, and the third included protocol, estrus expression, and their 

interaction as fixed effects. All models included week of enrollment, embryo type (fresh or 

vitrified), and ET technician as random effects. 

Physiologic variables (preovulatory follicle diameter, CL volume, and P4 concentrations) 

were analyzed using linear mixed-effects models. Repeated measures over time (D −3 and D0 

relative to the final G injection) were accounted for by including cow as a random effect. As 

described for the analyses of pregnancy outcomes, three separate models were fitted for each 

response variable. The first model included protocol (DOV48 or DOV72) as the only fixed effect, 

the second included estrus expression (yes or no) as the only fixed effect, and the third included 

protocol, estrus expression, and their interaction as fixed effects. Repeated measurements collected 

on D −3 and D0 (follicle and CL) were analyzed by including the cow as a random effect to account 

for within-cow correlations over time. A single repeated measurement model was used to analyze 
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CL volume obtained on D −3 and D0, whereas CL volume on D6 was analyzed separately because 

it represented the newly formed CL following ovulation. 

Model assumptions were evaluated by inspecting residual diagnostics and assessing model 

convergence. Concentrations of P4 were log-transformed to meet model assumptions of normality. 

Least squares means were estimated using the emmeans package, and pairwise comparisons were 

adjusted using Tukey’s method. Data are reported as proportions (% [n/n]) or raw means ± SEM, 

unless indicated otherwise. Statistical significance was declared at P ≤ 0.05, and tendencies were 

considered at 0.05 < P ≤ 0.10. 

 

 RESULTS 

A total of 1,376 cows, out of the 1,415 enrolled in the study, completed all synchronization 

treatments (DOV48, n = 693; DOV72, n = 683) and were included in the analysis. At enrollment, 

cows averaged 42 ± 2 DIM and produced 29 ± 5.6 kg of milk per day. At the time of ET, cows 

averaged 80 ± 2 DIM and produced 33 ± 5.3 kg of milk per day. Milk production at enrollment 

and on the day of ET did not differ between reproductive protocols (P = 0.59). However, cows that 

expressed estrus produced less milk than cows that did not express estrus (P = 0.01). No interaction 

between reproductive protocol and estrus expression was detected for milk production (P = 0.67). 

Estrus expression following synchronization differed by experimental protocol (Figure 

3.2). Overall, the proportion of cows expressing estrus was greater (P < 0.001) in DOV72 than in 

DOV48 (64.7% vs. 20.6%; Figure 3.2). Accordingly, cows assigned to the DOV72 protocol had 

greater odds of expressing estrus compared with cows assigned to the DOV48 protocol (OR = 
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2.84; 95% CI: 2.50–3.23; P < 0.001). Similarly, the distribution of estrus relative to the final G 

injection (D0) differed between experimental protocols (χ² test, P < 0.001; Figure 3.3). That is, on 

D –1, the proportion of cows expressing estrus tended to differ between experimental protocols 

(DOV48 [0.6%] vs. DOV72 [1.5%]; P = 0.1). On D0, more cows in the DOV72 (41%) expressed 

estrus than cows in the DOV48 (8.9%; P < 0.001). Likewise, on D1, more cows in the DOV72 

(22.1%) expressed estrus than cows in the DOV48 (11%; P < 0.001). Thus, within DOV72, more 

cows expressed estrus on D0 than D –1 and D1, whereas within DOV48, estrus expression was 

not different between D0 and D1 and was lower in D –1. 

A total of 1,221 cows, out of the 1,376 that completed all treatments, received an embryo 

and were included in the pregnancy outcome analyses. This resulted in an overall recipient 

utilization rate of 88.7%, which was not affected by the experimental protocol (DOV48: 88.3% 

[612/693] vs. DOV72: 89.2% [609/683]; OR = 1.08; 95% CI: 0.77–1.51; P = 0.64; data not shown). 

Three cows were subsequently excluded from the P/ET analyses because they had been transferred 

by a technician who performed only three ET during the study, leaving 1,218 cows for the 

pregnancy analyses. Overall P/ET on D39 (Figure 3.4) was 29.8% (363/1,218) and did not differ 

between cows assigned to the DOV48 and DOV72 protocols (OR = 1.07; 95% CI: 0.84–1.37; P = 

0.57) and was not affected by estrus expression (OR = 1.19; 95% CI: 0.93–1.53; P = 0.17). 

Similarly, no interaction was detected between the experimental protocol and estrus expression 

(OR = 1.31; 95% CI: 0.74–2.33; P = 0.35). Five cows diagnosed pregnant on D39 were removed 

from the study before the second pregnancy diagnosis because they either died or were sold. 

Therefore, 1,213 cows were included in the D80 pregnancy analyses. Overall P/ET on D80 (Figure 
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3.5) was 25.4% (307/1,213) and was affected by both the experimental protocol and estrus 

expression. There was a tendency for the experimental protocol to affect P/ET at D80 (OR = 1.24; 

95% CI: 0.95–1.60; P = 0.11). Similarly, estrus expression increased P/ET at 80 d (OR = 1.35; 

95% CI: 1.03–1.76; P = 0.03). No interaction between reproductive protocol and estrus expression 

was detected (OR = 1.32; 95% CI: 0.72–2.42; P > 0.10). Overall PLOSS was 14.7% (Figure 3.6) 

and was affected by experimental protocol (OR = 0.50; 95% CI: 0.27–0.93; P = 0.03; Figure 3.6) 

and estrus expression (OR = 0.53; 95% CI: 0.29–0.99; P = 0.048), with no interaction between 

reproductive protocol and estrus expression (OR = 0.76; 95% CI: 0.18–3.06.32; P = 0.70). 

As expected, the diameter of the preovulatory follicle increased from D −3 to D0 regardless 

of experimental protocol (P < 0.001, Figure 3.7A–C). The preovulatory follicle diameter was 

greater in DOV72 compared with DOV48 (14.2 ± 0.22 vs. 13.6 ± 0.22 mm, respectively), 

regardless of the day (P = 0.035), but no interaction of protocol by day was observed for the 

preovulatory follicle diameters (Figure 3.7A). Cows that expressed estrus had greater preovulatory 

follicle diameter regardless of day compared with those that did not express estrus (P ≤ 0.001), but 

the estrus-by-day interaction was not significant (Figure 3.7B). No protocol-by-day-and-estrus 

interaction was observed (P ≥ 0.14; Figure 3.7C).  

As expected, CL volume (Figure 3.7D–F) decreased from D −3 to D0 regardless of 

reproductive protocol or estrus expression (P < 0.001), reflecting luteal regression following 

PGF₂α administration. Corpus luteum volume was not affected by reproductive protocol (P = 0.42) 

or estrus expression (P = 0.74), and no protocol-by-day or estrus-by-day interactions were detected 

(P ≥ 0.22; Figure 3.7D, E). However, a protocol-by-day-by-estrus interaction was observed (P = 
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0.012; Figure 3.7F), indicating that the pattern of luteal regression differed when reproductive 

protocol and estrus expression were considered simultaneously. Despite this interaction, CL 

volume decreased from D −3 to D0 in all groups (P < 0.001). At D6, CL volume was greater in 

cows assigned to DOV72 than DOV48 (5.89 ± 0.25 vs. 4.89 ± 0.24 cm³; P = 0.004) and in cows 

that expressed estrus than in those that did not (5.84 ± 0.28 vs. 5.09 ± 0.28 cm³; P = 0.039), with 

no protocol-by-estrus interaction detected (P = 0.92; Figure 3.7D–F). 

Finally, circulating P4 concentrations (Figure 3.7G–I) changed over time (P < 0.001), 

decreasing from D −3 to D0 and increasing again by D6, consistent with luteolysis followed by 

luteal development after ovulation. Progesterone concentrations were affected by reproductive 

protocol (P = 0.035), and a protocol-by-day interaction was detected (P < 0.001; Figure 3.7G). 

The interaction was primarily explained by lower P4 concentrations on D0 in cows assigned to 

DOV72 than in those assigned to DOV48, whereas no differences between protocols were detected 

on D −3 or D6. The main effect of estrus expression was not significant (P = 0.3); however, a day-

by-estrus interaction was detected (P = 0.02; Figure 3.7H). This interaction was primarily 

explained by similar P4 concentrations between cows that expressed or did not express estrus on 

D −3 and D0 (P ≥ 0.20), whereas cows that expressed estrus had greater P4 concentrations on D6 

(1.97 ± 1.2 vs. 1.11 ± 1.1 ng/mL; P = 0.01). No protocol-by-estrus or protocol-by-day-by-estrus 

interactions were detected (P ≥ 0.52; Figure 3.7I). 
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 DISCUSSION 

Strategies to promote estrus expression preceding insemination in synchronization 

protocols have been explored as an alternative to increase fertility during GnRH-based protocols. 

Although previous studies have reported greater P/ ET and reduced PLOSS in recipient cows 

expressing estrus before ET (Jinks et al., 2013, Pereira et al., 2016, Madureira et al., 2019), limited 

information exists regarding strategies designed to promote estrus expression in recipient lactating 

dairy cows subjected to GnRH-based synchronization protocols and how these strategies influence 

ovarian dynamics, luteal development, and pregnancy outcomes after ET. In our current study, 

increasing the interval from the last PG to G injection from 48 to 72 h increased estrus expression 

3.1-fold, decreased PLOSS 1.8-fold, and increased P/ET on D80 1.17-fold. Additionally, ovarian 

dynamics support the fertility differences observed between the two experimental protocols and 

between cows that expressed estrus and those that did not. These findings offer an alternative to 

improve timed-ET protocols for lactating dairy cows and provide further evidence of the fertility 

benefits of synchronized, hormonally controlled estrus expression ET. 

Hypothesis 1 was partially supported, that extending the interval between PG and G 

administration would increase estrus expression, improve pregnancy per ET, and reduce PLOSS 

in lactating dairy embryo recipients. Support for hypothesis 1 came from the increase in estrus 

expression from 20.6% in DOV48 to 64.7% in DOV72. A shift in the distribution of estrus relative 

to the final G was observed in cows subjected to the DOV72 protocol, with a greater proportion 

of cows expressing estrus on D0, whereas the proportion of cows expressing estrus in DOV48 did 

not differ between D0 and D1. Conversely, the greater proportion of cows expressing estrus on D1 
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in DOV48 suggests that many cows had not yet completed the periovulatory endocrine transition 

before G administration, resulting in behavioral estrus only after ovulation had already been 

induced. Because estrus expression is driven by estradiol produced by the preovulatory follicle 

after luteolysis, the timing of estrus reflects the rate at which individual cows achieve sufficient 

estradiol exposure. Although behavioral estrus can occur within approximately 12 to 18 h after 

adequate estradiol stimulation, most estrus activity in synchronized dairy cows occurs 

approximately 2 to 4 d after PGF₂α administration (Laplacette et al., 2024, Laplacette et al., 2026; 

Perry et al., 2020). Therefore, extending the interval between PG and G likely provided additional 

time for dominant follicles to produce sufficient estradiol to induce behavioral estrus before 

ovulation induction. Our results agree with previous studies using a similar approach of delaying 

ovulation for insemination purposes (Laplacette et al., 2024, Laplacette et al., 2026). 

Contrary to our initial hypothesis and to results from TAI studies (Laplacette et al., 2024), 

neither experimental protocol nor estrus expression affected P/ET on D39. This finding likely 

reflects the experimental design itself. By using an embryo transfer model, the contribution of 

oocyte competence, fertilization, and the earliest stages of embryonic development to pregnancy 

outcome was largely minimized. Furthermore, recipient selection required the presence of a 

functional CL before embryo transfer, thereby excluding cows that failed to ovulate and reducing 

variation associated with synchronization failure. Consequently, a major strength of the present 

study is that it allowed a more direct evaluation of the maternal physiological factors associated 

with estrus expression than would be possible in a conventional TAI study. Although these 
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observations suggest that the contribution of estrus expression to early pregnancy establishment 

may be less pronounced in ET than in TAI programs, direct comparisons are needed. 

In support of our hypothesis, both experimental protocol and estrus expression affected 

P/ET on D80. Cows subjected to DOV72 had 23.6% greater odds of pregnancy than cows 

subjected to DOV48, and cows expressing estrus had 34.8% greater odds of pregnancy than cows 

that did not express estrus. These differences resulted from the lower pregnancy loss observed 

between D39 and D80 in cows subjected to DOV72 and in cows that expressed estrus. Similarly, 

Consentini et al. (2025) reported that estradiol supplementation during a GnRH-based TAI 

protocol reduced pregnancy loss despite having no effect on pregnancy per AI at the initial 

pregnancy diagnosis, suggesting that endocrine changes associated with estrus may contribute 

more to pregnancy maintenance than to early pregnancy establishment. Because the differences in 

fertility emerged after the initial pregnancy diagnosis on D39, the physiologic mechanisms 

responsible for improved fertility likely relate to pregnancy maintenance rather than early 

establishment. Such mechanisms are likely multifactorial. Nevertheless, the ovarian dynamics and 

endocrine responses evaluated in the present study provide important insight into the physiological 

mechanisms underlying these differences. 

Our second hypothesis was supported, as the greater P/ET observed at D80 was associated 

with a more favorable peri- and postovulatory environment characterized by a larger preovulatory 

follicle, greater luteal volume, and higher circulating progesterone concentrations after ovulation. 

Cows enrolled in the extended proestrus protocol presented a larger dominant follicle at ovulation 

induction and a larger CL volume on D6 after ovulation induction. These findings are consistent 
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with previous work evaluating delayed induction of ovulation in DOV programs, in which 

extending the interval between PG and G increased the proportion of cows with larger preovulatory 

follicles, reflecting continued follicular development before ovulation (Laplacette et al., 2024). 

Collectively, these findings indicate that allowing additional time between luteolysis and ovulation 

influences dominant follicle growth and subsequent luteal development (Pohler et al., 2012). 

Interestingly, despite these structural differences, only estrus expression, and not experimental 

protocol, affected circulating P4 concentrations on D6. Likewise, the associations among estrus 

expression, greater follicular size, larger luteal structures, and increased postovulatory P4 

concentrations observed in the present study are consistent with previous reports in synchronized 

beef and dairy cows (Busch et al., 2008, Laplacette et al., 2024, Minela et al., 2024, Laplacette et 

al., 2026). Together, these findings suggest that extending the interval between PG and G improved 

follicular development, whereas estrus expression identified the subset of cows with the greatest 

postovulatory luteal function. 

In the present study, estrus expression should be interpreted primarily within the context 

of the periovulatory endocrine events preceding CL formation rather than as an indicator of 

recipient oocyte competence. Because embryos were transferred into recipients, the biological 

relevance of the preovulatory follicle is not related to the oocyte or the fertilization process, but 

rather to the endocrine conditions preceding ovulation and the quality of the luteal structure 

subsequently formed, which shapes the uterine environment that supports embryo development 

and pregnancy maintenance. In this context, the greater dominant follicle diameter observed in 

cows expressing estrus likely reflects a periovulatory environment characterized by complete 
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luteolysis, lower circulating P4 before ovulation induction, and greater follicular estradiol 

secretion. In that sense, the decline in P4 during luteolysis is known to precede the rise in 

circulating estradiol, indicating that the endocrine conditions supporting follicular growth and 

estrus expression develop only after functional regression of the CL has begun (Ginther et al., 

2011, Ginther et al., 2012). Functional luteolysis in cattle occurs over approximately 24 h when 

defined as P4 < 1 ng/mL, or approximately 32 h when defined as P4 < 0.5 ng/mL (Wiltbank et al., 

2015), and complete luteolysis has been associated with improved reproductive outcomes in 

synchronization programs (Stevenson and Phatak, 2010; Atanasov et al., 2021). Therefore, 

variation in estrus expression among recipients may reflect differences in the timing and 

completeness of luteolysis after PG treatment, ultimately influencing the periovulatory endocrine 

milieu, subsequent luteal development, and pregnancy maintenance (Minela et al., 2024). 

Although the present study was not designed to determine whether estrus expression itself 

or the associated endocrine milieu was responsible for the improved fertility, the physiological 

responses observed are consistent with the hypothesis that both endogenous estradiol exposure 

before ovulation and the subsequent development of an improved functional CL contribute to 

pregnancy maintenance. Interestingly, Consentini et al. (2025) used estradiol supplementation 

during GnRH-based synchronization protocols and reported reductions in pregnancy loss despite 

little or no effect on pregnancy establishment, producing fertility responses remarkably similar to 

those observed in the present study. An important consideration when comparing these findings 

with TAI studies is that ET protocols inherently select recipients that have successfully ovulated 

and developed a CL before embryo transfer. Consequently, some degree of reproductive 
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asynchrony that would remain within a TAI population is removed during recipient selection, 

potentially reducing differences in early pregnancy establishment between treatment groups. 

Nevertheless, these findings raise the question of whether the benefits associated with estrus 

expression are not solely explained by behavioral estrus as a marker of an appropriate 

periovulatory endocrine sequence, but also by the physiological actions of estradiol on the 

reproductive tract before ovulation. Under this interpretation, extending the proestrus period likely 

increased the proportion of cows that achieved sufficient endogenous estradiol exposure before 

ovulation, resulting in improved luteal function, greater circulating P4 after ovulation, and a 

uterine environment better able to support pregnancy maintenance. Although this interpretation 

remains speculative because circulating estradiol concentrations were not determined, it provides 

a plausible physiological explanation linking the ovarian characteristics observed in the present 

study with the reduction in pregnancy loss between D39 and D80. 

Circulating estradiol concentrations were not determined in the present study; therefore, 

the proposed role of estradiol is inferred from behavioral estrus, ovarian characteristics, and 

previous literature. Likewise, although the ovarian characteristics observed in the present study 

provide a plausible physiological explanation for the reduction in pregnancy loss, the mechanisms 

responsible for this response remain incompletely understood. Preovulatory estradiol regulates 

numerous reproductive processes beyond follicular maturation (Perry et al., 2023), including 

endometrial function (Bridges et al., 2012), uterine receptivity (Bridges et al., 2013, Perry et al., 

2023), and conceptus development (Spencer et al., 2016). Consequently, it is possible that 

differences in the maternal uterine environment contributed to the improved pregnancy 
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maintenance observed in cows expressing estrus and in those subjected to the extended proestrus 

protocol. Because uterine function and conceptus development were not evaluated in the present 

study, the relative contribution of maternal endocrine, uterine, and embryonic factors cannot be 

determined. Future studies integrating endocrine measurements with assessments of uterine 

function and conceptus development will be necessary to further elucidate the mechanisms 

responsible for the reduction in pregnancy loss. Likewise, serial measurements of pregnancy-

associated glycoproteins or earlier pregnancy diagnoses may have provided additional insight into 

when differences in embryonic survival first emerged between treatments (Minela et al., 2024). 

Because pregnancy was first diagnosed on D39, the present study cannot distinguish whether 

treatment effects originated during conceptus elongation, maternal recognition of pregnancy, 

implantation, or later stages of placental development. Finally, the current experimental protocol 

comparison was conducted between PG-to-G intervals of 48 and 72 h. Although many commercial 

dairy operations adopt an intermediate interval of approximately 56 h for physiological reasons, 

evaluating that interval was beyond the scope of the present study and not logistically feasible 

under the conditions of this study. Consequently, the present results should be interpreted as a 

comparison of two biologically distinct proestrus lengths rather than as an identification of the 

optimal interval for all management systems. 

 

 CONCLUSION 

Extending the length between cloprostenol and gonadorelin from 48 to 72 h increased 

estrus expression in lactating dairy cows subjected to a GnRH-based timed embryo transfer 
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program. Cows expressing estrus presented greater preovulatory follicle diameter, larger corpora 

lutea, and greater circulating progesterone concentrations, indicating a more favorable peri- and 

postovulatory endocrine milieu. Estrus expression was not associated with P/ET at D39 but was 

associated with improved pregnancy outcomes and reduced pregnancy loss at d 80. In the context 

of embryo transfer, these findings suggest that the reproductive advantage associated with estrus 

expression is related primarily to pregnancy maintenance rather than initial pregnancy diagnosis. 

Overall, estrus expression within timed embryo transfer programs may function as an indicator of 

a more favorable maternal physiological environment, contributing to pregnancy survival beyond 

early gestation. Future studies directly evaluating the relationship between periovulatory endocrine 

dynamics, uterine receptivity, and pregnancy maintenance in ET recipients are warranted to further 

characterize the maternal mechanisms underlying this association. 
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 FIGURE LEGENDS 

Figure 3.1. Schematic diagram of estrus synchronization protocols for the study. Lactating dairy 

cows at 42 days in milk were randomly enrolled in one of the two protocols (DOV48 or DOV72) 

to receive an embryo 7 days later. G = 100 µg i.m. administration of a gonadorelin; PG = 500 µg 

i.m. administration of a cloprostenol. Ultrasonography was performed from a randomly selected 

subset of animals (from each group) on D–3, D0, and D6 to assess CL presence and quality (D–3, 

D0, and D6), dominant follicle size (D–3 and D0). Blood samples were collected to measure 

progesterone concentrations on D–3, D0, and D6. 

 

Figure 3.2. Estrus expression in cows submitted to the experimental protocols consisting of 48 or 

72 hours of interval between PG and G in a modified Double-Ovsynch (DOV48 or DOV72). Bars 

represent the proportion of cows classified as estrus or no estrus within each treatment group. 

Values inside bars indicate the percentage and number of cows (n). 

 

Figure 3.3. Distribution of estrus relative to the final GnRH injection in cows assigned to the 

experimental protocols consisting of 48 or 72 hours of interval between PG and G in a modified 

Double-Ovsynch (DOV48 or DOV72). Categories represent day of estrus expression relative to G 

(D−1, D0, or D1) or cows that did not express estrus (No Estrus). Bars show the proportion of 

cows within each protocol. Values above bars indicate percentage and number of cows (n). 

Brackets indicate comparisons between protocols within each day category, with corresponding 

P-values. 
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Figure 3.4. Pregnancy per embryo transfer at 39 days in lactating dairy cows that received an 

embryo. P/ET (%) is shown according to synchronization protocol (DOV48 vs. DOV72), estrus 

expression, and their interaction. Values above bars indicate the percentage of pregnant animals 

and the number of pregnant/total cows within each category. P-values correspond to fixed effects 

from a generalized linear mixed model with a binomial distribution.  

 

Figure 3.5. Pregnancy per embryo transfer at 80 days in lactating dairy cows that received an 

embryo. P/ET (%) is presented according to synchronization protocol (DOV48 vs. DOV72), estrus 

expression, and their interaction. Values above bars indicate the percentage of pregnant animals 

and the number pregnant/total recipients within each category. P-values correspond to fixed effects 

from a generalized linear mixed model with a binomial distribution. 

 

Figure 3.6. Pregnancy losses at 80 days of gestation in lactating dairy cows. Pregnancy loss (%) 

is shown according to synchronization protocol (DOV48 vs. DOV72), estrus expression, and their 

interaction. Pregnancy loss was defined as cows diagnosed pregnant at 39 days that were 

nonpregnant at 80 days. Values above bars indicate the percentage of pregnancy losses and the 

number of losses/total cows pregnant at 39 days within each group. P-values were obtained from 

a generalized linear mixed model with a binomial distribution. 
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Figure 3.7. Physiological variables were measured in a subset of lactating dairy cows used as 

embryo transfer recipients. The effect of reproductive protocol on dominant follicle (DF) diameter 

(A), corpus luteum (CL) volume (D), and circulating progesterone (P4) concentrations (G); the 

effect of estrus expression (B, E, H); and the interaction between reproductive protocol and estrus 

expression (C, F, I) are presented. Dominant follicle (DF) diameter was evaluated on days −3 and 

0 relative to the final GnRH injection using a repeated-measures model. Corpus luteum (CL) 

volume was analyzed using two models: a repeated-measures model including days −3 and 0, and 

a separate model for day 6, which represents a newly formed luteal structure following ovulation. 

Circulating progesterone (P4) concentrations were analyzed using a single repeated-measures 

model including days −3, 0, and 6. Reproductive protocols included DOV48 (final GnRH 

administered 48 h after the first PGF₂α injection) and DOV72 (final GnRH administered 72 h after 

the first PGF₂α injection). Estrus expression was assessed on day −1 (before), day 0 (at), and day 

1 (after) the final GnRH injection no estrus cows. Statistical significance was declared at P ≤ 0.05 

and tendencies at 0.05 < P ≤ 0.10. P-values for main effects and interactions are displayed within 

each panel, and when interactions were detected, pairwise comparisons within days are reported. 

Protocol effects (A, D, and G) are shown as DOV48 (––, ●) and DOV72 (- -, ▲), whereas 

estrus effects (B, E, and H) are shown as no estrus (××××, ●) and estrus (×– ×– ×, ▲). Interaction panels 

(C, F, and I) show DOV48/no estrus (––, ●), DOV48/estrus (- -, ▲), DOV72/no estrus (××××, ●), 

and DOV72/estrus (×– ×– ×, ▲). 

  



87 

 

 

 

 

 

Figure 3.1:  Schematic diagram of estrus synchronization protocols for the study 
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Figure 3.2. Estrus expression in cows submitted to the experimental protocols.
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Figure 3.3. Distribution of estrus relative to the final GnRH injection in cows assigned to 

the experimental protocols consisting of 48 or 72 hours of interval between PG and G in a 

modified Double-Ovsynch (DOV48 or DOV72). 
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Figure 3.4. Pregnancy per embryo transfer at 39 days in lactating dairy cows that received 

an embryo. P/ET (%) is shown according to synchronization protocol (DOV48 vs. DOV72), 

estrus expression, and their interaction. 
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Figure 3.5. Pregnancy per embryo transfer at 80 days in lactating dairy cows that received 

an embryo. P/ET (%) is presented according to synchronization protocol (DOV48 vs. 

DOV72), estrus expression, and their interaction. 
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Figure 3.6 Pregnancy losses at 80 days of gestation in lactating dairy cows. Pregnancy loss 

(%) is shown according to synchronization protocol (DOV48 vs. DOV72), estrus expression, 

and their interaction.
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Figure 3.7. Physiological variables measured in a subset of lactating dairy cows used as 

embryo transfer recipients.   
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The findings presented in Chapter 3 provided important insight into the biological 

significance of the periovulatory endocrine environment. Rather than supporting estrus 

expression as an isolated behavioral event, the results suggested that the hormonal conditions 

established before ovulation may influence reproductive processes extending well into the 

subsequent estrous cycle. These findings prompted the next step of this research program, which 

sought to determine whether variation in the periovulatory endocrine milieu was associated with 

subsequent changes in endometrial receptor dynamics. The study presented in Chapter 4 was 

designed to address this question. 
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estrous cycle in Holstein heifers 

 

Milton Schultz 1, Rafael R. Domingues 2, Alanis A. Perez 1, Muhammad A. Ajmal1, Lillian X. 

Ehresmann 2, George A. Perry 3, Victor Gomez-Leon 1* 

 

1 Department of Animal Sciences and Industry, Kansas State University, Manhattan, KS, USA, 

66506. 

2 Department of Animal Sciences, The Ohio State University, Columbus, OH 43218, USA.  

3 Texas A&M AgriLife Research and Extension Center at Overton, Overton, TX 75684, USA.  

 

* Correspondence: Victor E. Gomez-Leon, 1424 Claflin Rd, Weber Hall 126, Manhattan, KS, 

USA, 66506; e-mail: vgomezleon@ksu.edu  

 

Running title: Periovulatory milieu and uterine programming. 
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The study presented in this chapter investigated the associations between the 

periovulatory endocrine milieu and subsequent luteal function and endometrial programming 

throughout the estrous cycle in Holstein heifers. This study was designed to provide further insight 

into the biological mechanisms linking the periovulatory endocrine environment with subsequent 

reproductive function. 
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 ABSTRACT  

The objective of this study was to determine the associations between the periovulatory 

endocrine milieu, subsequent luteal function, and temporal changes in endometrial mRNA 

abundance throughout the estrous cycle in synchronized Holstein heifers. Data from 19 

synchronized Holstein heifers expressing estrus were analyzed. Endometrial cytobrush samples 

were collected on D −1, D3, D6, D12, and D15 relative to GnRH administration (D0). Endometrial 

mRNA abundance of estrogen receptor alpha (ESR1), progesterone receptor (PGR), oxytocin 

receptor (OXTR), and mucin 16 (MUC16) was quantified by quantitative real-time PCR. Estrus 

expression, ovarian dynamics, and circulating estradiol (E2) and progesterone (P4) concentrations 

were monitored throughout the study. Data were analyzed using repeated-measures mixed models 

to evaluate temporal changes in endometrial mRNA abundance and simple linear regression to 

assess associations among endocrine, ovarian, and endometrial variables. Preovulatory P4 

concentration was negatively associated with estrus length (P = 0.040), whereas the preovulatory 

E2:P4 ratio was positively associated with estrus length (P = 0.034). In contrast, preovulatory E2 

concentration alone was not associated with estrus length (P = 0.28). Greater preovulatory E2 

concentration was associated with greater baseline P4 concentration during the subsequent estrous 

cycle (r = 0.49; P = 0.032), whereas preovulatory dominant follicle diameter tended to be positively 

associated with P4 concentrations (P ≥ 0.093). Furthermore, greater baseline P4 concentration was 

associated (P < 0.001) with both a longer interovulatory interval and a later onset of luteolysis. 

Longer estrus was associated with greater ESR1 and PGR mRNA abundance on D6 (P = 0.003 

and P = 0.025, respectively), whereas greater preovulatory P4 concentration was associated with 
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lower OXTR abundance on D6 (P = 0.029). Additionally, greater postovulatory P4 concentrations 

were associated with lower MUC16 abundance throughout the estrous cycle (P < 0.001). 

Collectively, these findings indicate that estrus length is associated with the relative periovulatory 

concentrations of E2 and P4 rather than with preovulatory E2 concentration alone. Furthermore, 

the associations of preovulatory E2 with subsequent luteal P4 and its association with endometrial 

mRNA abundance suggest that endocrine variation around ovulation is related to subsequent luteal 

function and selected changes in endometrial gene expression. 

 

Keywords: Ruminant, Reproduction, Progesterone, Estradiol, Estrus length, mRNA abundance, 

Luteal Function.
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 INTRODUCTION  

The periovulatory period represents a physiological transition of the bovine estrous cycle. 

During this period, regression of the corpus luteum results in a rapid decline in circulating 

progesterone (P4) [1], which is accompanied by increasing estradiol (E2) secretion from the 

preovulatory dominant follicle undergoing maturation [2, 3]. Rather than acting independently, 

these endocrine events occur in a highly coordinated manner and determine the hormonal milieu 

preceding ovulation [4]. Following ovulation, luteal secretion of P4 increases [5], initiating a 

temporally regulated process of endometrial differentiation characterized by coordinated changes 

in gene expression that prepare the uterus for conceptus development and pregnancy establishment 

[6, 7]. 

Increasing evidence indicates that variation in the periovulatory endocrine environment 

influences not only ovulatory events but also luteal function [8], uterine physiology [9], and 

conceptus development [10] post-ovulation [6, 7, 11, 12]. These observations suggest that 

endocrine conditions established before ovulation exert biological effects that extend well beyond 

the periovulatory period [7]. Experimental manipulation of the periovulatory endocrine 

environment by extending the duration of proestrus increases preovulatory estradiol exposure and 

alters subsequent luteal function [9]. Likewise, experimentally reducing preovulatory estradiol 

concentrations modifies endometrial gene expression and steroid receptor abundance after 

ovulation [8]. Collectively, these studies demonstrate that endocrine conditions established before 

ovulation continue to influence reproductive physiology throughout the subsequent luteal phase, 

including uterine functions required for conceptus development [10]. Furthermore, recent evidence 



100 

 

 

 

 

indicates that alterations in postovulatory P4 not only modify endometrial function but also 

accelerate conceptus development, emphasizing the importance of endocrine regulation during the 

early luteal phase [13, 11, 12].  

The coordinated molecular remodeling of the endometrium is mediated, in part, through 

dynamic changes in the abundance of steroid hormone receptors and other epithelial regulatory 

molecules [14]. Expression of estrogen receptor alpha (ESR1), P4 receptor (PGR), and oxytocin 

receptor (OXTR) changes markedly throughout the estrous cycle in response to the endocrine 

environment, reflecting the progression of endometrial differentiation from an estrogen-dominated 

proliferative state toward a progesterone-regulated secretory phenotype [15, 7, 16]. 

Downregulation of PGR in the luminal and glandular epithelia following sustained P4 exposure is 

a prerequisite for the transition toward uterine receptivity and temporally coincides with the 

induction of epithelial genes involved in uterine secretion, nutrient transport, and conceptus 

development. Because PGR remains expressed in stromal cells, these epithelial responses are 

thought to be mediated, at least in part, through stromal–epithelial paracrine signaling rather than 

through direct P4 action on PGR-negative epithelial cells. [15, 17]. Likewise, epithelial 

glycoproteins such as MUC16 contribute to the antiadhesive glycocalyx covering the luminal 

epithelium, and reductions in their abundance is critical for uterine receptivity [18, 19].  

Understanding the temporal regulation of these endometrial genes throughout the estrous 

cycle may therefore provide important mechanistic insight into the molecular pathways linking the 

periovulatory endocrine milieu with subsequent endometrial remodeling. Thus, our study assessed 

whether the physiological variation that exists among synchronized Holstein heifers expressing 
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estrus is associated with subsequent luteal function and temporal differences in endometrial gene 

expression during the subsequent estrous cycle. Therefore, the objective of this study was to 

evaluate the associations between the periovulatory endocrine milieu and temporal profile of 

endometrial ESR1, PGR, OXTR, and MUC16 mRNA abundance throughout the estrous cycle in 

synchronized Holstein heifers. We hypothesized that variation in the periovulatory endocrine 

milieu, reflected by preovulatory steroid hormone concentrations and estrus expression length, 

would be associated with subsequent luteal function and temporal changes in endometrial ESR1, 

PGR, OXTR, and MUC16 mRNA abundance throughout the subsequent estrous cycle. 

 

 MATERIALS AND METHODS 

 Ethics statement 

All animal procedures were approved by the Institutional Animal Care and Use Committee 

(IACUC) of the College of Agriculture at Kansas State University under protocol number 5101. 

 

 Location, Heifers, and Estrus Synchronization Protocol 

The study was conducted in the Winter/Spring 2025 season at the Kansas State University 

Dairy Teaching and Research Center. Heifers were housed in a single dry-lot paddock with 

concrete feed alleys and shaded bedding areas. Heifers had ad libitum access to water and were 

fed a total mixed ration once daily. 
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A total of 14 Holstein heifers were used in two replicates that were conducted 50 days 

apart. Heifers remained unbred for study purposes, and only heifers expressing estrus were used 

in the study as described in detail below. At the start of replicate 1 (n = 14), heifers averaged 20.0 

± 1.3 months of age and 570 ± 50 kg of body weight. Similarly, at the start of replicate 2 (n = 13), 

heifers averaged 21.6 ± 1.3 months of age and 595 ± 51 kg of body weight.  

The heifers were presynchronized in preparation for the estrus synchronization protocol. 

For presynchronization, all heifers received a controlled internal drug release (CIDR) device 

containing 1.38 g of P4 intravaginally (Eazi-Breed CIDR; Zoetis, Kalamazoo, MI). The CIDR 

inserts were removed 5 days after insertion, and heifers received an intramuscular injection of 500 

µg cloprostenol (PGF; estroPLAN; Parnell; Overland Park, KS) at that time. Eight days after 

CIDR removals (D –8), the heifers were synchronized using a 6-d CIDR-synch protocol 

(CIDR6;[20]) as depicted in Figure 4.1. The synchronization part of the protocol began with a 

CIDR insert placed intravaginally, along with intramuscular administration of 100 µg of 

gonadorelin (GnRH; GONAbreed; Parnell). Five days later (D –3), PGF was administered 

intramuscularly. The CIDR inserts were removed the following day (D –2), and heifers received a 

second intramuscular injection of PGF at the same time. Two days later (D0), heifers received an 

intramuscular injection of GnRH for the final induction of ovulation.  

Heifers were not inseminated during the study, and only heifers expressing estrus were 

used in the study as follows. Estrus expression was determined using an automated activity 

monitoring system (CowManager Sensor; Agis Automatisering BV, Harmelen, the Netherlands) 

attached as an ear-mounted sensor to each heifer. Estrus events were identified using the 
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monitoring system's proprietary algorithms. Information recorded for each estrus event included 

date, time, length of the estrus event, and estrus classification category (suspicious, potential, or in 

heat). Only estrus events classified as “in heat” were considered indicative of estrus expression 

and included in subsequent analyses. 

 

 Follicular and Corpus Luteum Dynamics 

Heifers were examined by transrectal ultrasonography daily beginning on D −3 and 

throughout the subsequent estrus cycle as depicted in Figure 4.1. Ovarian structures were 

monitored using the B-mode of an ultrasound machine (IBEX EVO II, E.I. Medical Imaging, 

Loveland, CO, USA) equipped with a multi-linear transducer set at 7.5 MHz. Follicular diameter 

was determined as the average height and width of the follicular antrum measured at the apparent 

maximal cross-sectional area from frozen grayscale images [21]. All follicles ≥ 7 mm were 

measured and recorded during each examination. Individual follicles were mapped, and the 

dominant follicle of each follicular wave was tracked throughout the estrous cycle. Ovulation was 

confirmed by the disappearance of the dominant follicle during sequential examinations and was 

set at 12 hours before the examination when the dominant follicle was not observed. Volume of 

the CL was estimated based on the maximal luteal diameter using the following sphere formula: 

𝐶𝐿	𝑉𝑜𝑙𝑢𝑚𝑒 = 	 !
"
𝜋 ,#$%&'(')

*
-
"
/1000  

When present, the volume of the luteal cavity was calculated in the same way and subtracted from 

the total luteal volume to obtain the adjusted volume. The luteal volume was tracked from D–3 

through the subsequent estrous cycle. 
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 Circulating Concentrations of Estradiol and Progesterone 

Blood samples were collected into heparinized tubes by coccygeal venipuncture daily from 

D −3 until ovulation of the subsequent estrous cycle (Figure 4.1). Blood sampling was performed 

immediately before each ultrasonographic examination. Plasma was harvested after centrifugation 

of the blood samples at 2,000 × g for 15 min and stored at −20°C until hormone analyses. 

Circulating concentrations of E2 (estradiol-17β) on D –2 and D –1 were determined by 

radioimmunoassay using the in-house assay described by [3]. The intra-assay CV and sensitivity 

of the single assay were 3.14% and 0.25 pg/mL, respectively. 

Circulating concentrations of P4 were determined on D –3, –1, 3, 6, 12, 15, and daily 

thereafter until the subsequent ovulation using a solid-phase radioimmunoassay kit containing 

antibody-coated tubes and 125I-labeled P4 (ImmuChem Coated Tube P4 125I RIA Kit, MP 

Biomedicals, Costa Mesa, CA, USA) according to the manufacturer’s instructions. The P4 intra-

assay CV and sensitivity were 3.86% and 0.0009 ng/mL, respectively. Progesterone profiles were 

used to characterize luteal regression during the subsequent estrous cycle. For each cow, P4 

baseline concentration was calculated as the average of the 3 highest P4 concentrations observed 

after ovulation. The onset of luteolysis was defined as the day preceding the first decrease in 

circulating P4 concentration to ≤ 50% of the individual luteal baseline concentration. Complete 

luteolysis was defined as the first day the circulating P4 concentration decreased to < 0.5 ng/mL. 
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 Endometrial sample collection 

Endometrial samples were collected on D –1, D3, D6, D12, and D15 (D0 = GnRH) using 

a cytological brush (Figure 4.1), following the procedures outlined by [16]. Briefly, a sterile 

cytological brush (6.5″ Endocervical Brush, Andwin Scientific, IL, USA) was attached to an 

artificial insemination (AI) applicator, which was protected with a disposable AI sheath and a 

sanitary sheath. Before each sampling, the vulvar and perineal areas were thoroughly rinsed with 

water, disinfected with 70% isopropyl alcohol, and dried with disposable paper towels. The 

protected AI applicator was inserted intravaginally and advanced through the cervix into the 

uterine body by transrectal manipulation. As the AI applicator advanced through the cervix, the 

sanitary sheath was punctured. Once in the uterine body, the cytological brush was exposed and 

brought into contact with the luminal endometrium. The brush was exposed by retracting the AI 

applicator and sheath while maintaining the rod in position, rather than by advancing the brush 

beyond the tip of the applicator. The brush was slowly rotated for approximately 20 s to collect 

endometrial cells. After sample collection, the AI sheath was advanced over the cytological brush 

to cover the brush before withdrawal from the reproductive tract, thereby minimizing 

contamination with cervical or vaginal contents during removal. The brush was then exposed, 

detached from the AI applicator and placed into a 1.8 mL cryogenic storage tube containing 1 mL 

of Trizol reagent (Invitrogen, Pleasanton, CA). The tubes were gently agitated to ensure contact 

between the collected cells and TRIzol before storage at −80°C. 
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 RNA Extraction, cDNA Synthesis, and Quantitative Real-Time-PCR 

Total RNA was isolated using TRIzol reagent (Invitrogen) according to the manufacturer’s 

protocol. Briefly, samples were homogenized in TRIzol reagent followed by phase separation 

using chloroform and centrifugation at 12,000 × g for 15 min at 4°C. The aqueous phase containing 

RNA was transferred to a new microcentrifuge tube, and RNA was precipitated using isopropanol. 

Samples were incubated at room temperature for 10 minutes and centrifuged at 12,000 × g for 10 

min at 4°C to obtain an RNA pellet. The RNA pellet was washed twice using 75% ethanol and 

centrifuged at 7,500 × g for 5 min at 4°C between washes. After removal of residual ethanol, RNA 

pellets were air-dried and resuspended in nuclease-free water. RNA samples were incubated at 55-

60°C for 10-15 minutes to facilitate dissolution of the pellet. Concentration and purity of RNA 

were evaluated using a BioTek Take3 microvolume plate reader (Agilent, Santa Clara, CA, USA). 

Samples with an absorbance ratio (A260/A280) ≥ 1.8 were considered acceptable for downstream 

analyses.  

Complementary DNA (cDNA) was synthesized from 1 µg of total RNA using the High-

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) according 

to the manufacturer’s recommendations. Reverse transcription reactions were performed in a 

thermal cycler using the following conditions: 25°C for 10 min, 37°C for 120 min, and 85°C for 5 

min. Synthesized cDNA was diluted 1:5 with nuclease-free water and used directly as template for 

quantitative real-time polymerase chain reaction (qRT-PCR). 

Quantitative real-time PCR (qRT-PCR) was performed using a QuantStudio 3 Real-Time 

PCR System (Thermo Fisher Scientific, Waltham, MA, USA). Amplification reactions were 
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prepared in a final volume of 12.5 µL containing 2 µL of diluted (1:5) cDNA and 10.5 µL of 

reaction master mix composed of PowerUp SYBR Green Master Mix (Applied Biosystems; 

Thermo Fisher Scientific, Waltham, MA, USA), forward and reverse primers (10 µM), and 

nuclease-free water. Samples were analyzed in triplicate, and a no-template control (NTC) 

containing nuclease-free water was included on each 96-well plate to evaluate potential 

contamination or non-specific amplification. When target genes were analyzed across multiple 

plates, an internal quality control (QC) sample was included to account for inter-plate variation. 

Amplification conditions consisted of an initial denaturation step at 95°C for 10 minutes, 

followed by 42 cycles of denaturation at 95°C for 15 seconds and annealing/extension at 60°C for 

4 seconds, according to the manufacturer’s recommendations. Primer sequences for all evaluated 

genes are presented in Table 4.1 and were synthesized by Integrated DNA Technologies 

(Coralville, IA, USA) using previously published bovine sequences. Relative mRNA abundance 

was calculated using the 2ΔΔCt method with RPS18 as the reference housekeeping gene. 

 

 Data Handling and Statistical Analysis  

From the twenty-seven heifers enrolled in the study (replicate 1, n = 14; replicate 2, n = 

13), eight were excluded from the final analyses because of the following reasons: two that failed 

to express estrus; one that failed to ovulate following the final GnRH treatment of the 

synchronization protocol; one diagnosed with an ovarian cyst; one with an abnormally short 

interovulatory interval (8 d); one in which endometrial sampling could not be performed because 

the cervix could not be traversed; one that became lame and required anti-inflammatory treatment 
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following estrus expression; and one that developed rectal inflammation associated with a pre-

existing rectal lesion after repeated ultrasonographic examinations, leading to discontinuation of 

further procedures for animal welfare. Consequently, data from 19 heifers were included in the 

final analyses. 

Statistical analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC). Data 

were evaluated for normality using the Shapiro–Wilk test. Variables that were not normally 

distributed were transformed using logarithmic, square-root, or rank transformations, as 

appropriate. Variables measured repeatedly over time were analyzed using linear mixed models 

(PROC MIXED). Models included the fixed effects of the explanatory variable, day, and the 

explanatory variable × day interaction, with heifer included as a random effect. Type III tests were 

used to evaluate fixed effects, and least squares means were compared using Tukey adjustment 

when appropriate. When a significant interaction was detected, simple effects were evaluated 

within each sampling day. Associations between continuous variables were evaluated using linear 

regression (PROC REG), and coefficients of determination (R²) were reported when appropriate. 

Statistical significance was declared at P ≤ 0.05, whereas 0.05 < P ≤ 0.15 was considered a 

tendency. Data are presented as least squares means ± SEM unless otherwise indicated. 

 

 RESULTS 

 Descriptive Characterization of Ovarian, Hormonal, and Endometrial Dynamics  

For all the 19 heifers included in the final analyses, the preovulatory dominant follicle 

averaged 14.3 ± 1.5 mm in diameter on the day of GnRH administration (D0), and ovulation was 
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observed on D1.5 ± 0.5. There were 13 and 6 heifers that presented 2 and 3 follicular waves, 

respectively. The average largest dominant follicle size during the first follicular wave was 15.7 ± 

1.5 mm and was observed on D10.2 ± 2. In heifers with 2 follicular waves, the dominant follicle 

of the second wave reached a maximum diameter of 15.0 ± 1.3 mm. Subsequent ovulation was on 

D20.7 ± 1.0, resulting in an inter-ovulatory interval of 19.1 ± 1.0 d. In heifers with 3 follicular 

waves, the dominant follicle of the second wave reached 14.3 ± 1.8 mm on D19.1 ± 2.1. The 

dominant follicle of the third wave averaged a maximum diameter of 12.9 ± 1.4 mm on D23.7 ± 

2.0. Ovulation occurred on D24.2 ± 2.0, resulting in an inter-ovulatory interval of 23.2 ± 1.9 d. 

The temporal profiles of circulating E2, P4, CL volume dynamics, and endometrial mRNA 

abundance throughout the estrous cycle are illustrated in Figure 4.2. Circulating concentrations of 

P4 (Figure 4.2A) averaged 5.27 ± 0.54and 0.07 ± 0.02 ng /mL on D –3 and D –1, respectively. 

Averaged circulating concentrations of P4 were 0.07 ± 0.03 ng/mL on D3 and 1.87 ± 0.15 ng/mL 

on D6. The averaged P4 concentrations were 4.75 ± 0.33 ng/mL on D15 and then decreased to 

0.04 ± 0.03 ng/mL on D24. The baseline P4 concentration, defined as the average of the three 

highest circulating P4 concentrations measured during the subsequent luteal phase, averaged 5.04 

± 0.39 ng/mL. Likewise, when the greatest P4 concentration for each heifer was averaged 

(maximum P4), the concentration was 5.86 ± 0.50 ng/mL and was observed on D15.6 ± 1.8. 

Complete luteolysis (P4 ≤ 0.5 ng/mL) was observed on day 19.1 ± 1.6 post-ovulation on average. 

The CL volume followed a profile similar to that of the P4 concentrations, as expected, and is 

illustrated in Figure 4.2B. 
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 The endometrial receptor abundance for ESR1, PGR, and OXTR is depicted in Figure 

4.2C. ESR1 abundance gradually declined from D−1 to D15, representing an approximately 40% 

decrease over the sampling period. PGR abundance decreased by 49% from D−1 to D3, transiently 

increased again on D6 to a concentration comparable to D−1, and then declined sharply from D6 

to D12 by approximately 72%, remaining low on D15. OXTR abundance declined by 

approximately 80% from D−1 to D6 and by approximately 90% from D−1 to D15. Finally, the 

temporal profile of MUC16 abundance is shown in Figure 4.2D. MUC16 abundance increased 

1.6-fold from D−1 to D3, followed by a 48% decrease from D3 to D15. 

 

 Associations Within the Periovulatory Endocrine Milieu and Estrus Length 

To further characterize the relationships within the preovulatory endocrine milieu and 

estrus length, circulating E2 concentrations on D –1 were associated with the E2 concentration on 

D –2 (Figure 4.3A), the dominant follicle diameter on D –1 (Figure 4.3B), and the hours from E2 

sampling on D –2 to the onset of estrus per sei (Figure 4.3C). Estradiol concentration on D−1 was 

positively associated with estradiol concentration on D−2 (R² = 0.28; P = 0.020). Likewise, 

dominant follicle diameter on D−1 was positively associated with E2 concentration on D−1 (R² = 

0.32; P = 0.010). There was also a negative association between E2 concentration on D−1 and the 

interval from blood sampling to the onset of estrus (R² = 0.35; P = 0.008). Thus, heifers with a 

shorter interval from blood sampling to estrus onset demonstrated greater E2 concentrations.  

The associations of estrus expression length with E2 concentrations on D –1 (Figure 4.4A), 

P4 concentrations on D –1 (Figure 4.4B), and the E2:P4 ratio (Figure 4.4C). The preovulatory E2 



111 

 

 

 

 

concentration was not associated with estrus length as measured by an automated activity monitor 

(P = 0.28). In contrast, P4 and the preovulatory E2:P4 ratio were associated with estrus length. 

Specifically, estrus length was negatively associated with preovulatory P4 concentrations (P = 

0.040) and positively associated with the preovulatory E2:P4 ratio (P = 0.034). 

 

 Associations Between the Periovulatory Endocrine Milieu and Subsequent Luteal 

Function 

The associations between the periovulatory endocrine milieu and subsequent luteal 

function are shown in Figure 4.5. Preovulatory estradiol concentration tended to be positively 

associated with the interovulatory interval (P = 0.113), whereas the preovulatory estradiol-to-

progesterone ratio was not associated with the interovulatory interval (P = 0.665). Likewise, 

neither preovulatory E2 concentration nor the estradiol-to-progesterone ratio was associated with 

the day of onset of luteolysis (P = 0.487 and P = 0.745, respectively). In contrast, a greater P4 

baseline was positively associated with both the interovulatory interval (R² = 0.53; P < 0.001) and 

the onset of luteolysis (R² = 0.68; P < 0.001), indicating that heifers with greater luteal 

progesterone concentrations maintained luteal function for a longer period before luteolysis. 

 To further characterize the relationship between the periovulatory endocrine milieu and 

subsequent luteal function, we investigated the association between the P4 baseline during the 

estrus cycle with the concentrations of E2 on D –1 and with the preovulatory dominant follicle 

diameter on D –1 (Figure 4.6A-B). Estradiol concentration on D –1 was positively associated with 

baseline postovulatory P4 concentrations (r = 0.49; P = 0.032), whereas dominant follicle diameter 
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was not associated with baseline P4(r = 0.27; P = 0.272). We also tested the association of 

maximum P4 concentrations over the subsequent estrous cycle with the preovulatory dominant 

follicle diameter on D –1, there was a tendency to observe a positive association (r = 0.40; P = 

0.093). 

 

 Endocrine Variables and Endometrial Gene Expression 

Associations between preovulatory endocrine variables (E2, P4, E2:P4 ratio, and estrus 

length) and endometrial mRNA abundance are summarized in Table 4.2A. None of the 

preovulatory variables evaluated was associated with the overall abundance of ESR1, PGR, 

OXTR, or MUC16 (P ≥ 0.053). The main effect of day was significant in several models, indicating 

temporal changes in gene abundance throughout the estrous cycle regardless of the preovulatory 

variable evaluated. Most preovulatory variable × day interactions were not significant (P ≥ 0.164). 

However, interactions between P4 on D −1 and day tended to be significant for PGR (P = 0.064) 

and MUC16 (P = 0.058). Likewise, the interaction between estrus length and day tended to be 

significant for PGR (P = 0.078), whereas the estrus length × day interaction was significant for 

ESR1 abundance (P = 0.021). 

Associations between postovulatory P4 variables (maximum P4 and baseline P4) and 

endometrial mRNA abundance are summarized in Table 4.2B. A greater maximum P4 

concentration was associated with overall less MUC16 abundance during the estrous cycle (P < 

0.001), whereas no associations were detected with ESR1, PGR, or OXTR abundance (P ≥ 0.143). 

Likewise, greater baseline concentrations of P4 were associated with lesser ESR1 (P = 0.023), 
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PGR (P = 0.003), and MUC16 (P < 0.001) abundance but not with OXTR abundance (P = 0.365). 

The main effect of day was significant for PGR and OXTR, indicating temporal changes in gene 

abundance throughout the estrous cycle regardless of the preovulatory variable evaluated. No 

baseline P4 by day interactions were detected (P ≥ 0.378), nor were maximum P4 by day 

interactions (P ≥ 0.161). 

Because the objective of this study was to characterize temporal associations throughout 

the estrous cycle, day-specific associations between preovulatory endocrine variables and 

endometrial receptor mRNA abundance are presented in Figure 4.7. Preovulatory E2 

concentration tended to be positively associated with OXTR on D15 (P = 0.11). Similarly, the 

E2:P4 ratio tended to be negatively associated with PGR abundance on D–1 (P = 0.096). Finally, 

preovulatory P4 concentration tended to be negatively associated with ESR1 on D1 (P = 0.15) and 

was negatively associated with OXTR abundance on D6 (P = 0.029). No additional day-specific 

associations were detected (P > 0.15). 

 

 DISCUSSION 

This study aimed to evaluate the associations between the periovulatory endocrine milieu 

and temporal changes in endometrial mRNA abundance of ESR1, PGR, OXTR, and MUC16 

throughout the estrous cycle in synchronized Holstein heifers. We hypothesized that variation in 

the periovulatory endocrine milieu, reflected by preovulatory steroid hormone concentrations and 

estrus expression length, would be associated with subsequent luteal function and temporal 

changes in endometrial ESR1, PGR, OXTR, and MUC16 mRNA abundance throughout the 
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subsequent estrous cycle. Our findings indicate that variation in the periovulatory endocrine 

milieu, reflected by circulating steroid hormone concentrations and estrus length, was associated 

with subsequent luteal function and temporal changes in endometrial gene expression during the 

subsequent estrous cycle. Specifically, preovulatory endocrine characteristics were associated with 

estrus length and subsequent luteal P4 concentrations, whereas estrus length and postovulatory P4 

concentrations were associated with the temporal abundance of specific endometrial genes. 

Collectively, these observations indicate that, once circulating E2 concentrations are sufficient to 

initiate estrous behavior, residual preovulatory P4 concentrations and estrus length better reflect 

variation in the periovulatory endocrine milieu than circulating E2 concentrations alone. 

Before evaluating the associations between the periovulatory endocrine milieu and 

subsequent luteal function and endometrial gene expression, we first characterized the 

relationships among its individual components. In the present study, preovulatory P4 concentration 

was associated with estrus length, whereas estradiol concentration alone was not. Specifically, 

incomplete P4 withdrawal before ovulation may limit the behavioral response to estradiol [2, 22], 

resulting in a shorter duration of estrus despite adequate circulating estradiol concentrations [23]. 

This interpretation agrees with previous studies demonstrating that residual P4 during proestrus 

suppresses estrous expression even in the presence of elevated estradiol concentrations [23]. 

Likewise, Denis-Robichaud et al. (2018) reported that cows with lower preovulatory P4 

concentrations exhibited longer estrus, supporting the importance of complete luteolysis for full 

behavioral expression of estrus. Collectively, these observations indicate that, once circulating 

estradiol concentrations are sufficient to initiate estrous behavior, estrus length may reflect the 
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degree of coordination between follicular maturation and luteolysis rather than circulating estradiol 

concentrations alone. The positive association between the preovulatory E2:P4 ratio and estrus 

length further supports this concept. Unlike estradiol or P4 evaluated independently, the E2:P4 

ratio integrates two coordinated physiological processes occurring during proestrus: increasing 

estradiol secretion by the dominant follicle and progressive P4 withdrawal associated with 

luteolysis [25]. Consequently, this ratio may more accurately represent the endocrine transition 

from the luteal to the follicular phase than either hormone alone. This interpretation agrees with 

the current understanding that estrous behavior is regulated by the coordinated actions of estradiol 

and P4 during proestrus [2, 3, 26, 4]. Accordingly, a greater E2:P4 ratio may identify females in 

which luteolysis and follicular maturation have progressed more synchronously, providing a 

mechanistic explanation for its association with estrus length.  

Consistent with the first component of our hypothesis, variation in the periovulatory 

endocrine milieu was associated with luteal function over the subsequent estrous cycle. 

Specifically, greater preovulatory estradiol concentrations were associated with greater baseline 

P4 concentrations during the subsequent estrous cycle, whereas preovulatory follicle diameter was 

not associated with luteal P4 secretion. Moreover, greater preovulatory estradiol concentrations 

tended to be associated with a longer interovulatory interval, whereas the preovulatory estradiol-

to-progesterone ratio was not associated with either the interovulatory interval or the onset of 

luteolysis. More importantly, greater baseline postovulatory progesterone concentrations were 

associated with both a longer interovulatory interval and a later onset of luteolysis. Although 

preovulatory follicle diameter has frequently been used as an indicator of follicular maturity [27] 
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and subsequent luteal development [28], previous studies in Holstein heifers have demonstrated 

that follicle diameter alone does not necessarily reflect the steroidogenic activity of the dominant 

follicle, as similar-sized follicles may differ in estradiol production when exposed to different P4 

concentrations during the dominant phase [29, 21, 30]. Together, these findings suggest that 

endocrine activity during final follicular maturation provides additional insight into the functional 

competence of the subsequent corpus luteum beyond that provided by follicle size alone. This 

interpretation is supported by evidence that extending the duration of proestrus increased 

preovulatory estradiol concentrations and enhanced luteal P4 secretion despite similar 

preovulatory follicle diameters [9]. Furthermore, experimental manipulation of the periovulatory 

endocrine milieu altered endometrial receptor abundance after ovulation, indicating that 

differences established before ovulation persist into the subsequent luteal phase [8]. 

One potential biological explanation for the association between preovulatory E2 and 

subsequent postovulatory P4 concentrations involves the role of E2 during final follicular 

maturation and the ovulatory process [10]. Greater preovulatory estradiol concentrations likely 

reflect a more advanced stage of follicular maturation and a more appropriate endocrine 

environment for the preovulatory LH surge [31], thereby promoting more complete granulosa cell 

differentiation before ovulation. During this period, estradiol stimulates granulosa cell 

proliferation [32], facilitates LH receptor acquisition [33], enhances aromatase activity [34, 35], 

and increases the ability of granulosa cells to undergo luteinization following ovulation [10]. 

Consequently, preovulatory estradiol concentrations may reflect not only follicular steroidogenic 

activity but also the developmental competence of the follicle to form a functionally active corpus 
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luteum. Collectively, these findings support the concept that endocrine function during final 

follicular maturation, rather than follicular morphology alone, is associated with the functional 

competence of the subsequent corpus luteum. Because P4 is one important endocrine regulator of 

postovulatory endometrial remodeling [15, 11], these observations also provide a physiological 

framework linking variation in the periovulatory endocrine milieu with the temporal changes in 

endometrial gene expression observed throughout the subsequent estrous cycle. 

Supporting the second component of our hypothesis, variation in the periovulatory 

endocrine milieu and subsequent luteal function were associated with temporal changes in 

endometrial gene expression throughout the subsequent estrous cycle. The observed associations 

were restricted to specific stages of the estrous cycle rather than being consistently detected across 

all sampling days. Accordingly, our findings suggest that variation in the periovulatory endocrine 

milieu modulates the normal temporal progression of endometrial remodeling, with these effects 

becoming apparent only at specific physiological stages of the estrous cycle. This interpretation 

agrees with previous studies demonstrating that endometrial remodeling occurs as a coordinated, 

temporally regulated process driven by sequential changes in ovarian steroid exposure [6, 7, 16]. 

Consistent with this temporal pattern, the associations between estrus length and ESR1 and 

PGR abundance were primarily detected on D6. Although this temporal restriction may initially 

appear unexpected, it is consistent with the dynamic nature of endometrial remodeling during early 

diestrus [6, 7]. Around D6, the endometrium has been exposed to several days of increasing P4 

concentrations and is undergoing extensive transcriptomic remodeling that supports early 

conceptus development and establishes uterine receptivity for subsequent stages of pregnancy [6, 
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36]. Consequently, endocrine differences established during the periovulatory period may become 

apparent only as endometrial remodeling progresses during early diestrus. ESR1 regulates 

epithelial proliferation and steroid responsiveness within the uterus [37], whereas PGR mediates 

the early genomic actions of P4 required to initiate endometrial remodeling [17, 19]. Therefore, 

the greater abundance of these receptors on D6 likely reflects differences in the progression of 

early progesterone-dependent endometrial programming, rather than direct effects of circulating 

estradiol or P4 at that stage of the cycle. 

Among the genes evaluated, MUC16 showed the most consistent association with 

postovulatory P4 concentrations, supporting the established role of P4 as a principal regulator of 

endometrial differentiation during diestrus [38, 6]. MUC16 contributes to the antiadhesive 

glycocalyx covering the luminal epithelium, and its downregulation is considered an important 

component of the transition toward uterine receptivity [18, 7, 19]. Accordingly, lower MUC16 

abundance in heifers with greater postovulatory concentrations of P4 suggests a more advanced 

stage of endometrial remodeling that likely facilitates embryonic implantation. 

In contrast, OXTR abundance was not associated with the periovulatory endocrine milieu 

or estrus length. This finding agrees with previous studies demonstrating that OXTR is regulated 

later in the estrous cycle following prolonged P4 exposure [7, 16]. Therefore, the absence of 

associations during early diestrus was consistent with its physiological role in later regulation of 

uterine function. 

The biological significance of these findings should not be interpreted in terms of greater 

or lesser abundance of individual receptors but rather as evidence that variation in the periovulatory 
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endocrine milieu is associated with differences in the temporal progression of endometrial 

remodeling. Because endometrial receptivity depends on coordinated changes in numerous 

molecular pathways rather than the abundance of a single receptor, the present findings are more 

appropriately interpreted as indicators of altered endometrial programming than as evidence of 

improved or impaired uterine function. Although the present study did not evaluate fertility, these 

observations provide a physiological framework through which variation in the periovulatory 

endocrine milieu may influence uterine and luteal function and subsequent reproductive success.  

 

 CONCLUSION 

In synchronized Holstein heifers expressing estrus, variation in the periovulatory endocrine 

milieu was associated with multiple physiological events that extended throughout the subsequent 

estrous cycle. Preovulatory P4 concentrations and a greater estradiol-to-progesterone ratio were 

associated with longer estrus, whereas circulating estradiol concentration alone was not, 

suggesting that estrus length reflects the degree of coordination between luteolysis and follicular 

development rather than circulating estradiol concentrations alone. Greater preovulatory estradiol 

concentrations were subsequently associated with greater luteal P4 concentrations during the 

subsequent estrous cycle, whereas preovulatory follicle diameter was not, indicating that endocrine 

activity during final follicular maturation provides greater insight into subsequent luteal function 

than follicular morphology alone. Finally, estrus length was associated with temporal changes in 

endometrial ESR1 abundance. These associations were primarily detected during early diestrus, 

when longer estrus was associated with greater ESR1. Preovulatory P4 concentration was 
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associated with lower OXTR abundance during early diestrus, whereas greater postovulatory P4 

concentrations were associated with lower MUC16 abundance throughout the estrous cycle. 

Together, these findings support the concept that endocrine events established before ovulation are 

associated with subsequent luteal function and the molecular trajectory of endometrial remodeling 

throughout the subsequent estrous cycle. 
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Table 4.1. Primer sequences and amplicon sizes of genes analyzed by quantitative real-time 
PCR in endometrial cell samples collected from Holstein heifers. 

Gene Symbol GenBank 
accession no. Primer Amplicon 

size 

RPS18 NM001033614.2 
F: GTGGTGTTGAGGAAAGCAGACA 

100 
R: TGATCACACGTTCCACCTCATC 

ESR1 XM002690343.1 
F: CAGGCACATGAGCAACAAAG 

84 
R: TCCAGCAGCAGGTCGTAGAG 

OXTR NM174134.2 
F: AAGATGACCTTCATCGTCGTG 

177 
R: CGTGAAGAGCATGTAGATCCAG 

PGR NM001205356.1 
F: GCCGCAGGTCTACCAGCCCTA 

199 
R: GTTATGCTGTCCTTCCATTGCCCTT 

MUC16 XM_002688785.3 
F: CAGGTCTCAAAATCC CATCC 

400 
R: TGCTGGAGGTGTTGATATGG 

RPS18 was used as the reference gene for normalization of target gene expression. 
GenBank accession numbers correspond to the bovine gene sequences used. 
F = forward primer; R = reverse primer. 
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Table 4.2: Effects of pre- and post-ovulation endocrine environment and day on the 
dynamics of hormone endometrial receptor mRNA abundance in Holstein heifers submitted 
to estrus synchronization protocol  
          P value  

  Variable Gene Estimate SE Main effect Day M x D  

a) Pre-ovulation   
 E2 1ESR1 -0.0494 0.032 0.757 0.468 0.677  
 E2 3OXTR 6.1600 15.737 0.656 0.012 0.326  
 E2 2PGR -0.2181 0.226 0.356 0.367 0.736  
 E2 4MUC16 -0.0468 0.224 0.853 0.993 0.931  
 P4 D –3 1ESR1 0.0008 0.001 0.263 0.019 0.520  
 P4 D –3 3OXTR -0.0060 0.084 0.992 <0.001 0.610  
 P4 D –3 2PGR 0.0004 0.001 0.686 0.008 0.174  
 P4 D –3 4MUC16 -0.0005 0.001 0.670 0.785 0.690  
 P4 D –1 1ESR1 -0.0002 0.001 0.738 0.520 0.315  
 P4 D –1 3OXTR -0.0240 0.083 0.619 0.002 0.164  
 P4 D –1 2PGR 0.0005 0.001 0.841 0.009 0.064  
 P4 D –1 4MUC16 -0.0011 0.001 0.389 0.059 0.058  
 E2:P4 Ratio 1ESR1 -0.0018 0.032 0.989 0.152 0.632  
 E2:P4 Ratio 3OXTR -0.6037 3.566 0.985 <0.001 0.251  
 E2:P4 Ratio 2PGR -0.0433 0.051 0.504 0.019 0.200  
 E2:P4 Ratio 4MUC16 0.0395 0.050 0.450 0.225 0.272  
 Estrus Length 1ESR1 0.0069 0.004 0.053 0.002 0.021  
 Estrus Length 3OXTR -0.0172 0.421 0.943 0.039 0.701  
 Estrus Length 2PGR 0.0052 0.006 0.277 0.012 0.078  
 Estrus Length 4MUC16 0.0014 0.006 0.789 0.756 0.903  

b) Post-ovulation  
 P4 1ESR1 -0.0022 0.003 0.258 0.627 0.536  
 P4 3OXTR -0.2231 0.245 0.143 0.113 0.185  
 P4 2PGR -0.0036 0.004 0.282 0.580 0.800  
 P4 4MUC16 -0.0102 0.003 <0.001 0.121 0.161  
 P4 Baseline 1ESR1 -0.0022 0.001 0.023 0.540 0.401  
 P4 Baseline 3OXTR -0.1201 0.102 0.365 <0.001 0.378  
 P4 Baseline 2PGR -0.0047 0.001 0.003 0.010 0.579  
 P4 Baseline 4MUC16 -0.0053 0.001 <0.001 0.485 0.379  

Values represent estimates, standard errors (SE), and Type III tests of fixed effects from 
repeated-measures mixed models evaluating associations between periovulatory endocrine 
variables and endometrial receptor mRNA abundance in Holstein heifers. Models included the 
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fixed effects of predictor, day (−1, 3, 6, 12, and 15 relative to GnRH injection), and predictor × 
day interaction. Heifer was included as a random effect, and repeated measurements were 
modeled using covariance structure. Predictors were analyzed as continuous variables. Statistical 
significance was declared at P ≤ 0.05 and tendencies at 0.05 < P ≤ 0.10 
1 ESR1: Estradiol receptor alpha 
2 PGR: Progesterone receptor 
3 OXTR: Oxytocin receptor 
4 MUC16: Mucin 16 glycoprotein 
E2: Estradiol concentrations on D –1   
E2:P4 Ratio: result of dividing E2 concentration by P4 concentration on D –1   
P4: Progesterone concentration, on D –3, –1 related to ovulation induction  
P4 Baseline: resulting from the average of the three highest P4 concentrations post-ovulation 
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 FIGURE LEGENDS  

 

Figure 4.1. Schematic design of the experimental protocol used in Holstein heifers submitted to a 

6-d CIDR estrus synchronization protocol (CIDR6). Before the experimental protocol, heifers 

underwent an estrus presynchronization treatment. An intravaginal progesterone-releasing device 

(CIDR; 1.38 g progesterone) was inserted, and 100 µg gonadorelin was administered on d −21. 

The CIDR was removed, and 500 µg cloprostenol was administered on d −16. The CIDR6 was 

initiated on d −8 with the insertion of a new CIDR and administration of 100 µg gonadorelin. 

Heifers received 500 µg cloprostenol on d −3. On d −2, the CIDR was removed, and a second dose 

of 500 µg cloprostenol was administered. On d 0, heifers received 100 µg gonadorelin to induce 

ovulation. Ovarian dynamics were evaluated by daily transrectal ultrasonography from d −3 until 

ovulation in the subsequent estrous cycle. Blood samples were collected daily during the same 

period for hormone analyses. Cytobrush (CB) endometrial samples were collected on d −1, 3, 6, 

12, and 15.  

 

Figure 4.2. Temporal changes in circulating hormone concentrations, ovarian dynamics, and 

endometrial transcript abundance relative to GnRH treatment in synchronized Holstein heifers that 

expressed estrus. Plasma progesterone concentration (A), corpus luteum volume (B), relative 

mRNA abundance of ESR1, PGR, and OXTR (C), and MUC16 mRNA abundance (D). Transcript 

abundance was determined from endometrial cytobrush samples collected on different days of the 

estrus cycle relative to GnRH. Values are presented as means ± SEM.  
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Figure 4.3. Association within the periovulatory endocrine milieu in synchronized Holstein heifers 

that expressed estrus. Panel A displays the association between estradiol concentration on D-2 and 

D-1 relative to the onset of estrus (estrus onset). Panel B displays the association between the 

dominant follicle (DF) diameter on D-1 and estradiol concentration on D-1. Panel C displays the 

association between estradiol concentration on D-1 and hours from blood sampling to estrus onset. 

Associations were analyzed using simple linear regression. Solid lines represent fitted regression 

lines, and shaded areas indicate the 95% confidence interval. Corresponding P-values and 

coefficients of determination (R²) are presented within each panel. 

 

Figure 4.4. Association between the periovulatory endocrine milieu and the estrus length in 

synchronized Holstein heifers. Relationships between estradiol concentration (Panel A), 

progesterone concentration (Panel B), and the estradiol-to-progesterone ratio (Panel C) with 

estrus length are shown. Estrus length was analyzed using linear regression. Solid lines represent 

fitted regression lines, and shaded areas indicate the 95% confidence interval. Corresponding P-

values and coefficients of determination (R²) are presented within each panel. 

 

Figure 4.5. Associations between the periovulatory endocrine milieu and subsequent luteal 

function in synchronized Holstein heifers that expressed estrus. Association between estradiol 

concentration on D−1 and the interovulatory interval (Panel A). Association between the estradiol-

to-progesterone ratio on D−1 and the interovulatory interval (Panel B). Association between 
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baseline postovulatory progesterone concentration and the interovulatory interval (Panel C). 

Association between estradiol concentration on D−1 and the onset of luteolysis (Panel D). 

Association between the estradiol-to-progesterone ratio on D−1 and the onset of luteolysis (Panel 

E). Association between baseline postovulatory progesterone concentration and the onset of 

luteolysis (Panel F). Associations were analyzed using simple linear regression. Solid lines 

represent fitted regression lines, and shaded areas indicate the 95% confidence interval. 

Corresponding P-values and coefficients of determination (R²) are presented within each panel. 

 

Figure 4.6. Association between the periovulatory endocrine milieu and the luteal function during 

the subsequent estrous cycle in synchronized Holstein heifers that expressed estrus. Panel A shows 

the association between estradiol concentration on D-1 and baseline postovulatory progesterone 

concentration. Panel B shows the association between DF diameter on D-1 and baseline 

postovulatory progesterone concentration. Panel C shows the association between DF diameter 

on D-1 and maximum postovulatory progesterone concentration. Associations were analyzed 

using simple linear regression. Solid lines represent fitted regression lines, and shaded areas 

indicate the 95% confidence interval. Corresponding P-values and coefficients of determination 

(R²) are presented within each panel.  

 

Figure 4.7. Day-specific associations between endocrine predictors and predicted endometrial 

gene mRNA abundance in Holstein heifers. Panels show model-predicted abundance of ESR1, 

PGR, and OXTR according to estradiol concentration on D –1 (E2; first row panels), E2 
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concentration by P4 concentration on D –1  (E2:P4 ratio; second row panels), progesterone 

concentration (P4; third row panels), and estrus length (fourth row panels). E2 and E2:P4 were 

analyzed on the log10 scale, and P4 was analyzed as a rank-transformed variable. ESR1 and PGR 

predictions are presented as back-transformed relative mRNA abundance (2ΔΔCt). OXTR 

predictions are presented on the rank-transformed scale because OXTR did not meet model 

assumptions after standard transformations. Each colored line represents the predicted association 

between the predictor and gene abundance within a specific day relative to GnRH. For P4, only 

contemporaneous associations with gene mRNA abundance were evaluated (i.e., P4 and gene 

mRNA abundance measured on the same day). The P-value beside each line corresponds to the 

day-specific slope, testing whether the association between the predictor and receptor abundance 

differed from zero on that day. Day -1 was included for E2 and E2:P4 models; P4 models included 

post-GnRH sampling days only. Black, blue, orange, green, and purple lines represent d -1, 3, 6, 

12, and 15, respectively. 

 

 

Figure 4.1. Schematic design of the experimental protocol used in Holstein heifers submitted 

to a 6-d CIDR estrus synchronization protocol (CIDR6). 



129 

 

 

 

 

 



130 

 

 

 

 

 

Figure 4.2. Temporal changes in circulating hormone concentrations, ovarian dynamics, and 

endometrial transcript abundance relative to GnRH treatment in synchronized Holstein 

heifers that expressed estrus. 
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Figure 4.3. Association within the periovulatory endocrine milieu in synchronized Holstein 

heifers that expressed estrus. 
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Figure 4.4. Association between the periovulatory endocrine milieu and the estrus length in 

synchronized Holstein heifers. 
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Figure 4.5. Associations between the periovulatory endocrine milieu and subsequent luteal 

function in synchronized Holstein heifers that expressed estrus. 
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Figure 4.6. Association between the periovulatory endocrine milieu and the luteal function 

during the subsequent estrous cycle in synchronized Holstein heifers that expressed estrus.
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Figure 4.7. Day-specific associations between endocrine predictors and predicted 

endometrial receptor mRNA abundance in Holstein heifers.  
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The findings presented in this chapter provided further evidence that variation in the 

periovulatory endocrine milieu is associated with subsequent luteal function and endometrial 

programming. Together, these results support the concept that endocrine conditions 

established before ovulation exert biological effects that extend well beyond the 

periovulatory period. The integration of these findings into a conceptual model describing the 

role of the periovulatory endocrine milieu in regulating subsequent reproductive events is 

presented in Chapter 5. 
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Chapter 5 - Final Considerations 

The studies included in this dissertation utilized synchronization protocols for timed 

artificial insemination (TAI) or timed embryo transfer (TET). Additionally, the physiological 

interpretation proposed here refers to estrus expression occurring within 24 hours preceding TAI 

or ET rather than to spontaneous estrus during natural estrous cycles or estrus expression before 

the synchronization protocols are initiated. Consequently, the concepts discussed in this chapter 

and throughout the dissertation must be interpreted in the context of estrus synchronization 

management. 

At the beginning of this research program, estrus expression was primarily interpreted as a 

marker of a successful response to the estrus synchronization protocols. This interpretation was 

supported by the retrospective study, in which cows expressing estrus before TAI achieved greater 

pregnancy per artificial insemination and were more likely to subsequently calve. However, 

subsequent studies led to a broader, deeper interpretation of estrus expression and highlighted the 

physiologic changes associated with it and the importance of the periovulatory endocrine 

environment in shaping reproductive physiology beyond ovulation. 

Estrus synchronization protocols were developed to control the timing of ovulation by 

manipulating the estrous cycle using exogenous hormones to time-reproduce the endocrine 

sequence that leads to ovulation. Although these protocols successfully synchronize ovulation in 

most animals, cows may still reach ovulation under different periovulatory endocrine milieus. 

Some cows’ express estrus, whereas others do not, and even among those that do, the endocrine 

environment differs. These differences subsequently influence luteal function, endometrial 

dynamics, and ultimately reproductive success. Therefore, estrus should not be interpreted simply 
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as a marker of ovulation timing. Rather, it represents the behavioral expression of a coordinated 

series of events that result in a specific endocrine milieu favoring follicular maturation, ovulation, 

and the transition to the subsequent luteal phase. Consequently, estrus is informative not because 

the behavior itself causes greater fertility, but because it reflects the coordinated endocrine 

processes that prepare the reproductive tract for successful reproduction.  However, the TAI model 

cannot determine whether the greater fertility observed in cows expressing estrus results from 

differences in fertilization, early embryonic development, maternal physiology, a combination of 

these factors, or simply from the inability to identify cows that did not respond to the treatment 

(e.g., asynchronic cows). The TET study addressed this limitation by transferring a high-quality 

embryo seven days after ovulation, thereby largely eliminating variation associated with 

fertilization and early embryo development. This model allowed the maternal contribution to 

pregnancy outcome to be evaluated independently of fertilization and early embryonic 

development. 

 Extending the interval between cloprostenol and gonadorelin from 48 to 72 hours, 

hereafter referred to as luteolysis and induction of ovulation, produced a substantial increase in 

estrus expression, demonstrating that a relatively small change in protocol timing can markedly 

alter the response to treatments. Despite this clear biological response, estrus expression was not 

associated with pregnancy per ET (P/ET) at the first pregnancy diagnosis. This suggests that once 

a viable embryo was transferred into an eligible recipient, cows expressing and not expressing 

estrus had a similar probability of establishing pregnancy. However, cows expressing estrus, as 

well as those receiving the extended proestrus protocol, experienced around 42% less pregnancy 

loss between days 39 and 80. These findings suggest that differences established during the 
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periovulatory period continue to influence the capacity to maintain pregnancy after the initial 

pregnancy establishment. The mechanisms responsible for this delayed advantage cannot be 

determined from the TET study alone. It is possible that differences established early in gestation 

later affect placental development, maternal–conceptus communication, luteal support, the 

capacity of the uterus to sustain continued pregnancy, or all of these. The pregnancy-loss response 

should therefore not be interpreted as proof of a particular mechanism. However, it provides 

evidence that the biological significance of the periovulatory milieu is not necessarily restricted to 

ovulation, fertilization, or initial pregnancy recognition. Conditions established before ovulation 

may have consequences that become apparent much later, after pregnancy has already been 

established. 

The ovarian observations from the embryo transfer study support this interpretation. Cows 

expressing estrus developed larger preovulatory follicles, larger corpora lutea (CL), and greater 

early luteal progesterone (P4) concentrations. Although circulating estradiol (E2) was not 

measured, these findings suggest that cows expressing estrus experienced a different periovulatory 

endocrine environment. Importantly, these differences extended beyond ovulation into subsequent 

luteal function. 

The cytobrush study strengthened this interpretation by showing that variations in the 

periovulatory endocrine environment among heifers that expressed estrus remained associated 

with subsequent luteal function. Preovulatory E2 was positively associated with subsequent 

baseline P4 concentration, indicating that endocrine events before ovulation and luteal function 

afterward should not be viewed as independent physiological processes. Because the corpus 

luteum develops from the ovulatory follicle, this continuity is biologically plausible. Although the 
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mechanisms could not be clarified by this study, these findings show that differences established 

during follicular growth and maturation influence the progesterone-producing capacity of the 

subsequent corpus luteum. Although these molecular changes cannot be directly linked to fertility, 

they provide a biological connection between periovulatory endocrine events and subsequent 

uterine function. 

Collectively, these studies support a different way of interpreting the periovulatory period. 

Rather than viewing ovulation as the endpoint of follicular development, the findings suggest that 

it represents a physiological transition linking endocrine events before ovulation with luteal and 

uterine function afterward.  

The physiological model proposed by this dissertation is that reproductive success depends 

on the coordinated progression of endocrine events during the periovulatory period rather than on 

isolated endocrine changes. Specifically, the interaction between P4 withdrawal and increasing E2 

production during proestrus provides a more informative representation of the periovulatory 

endocrine environment than either hormone alone. An appropriate decline in P4 allows the 

preovulatory dominant follicle (DF) to progressively increase steroidogenic activity, creating the 

endocrine conditions necessary for estrus expression and complete follicular maturation. 

According to this model, these endocrine events do not end with ovulation. Rather, they continue 

to influence the function of the CL formed from that DF. The positive association between 

preovulatory E2 and subsequent luteal P4 observed in the cytobrush study supports the concept 

that this periovulatory endocrine environment, characterized by low P4 and high E2, produces a 

more functional CL. Likewise, cows expressing estrus in the embryo transfer study developed 

larger corpora lutea and greater P4 concentrations during the early luteal phase. Since P4 is the 
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principal regulator of endometrial differentiation during early diestrus, this indicates that the 

physiological consequences of the periovulatory endocrine environment extend well beyond 

ovulation. 

A more functional CL could also enhance uterine dynamics, favor early embryonic 

development, and lead to a more advanced secretory endometrium before conceptus elongation. A 

possible consequence of this endocrine environment is the presence of a richer uterine luminal 

fluid, providing the developing conceptus with a greater and more sustained supply of amino acids, 

glucose, fructose, lipids, and other molecules required for growth before elongation and maternal 

recognition of pregnancy. In cattle, conceptus elongation begins around Days 12 to 14 of 

pregnancy. Before this rapid elongation occurs, the endometrium undergoes changes in its 

secretory activity that are essential for supporting conceptus development. The production and 

transport of uterine histotroph are known to be essential for conceptus elongation. For this 

secretory activity to develop fully, PGR expression must be downregulated in the luminal and 

glandular epithelium. Sustained exposure to P4 promotes this loss of epithelial PGR; therefore, 

greater early luteal P4 concentrations could accelerate PGR downregulation, promoting earlier 

secretory activity by the uterine glands. These conditions could provide a more favorable uterine 

environment and promote more extensive conceptus elongation, increasing the surface area 

available for maternal–conceptus communication during maternal recognition of pregnancy.  

Larger conceptuses may produce greater amounts of interferon tau, potentially 

strengthening maternal recognition of pregnancy. More advanced conceptus development may 

also favor subsequent placental development, resulting in an extensive and more functional 

placenta capable of supporting fetal growth throughout gestation. Collectively, this physiological 
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cascade provides a plausible biological explanation for the reduced pregnancy loss observed in 

cows expressing estrus and in cows exposed to an extended proestrus before embryo transfer. 

The principal contribution of this dissertation was not to demonstrate that estrus is 

associated with greater fertility. Rather, this work provides evidence that even during estrus 

synchronization protocols, variation in the periovulatory endocrine environment remains 

associated with reproductive function well beyond ovulation, influencing subsequent luteal 

function, uterine differentiation, and ultimately the establishment and maintenance of pregnancy. 

Within this framework, estrus is no longer the primary biological event but the observable 

manifestation of a much more complex and coordinated physiological state.  
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 PROPOSED MODEL 

 

Figure 5.1 Proposed integrative model linking proestrus duration and the periovulatory endocrine milieu with estrus expression, 

subsequent luteal function, endometrial mRNA abundance, and pregnancy maintenance. The upper scenario integrates the 
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observed associations identified in this dissertation within a longer-proestrus endocrine pattern, whereas the lower scenario 

illustrates the hypothesized physiological and endometrial responses to shorter proestrus. The ESR1, PGR, OXTR, and MUC16 

profiles shown in the upper scenario were observed in synchronized Holstein heifers expressing estrus; the corresponding 

profiles in the shorter-proestrus scenario were not measured and are presented as a working hypothesis. Relationships 

summarized in this model were identified across separate studies, including those published by other laboratories, and should 

not be interpreted as a single experimentally tested causal pathway. E2 = estradiol; P4 = progesterone; LH = luteinizing 

hormone; PGF = prostaglandin F2α; GnRH = gonadotropin-releasing hormone. 

 
 


