11 University of Tennessee, Knoxville
i LN IWERSITY of

TENNESSEE TRACE: Tennessee Research and Creative
FHOREE Exchange
Masters Theses Graduate School

12-2007

Possible Strategies to Increase Ovulatory Follicle Size and Reduce
Time to Ovulation in Lactating Dairy Cows

Julio Omar Giordano
University of Tennessee - Knoxville

Follow this and additional works at: https://trace.tennessee.edu/utk_gradthes

b Part of the Animal Sciences Commons

Recommended Citation

Giordano, Julio Omar, "Possible Strategies to Increase Ovulatory Follicle Size and Reduce Time to
Ovulation in Lactating Dairy Cows. " Master's Thesis, University of Tennessee, 2007.
https://trace.tennessee.edu/utk_gradthes/134

This Thesis is brought to you for free and open access by the Graduate School at TRACE: Tennessee Research and
Creative Exchange. It has been accepted for inclusion in Masters Theses by an authorized administrator of TRACE:
Tennessee Research and Creative Exchange. For more information, please contact trace@utk.edu.


https://trace.tennessee.edu/
https://trace.tennessee.edu/
https://trace.tennessee.edu/utk_gradthes
https://trace.tennessee.edu/utk-grad
https://trace.tennessee.edu/utk_gradthes?utm_source=trace.tennessee.edu%2Futk_gradthes%2F134&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/76?utm_source=trace.tennessee.edu%2Futk_gradthes%2F134&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:trace@utk.edu

To the Graduate Council:

| am submitting herewith a thesis written by Julio Omar Giordano entitled "Possible Strategies to
Increase Ovulatory Follicle Size and Reduce Time to Ovulation in Lactating Dairy Cows." | have
examined the final electronic copy of this thesis for form and content and recommend that it be
accepted in partial fulfillment of the requirements for the degree of Master of Science, with a
major in Animal Science.

F. Neal Schrick, J. Lannett Edwards, Major Professor
We have read this thesis and recommend its acceptance:
Tulio Prado

Accepted for the Council:
Carolyn R. Hodges

Vice Provost and Dean of the Graduate School

(Original signatures are on file with official student records.)



To the Graduate Council:

I am submitting herewith a dissertation written by Julio Omar Giordano entitled
“Possible strategies to increase ovulatory follicle size and reduce ovulation time in
lactating dairy cows”. I have examined the final electronic copy of this
dissertation for form and content and recommend that it be accepted in partial
fulfillment of the requirements for the degree of Master of Science, with a major
in Animal Science.

F. Neal Schrick

Co-Major Professor

J. Lannett Edwards

Co-Major Professor

I have read this dissertation
and recommend its acceptance

Tulio Prado

Accepted for the Council:

Carolyn R. Hodges

Vice Provost and Dean of the
Graduate School

(Original signatures are on file with official student records)



POSSIBLE STRATEGIES TO INCREASE

OVULATORY FOLLICLE SIZE AND REDUCE TIME

TO OVULATION IN LACTATING DAIRY COWS

A Thesis
Presented for the
Master of Science Degree

The University of Tennessee, Knoxville

Julio Omar Giordano

December 2007



DEDICATION

This dissertation is dedicated to the most beautiful and important people of
my life, Soledad and Julio Agustin. Sole, only you know how important is for me
to have your support and love to accomplish my goals.

I also wish to dedicate this dissertation to my family in Argentina, in
particular to my father Omar and my mother Maria Teresa. Papa you are the first
and most knowledgeable teacher I ever had. You extended your passion for hard
work and the veterinary profession to me. Mama you were the best source of

support for life and continuation of my education.

i



ACKNOWLEDGMENTS

I wish to express my sincere gratitude to all the people who made possible
to complete my graduate studies at the University of Tennessee, Knoxville. First
of all, T would like to thank Dr. Neal Schrick for his trust, his patience, and for
giving me the opportunity to begin this exciting graduate career. Dr. Schrick
guidance has been invaluable to strengthen my critical thinking and broadening
my knowledge. I also have to thank Dr. Edwards for her commitment and
encouragement to work hard in order to accomplish a goal. Additionally, I have to
thank Dr. Tulio Prado for his strong support in this path towards my degree and
for serving on my graduate committee.

I’'m extremely thankful to the friendship and generosity from Gustavo
Schuenemann, Fernando Di Croce, and David Roper. In particular, to Gustavo
because without his advice and support reaching this point would not have been
possible. Fernando and David, you were excellent friends and the best team-
mates for the field work; your help to complete my study was invaluable. My
sincere gratitude to Nancy Rohrbach for her friendship and her patience to teach
me everything I know about hormone assays.

I also have to thank all the friends I made during this two amazing years at
the university; Eddie, Luana, Linda, Robin, Amber, Fernando Scenna, Tan-tan,
Dr. Waller and fellow graduate students. My sincere appreciations to Charlie
Young, and all the ETREC dairy personnel who kindly offered me their help and

friendship during my study.

il



I have no words to thank Ratl and Eugenia Almeida as well as the rest of
the Almeida family who gave me everything they could and made my life in
Tennessee much easier and fun. Finally I have to thank Soledad for her patience,

caring, and being such a beautiful person.

v



ABSTRACT

Specific objectives of this study were to examine growth response of the
dominant follicle (DF) after administration of Folltropin-V (FSH and LH) at onset
of luteolysis and investigate use of human chorionic gonadotropin (hCG) for
decreasing ovulation time in lactating Holstein cows. On day 8 or 9 of a
synchronized cycle, cows (n = 35) received an EAZI-BREED CIDR plus 100 ug
of GnRH. CIDRs were removed 7 days later and cows were administered 500 pug
cloprostenol. Concurrently, cows were randomly allocated to receive either 80 mg
Folltropin-V (FSH, n = 19) or 4 mL of sterile saline (SAL, n = 16). Forty-nine
hours later, cows that had received Folltropin-V or Saline were randomly
subdivided to receive either 100 pg dose of GnRH or 3000 IU of hCG.
Ultrasonography was performed to assess growth of the ovulatory follicle and
confirm ovulation. Data were analyzed using the MIXED procedure of SAS. Size
of the ovulatory follicle at time of GnRH/hCG administration was not different
between Folltropin-V or Saline groups (17.1 + 0.7 vs. 17.7 £ 0.6 mm,
respectively; P = 0.521). Total growth of the ovulatory follicle from CIDR
removal to GnRH/hCG administration did not differ between FSH (3.2 £ 0.6 mm)
and Saline-treated cows (3.3 = 0.4 mm; P = 0.891). When assessed from time of
CIDR removal, ovulation occurred at a similar time for Folltropin-V (76.9 + 0.7
h) and Saline-treated cows (78.0 = 0.5 h; P = 0.196). When calculated from time

of LH or hCG peak to ovulation, FSH-hCG cows presented the shortest time to

ovulation (19.9 + 0.4 h; P = 0.066). Whereas, from GnRH/hCG administration to
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ovulation, FSH-GnRH presented the earliest ovulation (25.0 £ 1.2 h; P = 0.013).
In conclusion, Folltropin-V did not increase size of the ovulatory follicle at the
time of GnRH/hCG administration. However, earlier ovulation occurred when

combined with hCG as measured from time of gonadotropin peak. Conversely,

when ovulation time is calculated from GnRH/hCG administration, FSH-GnRH

produced the earliest ovulation.
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CHAPTER 1

INTRODUCTION

Environmental heat stress (HS) is a severe problem affecting
approximately 60% of the world’s dairy cattle population (reviewed by
Wolfenson et al., 2000). For the United States dairy industry alone, the economic
losses associated with low milk yield and reduced reproduction approaches $897
million dollars per year (St-Pierre ef al., 2003).

Summer HS negatively alters fertility of dairy herds (Erb et al., 1940;
Ingraham et al., 1976; Gwazdauskas et al., 1981; Cavestany et al., 1985; Lopez-
Gatius 2003; de Vries et al., 2005b; de Vries and Risco 2005) when lactating
cows are either acutely or chronically exposed to high ambient temperature and
relative humidity. Consequently pregnancy rates of dairy herds dramatically
decrease during the summer season in regions affected by HS (de Vries and Risco
2005). Previous research indicates that HS may mediate its negative effects on
reproduction by altering hormonal concentrations (Gilad et al., 1993; Wolfenson
et al., 1997; Roth et al., 2001; Wolfenson et al., 1993), uterine environment
(Roman-Ponce ef al., 1978), follicular dynamics (Badinga et al., 1993; Wolfenson
et al., 1995; Wilson et al., 1998a,b), decreasing size of the dominant follicle (DF)
(Badinga et al., 1933; Wilson et al., 1998a,b; Cunha et al., 2007) and/or oocyte
quality (Edwards and Hansen 1996; Al-Katanani et al, 2002; Edwards et al.,
2005). Prominent changes of the maturing oocyte in response to elevated

temperatures have been shown both in vivo (Putney et al., 1989b) and in vitro



(Edwards and Hansen 1996; Ju et al., 1999; Edwards et al., 2005) indicating that
the female gamete is very sensitive to HS. Indeed, exposure of dairy cattle to heat
stress conditions during estrus compromised subsequent embryonic development
suggesting that the major effects of hyperthermia occur when oocytes are
completing the process of maturation within the Graafian follicle (Putney et al.,
1989b). Further, in vitro studies have shown that the ability of the oocyte to
complete the process of nuclear (i.e., progression to metaphase II) and
cytoplasmic (i.e., translocation of cortical granules to the periphery of the
cytoplasm) maturation is not affected. However, exposure of the oocyte to
physiologically-relevant elevated temperatures hastens the timing required for the
completion of the process (Edwards et al., 2005). Oocytes exposed to 41°C during
in vitro maturation (IVM) reached nuclear and cytoplasmic maturation earlier,
and when fertilized (IVF) within 4 to 8 h prior to the usual 24 h post maturation
produced blastocyst development similar to those in the non heat-stressed control
group (Edwards et al., 2005; Schrock et al., 2007). Taken together, these
observations suggest that HS hastens oocyte maturation resulting in fertilization
of an otherwise “aged” oocyte if IVF is performed at the usual 24 h post-
maturation period.

If as previously reported the time of ovulation in cattle is not modified by
HS (Gwazdauskas et al., 1981; White et al., 2002), and elevated temperatures in
vivo alter oocyte maturation in a similar manner as in vitro, then by the time the
oocyte is ovulated in a heat stressed cow it may already be “aged”. Under these

hypothetical circumstances, it is unlikely that the oocyte will develop into a
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normal embryo and establish a pregnancy. Previous efforts of others have clearly
documented that oocyte aging before fertilization has a negative consequence on
subsequent embryonic development (reviewed by Fissore et al., 2002).

With this in mind therapeutic strategies aimed to induce earlier ovulation
may be necessary to ensure the release of a mature “non-aged” oocyte in cows
undergoing HS. It was hypothesized that one possible strategy to reduce time
from onset of oocyte maturation (triggered by the gonadotropin preovulatory
surge in vivo) to ovulation may be to induce ovulation of larger follicles. A
possible approach to accomplish this goal may be to induce supplemental growth
of the DF during its final growth phase in order to have a larger preovulatory
follicle at the time of an exogenously induced gonadotropin surge. Supplemental
growth of the DF may be possibly stimulated by the administration of a hormone
preparation (Folltropin-V) containing FSH and LH, hormones that under normal
physiological conditions are responsible for stimulating growth of ovarian
follicles (reviewed by Lucy 2007; reviewed by Crowe 1999). Then, possible
larger ovulatory follicles may be more sensitive to the gonadotropin surge and
respond with early ovulation. Another possible advantage of using gonadotropins
in heat stressed-cows may be to offset the negative effect of HS to reduce DF size
as previously reported by others (Badinga et al., 1993; Wilson et al., 1998a,b;
Cunbha et al., 2007).

In cattle, the two most utilized hormones to induce ovulation are GnRH
which acts indirectly by increasing LH release from the pituitary gland resulting

in a LH surge and, human Chorionic Gonadotropin (hCG) which acts directly on
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the ovary by binding LH receptors (reviewed by De Rensis and Peters, 1999).
Thus, besides testing the growth response of the DF to Folltropin-V (FSH and
LH) administration, this experiment was also intended to test if the administration
of hCG would have an effect in the timing of ovulation. Unlike GnRH, the use of
hCG to induce ovulation in heat stressed cows may have some advantages
including; a mechanism of action independent of the pituitary gland which might
be affected by the effects of elevated temperatures in lactating dairy cows (Gilad
et al., 1993), a prolonged plasma half-life (Schmitt ez al., 1996), greater affinity
for LH receptors (Henderson et al., 1984), and the capability to remain bound to
LH receptors for longer periods of time than LH (Mock and Niswender 1983;
Mock et al., 1983; Henderson et al., 1984).

Specific objectives of this study were: 1) to examine the growth response
of the DF after administration of Folltropin-V (FSH and LH) at the onset of
luteolysis, 2) to investigate if the administration of hCG may decrease the time to
ovulation when compared to a GnRH induced LH surge and 3) to examine if the
combination of Folltropin-V (FSH and LH) with either hCG or GnRH may

decrease the time to ovulation in lactating dairy cows.



CHAPTER 2

REVIEW OF LITERATURE

2.1. General Effects of Heat Stress on Dairy Production Systems

Environmental heat stress (HS) is a severe problem affecting
approximately 60% of the world’s dairy cattle population (reviewed by
Wolfenson et al., 2000). Dairy farms located in the Southern region of the United
States are systematically affected by HS during the warm season (reviewed by
Jordan 2003). However, the negative impact of HS in dairy cattle has been
demonstrated in locations as far north as Wisconsin (Sartori ef al., 2002; Oseni et
al., 2003). Dairy production systems are seriously impacted by the economic
losses associated with this phenomenon. Decreased milk yield (Maust et al., 1972;
West et al., 2003) and impaired reproduction (Thatcher 1974; Cavestany et al.,
1985) account for the majority of losses associated with heat stress. Additionally,
incidence of other herd health problems including higher somatic cell counts
(Igono et al., 1988), retained placenta (Dubois and Williams 1980), and metabolic
disorders are aggravated during HS conditions.

Armstrong (1994) defined HS as “any combination of environmental
conditions causing the effective temperature of the environment to be higher than
the animal’s thermoneutral zone". Lactating dairy cows exposed to high ambient
temperatures and relative humidity (RH), typical of the warm season, present

difficulties dissipating heat produced by physical activity and metabolic



processes. The extra heat load produced by milk synthesis impairs their ability to
cope with HS. Consequently, high producing cows are more severely affected
than cows with lower production (Berman et al., 1985). Even more evident are the
differences when comparing the amount of heat produced by lactating or non-
lactating dairy cows. Purwanto et al. (1990) reported a 48.5% increase in heat
produced by cows yielding 31.6 kg/d of milk when compared to dry cows under
the same environmental conditions.

Other factors common to current production systems can affect
performance of dairy cows. For example, since bST was proven to increase milk
production in heat-stressed cows (Mohammed and Johnson 1985; Elvinger et al.,
1992; Settivari et al., 2007), its use is widespread in dairy farms located in regions
affected by HS. Unfortunately, while bST increases milk yield, it also further
elevates heat production (Mohammed and Johnson 1985; Elvinger et al., 1992)
exacerbating the heat load of lactating cows.

Failure to efficiently eliminate the increased heat load disrupts the
animal’s homeostatic equilibrium evoking a variety of physiological responses to
maintain comfort. As body core temperature rises, the cow attempts to eliminate
excess heat load by increasing respiration rate (Elvinger ef al., 1992), and water
consumption (Sanchez et al., 1994; Ronchi et al., 2001); however, feed intake
(West 1994) and physical activity are markedly reduced (Thatcher et al., 1974;
West 1994). An immediate consequence is a reduction in the amount of milk
produced, the extent of which is usually correlated to the degree of HS. Many
previous studies evaluated milk production in cows undergoing thermal stress

6



(Johnson et al., 1962; Ingraham 1979; Ravagnolo et al., 2000, West et al., 2003)
reporting variable results. Even though slight differences are found among the
studies, all data reviewed reported a decrease in production. The differences could
be attributed to the variation in environmental and management conditions
characteristic of each study as well as differences in the approach to quantify HS.
Temperature humidity index (THI) is a method usually employed to
predict the degree of HS. It is calculated by combining ambient temperature and
relative humidity (RH) into one value (NOAA, 1976). According to this index,
HS in dairy cattle starts at a THI of 72, which is also the end of the comfort zone
for cows (reviewed by Armstrong 1994). A THI value of 72 is obtained with a
temperature of 72°F at 100% humidity, 77°F at 50% humidity, or 82°F at 20%
humidity. As seen, different combinations of temperature and RH, easily reached
in areas of dairy production, induce HS in lactating dairy cows. In this regard,
utilizing weather information and production records from dairy farms in Georgia,
Ravagnolo et al. (2000) estimated a decrease of 0.2 kg of milk, 0.009 kg of
protein and 0.012 kg of fat produced by each unit of increment in the THI above
72. Furthermore, a loss of 165 kg/cow/year in milk was calculated after having

more than one third of the year with THI > 72.



2.2. Impact of Heat Stress on Economics of Dairy Production Systems

The estimated annual losses by livestock industries in the United States
associated with summer HS ranges between $1.69 to 2.36 billion (St-Pierre ef al.,
2003). Considering the dairy industry alone, it represents $897 to 1,5 billion
dollars per year of the total loss. Therefore, the dairy industry ranks first in the list
of food producing animals affected by HS (St-Pierre et al., 2003). Decreased milk
production and reproductive inefficiency of dairy herds are responsible for most
of the economic losses; however, other causes such as higher incidence of mastitis
(Giesecke 1985) and increased mortality (Hahn 1985) further affect profitability
of the industry.

Thermal stress drastically decreases pregnancy rate resulting in an
increase in days open for the herd (Oseni et al., 2003; St-Pierre et al., 2003). If
pregnancy is delayed, then cows will produce milk during prolonged periods of
time in the decreasing area of the lactation curve when efficiency of production is
medium or low. Moreover, cows becoming pregnant in late lactation are at higher
risk of being culled from the herd for other reasons including mastitis, lameness,
and low production (Gréhn et al., 1998; Booth et al., 2004). Considering that
dairy cows in the US have 3 lactations in average (Hare et al., 2000), it is clear
that the utmost economic benefit is obtained when they have as many lactation
peaks as possible since during this period, cows produce at their maximum

efficiency (Britt ef al., 2003).



Using meteorological data from more than 100 years and data on animal
response to HS from the literature, St-Pierre et al. (2003) created specific models
to assess the economic losses associated with HS by livestock industries in the
United States. For this analysis, productive and reproductive parameters usually
employed to evaluate the economic efficiency of dairy farms were selected. The
results of this observational study indicate that number of days open in herds from
the Southeast were higher than in herds located in the Northern states of the
country.

Realistic economic estimations of diminished reproductive performance
are hard to calculate given the number of different factors affecting the system.
For example, variable results were obtained in studies (Plaizier et al., 1997,
French and Nebel, 2003) aimed at calculating the cost of cows having extra days
open. The variability can be attributed to the different conditions considered in the
estimation. However, it is generally the rule that there is an implied cost when
cows remain open for extended periods after the voluntary waiting period (VWP).
The magnitude of this cost increases with longer days in milk because of lower
milk production during the current lactation as well as in the lifetime of the cow.
According to de Vries et al. (2005a) under Florida conditions, the cost of each day
open after the VWP ranges from $0.81 to $13.33. The lowest values representing
the losses during early lactation; whereas, the highest values represent late
lactation when the risk of being culled for other reasons is much higher.

Taken together, the fact that HS increases number of days open and the

extra cost associated, clearly stresses the value of attaining an early pregnancy for
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profitability of commercial dairy farms. Achievement of acceptable pregnancy
rates during the summer months would have a tremendous positive impact on the

economy of the industry by maximizing net return per cow per year.

2.3. General Effects of Heat Stress on Reproduction

In mammals, lactation is a physiologic process critical for the survival of
the species. Through secretion of milk, the dam provides the offspring with all the
nutrients required for growth and development. Establishment of a pregnancy is
the prerequisite for mammary gland development and milk secretion, unless they
are artificially induced by exogenous hormones (Harness ef al., 1978; Sawyer et
al., 1986). After calving, the regular stimuli produced either by suckling in beef
cows or milking in dairy cows is critical to maintain lactation. In dairy cows, the
amount of milk produced follows a curvilinear pattern increasing from calving up
to approximately 6 to 9 weeks when the maximum peak of production occurs and
then decreases (Nebel and McGilliard 1993). Following a variable period of time
specific to every production scheme, this carefully orchestrated process is
interrupted either when weaning occurs in beef cows or the cessation of lactation,
known as the dry period, is forced in dairy cows. Of the two viable alternatives
previously described to induce milk production, exogenous hormone
administration or pregnancy and calving, it is clear that the natural strategy has
prevailed over the years. Consequently, the entire dairy industry relies upon cows

becoming pregnant to have lactation. Ideally, all the cows in a herd become
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pregnant; however, in the real world, this condition is not always the rule and
dairy producers struggle with the poor reproductive efficiency of modern dairy
cattle.

Over the last fifty years, intensification of the dairy industry through
changes in nutritional and health management programs, coupled with intensive
genetic selection towards high productive potential, prompted a marked increase
in individual cow milk production (Nebel and McGilliard 1993; Lof et al., 2007).
However, over the same period of time, all parameters utilized to monitor
reproductive performance of dairy herds evidenced a consistent decline in
fertility. For instance, conception rate (proportion of services that result in
pregnancy; Morton et al., 2007) for first service in lactating dairy cows in New
York decreased from approximately 65% in 1951 to 40% in 1996 (reviewed by
Butler 1998). Furthermore, Washburn et al. (2002) found over 35% decrease in
conception rates from the late 1970s to the late 1990s in dairy herds located in 10
southeastern states of the United Sates. This trend is not only observed in the
United States but also in other countries where first-service conception rates have
been reported to decrease over time (Australia, Macmillan et al., 1996; Ireland,
Roche 2000; United Kingdom, Royal et al., 2000).

Summer HS has long been recognized to negatively alter fertility of dairy
herds (Erb et al., 1940; Ingraham et al., 1976; Roman-Ponce et al, 1977,
Cavestany et al., 1985) when lactating cows are either acutely or chronically
exposed to high ambient temperature and RH. For instance, pregnancy rate (PR;

cumulative number of conceptions/cumulative number of eligible cows in a 21 d
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period) which is a common parameter used to measure reproductive performance
of dairy herds (de Vries and Risco 2005; Ferguson and Galligan 1999) decreases
dramatically during the summer months in regions affected by HS. Pregnancy
rates during an eight year period in dairy herds of Florida and Georgia using
artificial insemination (Al), natural service (NS) or combination of both breeding
systems were 17.9% during winter whereas, during summer PR was 9.0% which
represent a large decrease in PR (de Vries et al., 2005b). Another report including
data from approximately 2.8 million DHIA lactation records during > 25 years
period indicates an 11% difference in PR between the winter and summer season
(de Vries and Risco 2005). Thus, environmental HS is of major concern to the
modern dairy industry given its contribution to poor reproductive performance of
herds. In the Southeast where herds are growing in cow numbers and the system
is being intensified, the losses associated with this phenomenon are concerning
(Washburn et al., 2002).

Most research suggests that detrimental effects of HS in livestock species
are mediated by maternal hyperthermia (sheep, Alliston et al., 1961; swine,
Edwards et al., 1968; beef, Dunlap and Vincent 1971; dairy, Putney et al., 1988);
which in turn, alters essential mechanisms for the establishment and maintenance
of pregnancy. Elevated rectal and uterine temperatures during a period of time as
early as 35 to 42 d prior to expected ovulation (Al-Katanani et al., 2002; Morton
et al., 2007) and, including late gestation (Collier et al., 1982) were linked to
reproductive dysfunction. However, the major reproductive losses are observed

when maternal hyperthermia occurs around the time of estrus and during early
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pregnancy (Ulberg and Burfening 1967; Putney et al., 1988, 1989b; Ealy et al.,

1993).

Failure of cows to establish and maintain pregnancy when exposed to high

ambient temperatures and relative humidity was consistently associated with

alterations in mechanisms involved in this strictly organized physiologic process.

Previous research indicates that HS mediates its effect on reproduction by several

means including:

possible dysfunction of the hypothalamic-pituitary axis (Gilad et al.,
1993),

aberrant follicular dominance pattern (Badinga et al., 1993; Wolfenson et
al., 1995; Roth et al., 2000), and decreased follicle size (Badinga et al.,
1993; Wilson et al., 1998a,b; Cunha et al., 2007)

diminished expression of estrus (Gwazdauskas et al., 1981; Younas et al.,
1993),

modified steroidogenesis in ovarian follicles (Wolfenson ef al., 1997; Roth
et al., 2001) and corpus luteum (CL) (Wolfenson et al., 1993; Howell et
al., 1994),

alterations of oocyte quality (Edwards and Hansen 1996; Zeron et al,
2001; Edwards et al., 2005),

inhibits embryo development (Putney et al., 1988; Monty and Racowsky
1987),

reduced cellular function (Edwards and Hansen 1996) and uterine blood
flow (Roman-Ponce et al., 1978).
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These alterations frequently take place concurrently with other effects of HS such
as decreased feed intake and negative energy balance (reviewed by de Rensis and
Scaramuzzi 2003) contributing in an additive or synergistic fashion to the already

established problem.

2.4. Brief Overview of Normal Reproductive Physiology in the Cow

The estrous cycle comprises the time elapsed between consecutive
ovulations. In the cow, the duration ranges from 17 to 23 d (average 21 d; Ireland
and Roche 1983). A series of hormones and growth factors secreted by the
hypothalamic-pituitary-gonadal axis and the uterus are responsible for regulation
of the estrous cycle. The anterior pituitary gland contributes by producing two
gonadotropins known as follicle stimulating hormone (FSH) and luteinizing
hormone (LH) which act in conjunction to control growth and development of
ovarian follicles (reviewed by Crowe 1999). These two hormones are synthesized
and secreted in response to hypothalamic-derived gonadotropin releasing
hormone (GnRH). While a pulse of GnRH is typically associated with a pulse of
LH, in the case of FSH, synthesis but not secretion is linked to GnRH. Instead,
FSH secretion is closely regulated by a different feedback mechanism including
estradiol-17f and other glycoproteins (reviewed by Welt et al., 2002).

In cows, follicles grow in a wave-like manner (Savio et al., 1988; Sirois
and Fortune 1988; Ginther et al., 1989; Knopf ef al., 1989). During the cycle,

emergence of a follicular wave is associated with FSH while LH stimulates final
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follicular growth and triggers the process of ovulation (reviewed by Moore and
Thatcher 2006). Progesterone and estradiol-17f are key regulators of
gonadotropin secretion given their influence in the secretory activity of the
hypothalamus and pituitary gland. Inhibin, activin, and follistatin are a group of
associated glycoproteins implicated in the regulation of FSH secretion (Phillips
2005). Other molecular components produced by the hypothalamic-pituitary-
gonadal axis and the uterus are linked to different events of the estrous cycle;
however, discussion of their functions and mechanism of action goes beyond the
scope of this review.

The day of estrus, when the cow is receptive to be mounted, is defined as
the beginning of the cycle or day 0. Ovulation occurs in approximately 24 to 30 h
after the onset of estrus (Rajamahendran et al., 1989; Walker et al., 1996; Bloch
et al., 2006) resulting in release of the oocyte and formation of the CL in the
remaining follicular tissue. This transitory gland will secrete progesterone until
day 16 to 18 when uterine PGF,, is released (McCracken et al, 1981). In
response to prostaglandin, the CL regresses establishing the end of the luteal
phase. However, if an embryo is present it will send the adequate signal to the
uterus to evade luteolysis and maintain a functional CL (Bazer et al, 1991;
Thatcher et al., 1995). Upon luteolysis, progesterone concentration drops to basal
levels releasing the block to LH secretion. As a result, faster pulsatility of LH
occurs that stimulates the dominant follicle(s) (DF) to grow to preovulatory size
(12 to 22 mm; reviewed by Crowe, 1999). Luteinizing hormone not only

stimulates follicular growth, but also enhances the DF secretory capacity resulting
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in high amounts of estradiol secretion. Estradiol-17 concentrations in blood
circulation increase until the stimulus of estradiol on the hypothalamus and
pituitary is sufficient to trigger estrus behavior and the preovulatory LH surge
(reviewed by Clarke 1989; reviewed by Allrich 1994). At this time, the cow is
receptive to be mounted by the bull if natural service is utilized or be artificially
inseminated.

In cattle, the pattern of follicular development follows a wave-like manner
with the presence of 2 or 3 waves (95 % of the cases) of growth and atresia
(Ireland and Roche 1987; Sirois and Fortune 1988). The number of waves in each
estrous cycle is highly correlated to the duration of the cycle since cows having
shorter interestrual periods will usually have 2 waves; whereas, those having
longer estrous cycles will usually follow a 3 wave pattern (Townson et al., 2002) .
Each wave is characterized by recruitment of a growing pool of follicles ~ 3 to 4
mm in size. This cohort of follicles undergoes a common growth phase until one
is selected as dominant while the rest are considered subordinates (reviewed by
Crowe 1999). Under some circumstances, two follicles will be selected as
dominant leading to double ovulation if these follicles correspond to the ovulatory
wave of the cycle. While subordinate follicles discontinue their growth and
undergo atresia, the dominant follicle, which is ~ 8 mm in diameter at selection,
continues increasing in size in a process called deviation (Ginther et al., 1996;
Ginther 2000; Kulick et al., 2001). When dominance of a follicle(s) coincides
with high levels of progesterone, characteristic of mid-luteal phase, the hormonal

environment is inadequate to sustain either further growth or ovulation with the
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consequent atresia of the dominant follicle. Conversely, by the end of luteal phase
when luteolysis is produced, the hormonal milieu is characterized by low levels of
progesterone and high estradiol-17 concentrations which induce high LH
pulsatility favoring final growth of the DF to preovulatory size (12-22 mm). At
this point in time the DF produces sufficient estradiol-17p to exert a positive
feedback at the pituitary level and induce the preovulatory LH surge which then
triggers the process ovulation and luteinization (reviewed by Smith et al., 1994).
Once the ovulatory process begins, granulosa and theca cells, which
represent the two primary types of cells forming a follicle, undergo a series of
profound morphological and biochemical transformations known as luteinization
(reviewed by Smith et al., 1994). A significant change in hormone production
occurs during this phase. There is a switch in steroid production from estradiol-
17B to progesterone as well as intrafollicular secretion of local acting hormones,
growth factors, cytokines, and enzymes necessary for follicular wall breakdown
(reviewed by Espey 1994). Immediately after follicular rupture, a cumulus oocyte
complex (COC; oocyte with its surrounding cummulus cells) is released and the
follicular cavity is filled with blood to form what is called the corpus
hemorragicum which will later become the CL (reviewed by Stocco et al., 2006).
The formation of the CL is critical for maintenance of pregnancy if successful
fertilization and embryo development have occurred (Mann et al., 1999; Okuda et

al., 2002).
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2.5. Possible Mechanisms for Decreased Reproductive Efficiency during Heat

Stress

Elucidation of mechanisms associated with reproductive inefficiency of
dairy cows suffering HS has never been a simple task. Therefore, a considerable
amount of in vivo and in vitro models have been utilized in an effort to decipher
basic mechanisms behind HS-derived infertility. Despite a general consensus on
most of the subjects studied, often times the results obtained in a particular study
are inconsistent with those generated by others. Disparity in the results may be
attributed to the great variation in the experimental designs employed and
conditions underlying each particular study. For instance, results obtained in
studies using acute vs. chronic HS, lactating vs. non-lactating cows, heifers vs.
cows or different blood sampling frequencies are very difficult to compare
because of disparity in the physiological status of each particular type of animal
or the nature and severity of HS.

In the following section, the author describes at the best of his knowledge
how HS may be disrupting reproduction in dairy cows in the most updated and

detailed manner possible.
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2.5.1. Response of Hypothalamic-Pituitary-Gonadal Axis under Heat Stress

Conditions

Alterations in hormonal secretion have been long implicated as a possible
cause of infertility in cows suffering HS (Thatcher 1974). Therefore, several
studies have been designed to evaluate how HS modifies hormone secretion and
its consequences. Clarification of the endocrine mechanisms involved in
reproductive failure would not only be important to better understand the
physiology of cows suffering HS but also to develop therapeutic strategies
capable of overcoming poor fertility associated with HS.

Madan and Johnson (1973) reported that heifers suffering HS, after
placement in a controlled environment with temperatures of 33.5°C and 55% RH,
had lower basal LH concentration during the estrous cycle than their non-HS
counterparts. Under the same conditions, those heifers undergoing thermal stress
presented lower LH concentrations during the preovulatory peak. Wise et al.
(1988) reported that non-cooled lactating dairy cows during the summer had
lower LH pulsatility (pulse frequency) in the early stages of the estrous cycle;
however, LH pulsatility was similar for cooled and non-cooled cows when
evaluated during mid cycle. Later research performed by Gilad et al. (1993)
suggested that impaired gonadotropin secretion in chronic heat stressed cows may
be linked to estradiol concentrations. In their experiment, basal and peak levels of
FSH and LH were measured in lactating cows during mid cycle before and after

administration of GnRH to test the responsiveness of the hypothalamic-pituitary-
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gonadal axis. Chronic HS decreased mean levels and pulse amplitude of tonic LH
secretion and diminished GnRH-induced LH release by 27%. It should be noted
that under conditions of this study, effects of HS were only evident in cows
having low estradiol concentrations in contrast to cows presenting high
concentrations of estradiol. Conversely, results of other studies disagree with
Gilad et al. (1993) reporting either no differences (Gwazdauskas et al., 1981;
Rosemberg et al., 1982; Younas et al., 1993; Ronchi et al., 2001) or in same cases
increased (Roma-Ponce ef al., 1981) basal and preovulatory surge concentrations
of LH.

For FSH, Gilad et al. (1993) reported reduced plasma concentrations after
GnRH administration but only in cows with low levels of estradiol (as with LH)
when acute HS was induced during the winter. Chronic HS during the summer
lowered FSH concentrations as well but just in one of the two analyzed periods.
In contrast, Roth et al. (2000) demonstrated that plasma concentrations of FSH
prior to emergence of the second follicular wave and during the preovulatory
surge were higher for HS cows than in cooled cows not treated with GnRH. This
was accompanied by lower levels of inhibin during the estrous cycle of the HS
group. Conversely, in a study to characterize the effect of HS on Holstein heifers
in a controlled environment, it was reported that baseline levels, pulse frequency
and amplitude of FSH were unchanged by thermal stress (Ronchi ef al., 2001).

Similar controversy exists on effects of HS on steroidogenesis in dairy
cows. Some studies reported no differences (Roman-Ponce ef al., 1981; Wise et
al., 1988; Badinga ef al., 1993; Roth et al., 2000; Roth et al., 2001; Ronchi et al.,
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2001), decreased (Gwazdauskas et al., 1981; Wilson et al., 1998a,b) or even
increased (Rosemberg et al., 1982; Folman et al., 1983) estradiol follicular
synthesis and blood concentrations. The great variation in experimental designs
and conditions in which these experiments were performed might be responsible
for the disparity in the results. For instance, Wolfenson et al. (1995) reported that
plasma estradiol concentrations in heat stressed cows were higher at the beginning
of the estrous cycle, lower during dominance of the first wave dominant follicle,
higher at the time of second wave dominant follicle dominance, and the same at
the preovulatory surge. Wilson et al. (1998a,b) observed lower estradiol
concentrations in both heat stressed cows and heifers starting the day of luteolysis
in a set of two experiments placing the animals in environmental chambers.
Additionally, in vitro studies carried out to clarify the reasons for lower estradiol
concentrations under in vivo HS conditions documented decreased steroidogenic
activity in theca cells of cows exposed to HS during variable periods of time
(Wolfenson et al., 1997; Roth et al., 2001). It was concluded that the possible
mechanism mediating deficient estradiol production was damage to theca cells.
Lower androstenedione (substrate for estradiol synthesis) concentrations in
follicular fluid of heat stressed cows suggested that theca cells affected by
hyperthermia are unable to maintain androstenedione secretion at normal rates in
contrast to granulosa cells which in the same study showed similar metabolic and
secretory capacity regardless of treatment.

Progesterone production by the CL is important for normal cyclicity as

well as for establishment and maintenance of pregnancy. Lower levels in plasma
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(Rosemberg et al., 1982; Folman et al., 1983; Howell et al., 1994; Ronchi et al.,
2001) and decreased in vitro production (Wolfenson et al., 1993) of progesterone
have been reported for cows suffering HS. Conversely, other studies found no
differences in progesterone concentrations in non cooled cows during the summer
(Wise et al., 1988; Younas et al. 1993; Wolfenson et al., 1995). Despite
controversy in results from some experiments, it is usually considered that
exposure to summer HS suppresses progesterone production. Inadequate levels of
progesterone before and after insemination may be detrimental for fertility of

dairy cows.

2.5.2. Follicular Dynamics in Cows Undergoing Heat Stress

Disturbances of follicular dynamics are prominent during periods of HS.
The major effects of hyperthermia on follicular growth and development include a
reduced capability of the DF to exert dominance over subordinate follicles
(Badinga et al., 1993; Wolfenson et al., 1995; Roth et al., 2000; Guzeloglu et al.,
2001) and decreased size of the DF (Badinga ef al., 1993; Wilson et al., 1998a,b;
Cunbha et al., 2007).

Impaired DF dominance is reflected by 1) inefficiency of the DF to
suppress growth of the subordinate follicles, as evidenced by higher numbers of
large-sized follicles (> 10 mm) after deviation and 2) earlier emergence (2 to 4 d)
of the subsequent follicular wave (Wolfenson et al., 1995; Roth et al., 2000).

Increased number of large-sized follicles after deviation suggests alterations of the
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hormonal environment in a particular way that supports growth of subordinate
follicles for longer periods of time. Roth ef al. (2000) suggested that the reason
for this anomalous growth pattern was the higher basal and peak FSH
concentrations observed in heat stressed cows. Consistent with this finding is the
concerning lowered plasma inhibin concentrations reported in the same study
since this hormone is one of the major suppressors of FSH secretion in bovine.
Therefore, it was concluded that impaired dominance was a consequence of
hyperthermia impeding normal secretion of hormones (inhibin and estradiol)
related to FSH regulation by follicular cells (Wolfenson et al., 1993; Roth et al.,
2000). Another feature of disturbed follicular dynamics in heat stressed cows is
the emergence of the second follicular wave 2 to 4 d earlier than in non heat
stressed cows (Wolfenson et al., 1995; Roth et al., 2000). An end result of earlier
wave emergence is the growth of the dominant follicle for an extra period of time
after recruitment. Based on this assumption, Wolfenson et al. (1995) suggested
that in cows presenting estrous cycles with two follicular waves, the oocyte may
be “older” or ‘“aged” at the time of ovulation. It is uncertain whether this
mechanism is responsible or not for the infertility syndrome observed in dairy
cows during the summer HS. If so, it would be through a direct effect on follicular
cells and the environment on the oocyte.

Another particular aspect of follicular dynamics in lactating dairy cows
undergoing HS is the presence of DF of smaller size. Badinga et al. (1993)
reported that size of the DF was bigger and contained more follicular fluid in

cows maintained under a shade management system when compared to cows with
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no shade. These observations are in agreement with those of Wilson ef al. (1998a,
b) who reported a decrease in size of the DF for heifers and lactating dairy cows
under artificially induced HS conditions. Furthermore, a recent study conducted in
Wisconsin where HS during summer is not as extreme as in the southern United
States suggests that size of the DF follicle is affected by HS. Results of this study
indicate that cows ovulated smaller follicles during the summer season when

compared to the winter season (Cunha et al., 2007).

2.5.3. Estrus Behavior in Heat Stressed Cows

It has been shown that HS alters expression of estrus by decreasing the
proportion of cows showing signs of heat (Younas et al., 1993). In addition, both
duration and intensity of estrus are also reduced (Gangwar et al., 1965; Madan
and Johnson 1973; Gwazdauskas et al., 1981; Wolfenson et al., 1988). Indeed,
Nebel et al. (1997) reported that the number of mounts during estrus in lactating
cows during summer was one-half the number of mounts during winter. In
contrasts, others had reported no seasonal effects on expression of estrus (Badinga
et al., 1994); however; as most of the studies show, it seems clear that cows
undergoing HS have a decreased estrous expression during the warm season.

Estrous behavior depends upon circulating estradiol-17p acting on the
hypothalamus. During the preovulatory period, the dominant follicle plays a
critical role in the initiation of estrus by the secretion of high amounts of

estradiol-17B. When concentrations of this steroid hormone increase in blood, a
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surge is produced triggering estrus behavior (reviewed by Allrich 1994). In the
bovine, signs of heat include increased motor activity, mounting of herdmates,
sniffing other cow’s vulvar area and standing when mounted (Van Eerdenburg et
al., 2002). Associated with these behavioral changes is an augmentation in the
production of metabolic heat. Therefore, cows under environmental conditions
unfavorable for heat dissipation attempt to decrease their physical activity in order
to decrease production of excess heat. It is then reasonable to hypothesize that the
most likely cause of altered estrus expression is the reduction in motor activity
seen in dairy cows undergoing thermal stress. Another explanation could be the
lower estradiol concentrations during the preovulatory phase reported by
Gwazdauskas et al. (1981). However, this mechanism seemed to be unlikely since
estradiol still produced the ovulatory LH surge and ovulation in all animals
studied.

As reproductive performance of dairy herds using artificial insemination
(AI) depends upon efficient and accurate detection of estrus, altered expression of
estrus causes difficulties in detection. Consequently, cows undergoing HS are
either less likely to be detected when showing estrus resulting in fewer cows
submitted for breeding or inseminated at the inappropriate time. Under these
circumstances, maximizing the number of cows artificially inseminated requires
either improvement in efficiency of the estrous detection techniques, which are
labor and time consuming, or the use of timed artificial insemination (TAI)
protocols, which allow breeding 100% of the available cows at the same time

without detecting estrus.
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2.5.4. Ovulation in Heat Stressed Cows

Direct (confirmation of ovulation by rectal palpation or ultrasonography)
and indirect (presence of at least one CL) evidence from several reports indicates
that the proportion of cows ovulating during summer or under controlled HS
conditions are similar than for non HS cows (Gwazdauskas et al., 1981; Putney et
al., 1989b; Wolfenson et al., 1995; White et al., 2002; Bloch et al., 2006).
Conversely, others had reported that ovulation rate confirmed by the presence of
one or more CL’s 11 d after Al is affected during the warm season in high
producing lactating dairy cows (Lopez-Gatius et al., 2004; Lopez-Gatius et al.,
2005). In one study (Lopez-Gatius et al., 2004) ovulation rate during a well
defined warm season was significantly lower than during cool season (70.5 vs.
89.7%, respectively) whereas, in a subsequent study ovulation rate was again
significantly lower during the warm than in the cool season (87.6 and 96.9%,
respectively). Discrepancies among the results of those studies claiming no
differences in ovulation rate (Gwazdauskas et al., 1981; Putney et al., 1989b;
Wolfenson et al., 1995; White et al., 2002; Bloch et al., 2006) and, the two most
recent studies showing decreased ovulation rate in lactating cows during HS
(Lopez-Gatius et al., 2004; Lopez-Gatius et al., 2005) limit further conclusions
about ovulation rate under HS conditions.

Regarding timing of ovulation, few studies have evaluated ovulation time
in HS cattle. For instance, Gwazdauskas et al. (1981) assessed hormonal patterns

and ovulation in Holstein heifers placed in environmental chambers to induce
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hyperthermia. The results of this study, in which ovulation was assessed by rectal
palpation, suggest no alteration in timing of ovulation in heat stressed heifers.
Despite observing a decrease in the duration of estrus (21.0 £ 3.8 vs. 16.0 £ 3.7 h
for control and HS, respectively) the time interval from the LH surge to ovulation
was similar for control and HS heifers. Further, Wolfenson et al. (1995) reported
that in dairy cows undergoing HS emergence of the second-wave/DF occurs 2 to
4 d earlier; however, they did not observe differences in duration of estrus and
time of ovulation. A recent study evaluated the timing from the onset of estrus to
ovulation in high yielding dairy cows during spring, summer and fall in Israel
(Bloch et al., 2006). During summer, maximum and minimum air temperature
and RH were 32.7 and 22.5°C, 69 and 53% respectively. A sprinkling and
ventilation system was used to cool the cows; however, because of the high
ambient temperatures and RH it is logical to consider that this cows were under
conditions of thermal stress. The results of this study indicate that, neither the
ability of cows to ovulate nor time of ovulation was different during summer
since ovulation was confirmed in 100% of the animals included in the experiment
and, data from the three (spring, summer and fall) seasons were pooled together
suggesting no differences in ovulation time.

No other experiments have been conducted with either heifers or lactating
dairy cows to evaluate timing of ovulation under HS conditions. Therefore, it will

be assumed that the timing required for the process is unchanged by

environmentally induced hyperthermia. This assumption is based on the few

experiments discussed above and another study utilizing mature beef cows in
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Oklahoma (White et al., 2002). The authors evaluated the time elapsed between
onset of estrus and ovulation during the summer, winter and spring. No
differences were found among the three seasons indicating that, at least for this
animal model which greatly differs from a lactating dairy cow, high ambient
temperature during the summer months did not affect the average time at which

ovulation occurred.

2.5.5. Effects of Heat Stress on Qocytes

Alterations of embryonic development caused by the effect of elevated
temperatures on the oocyte have been shown both in vivo (Putney ef al., 1989b)
and in vitro (Edwards and Hansen 1996; Ju et al., 1999; Edwards et al., 2005)
indicating that the female gamete during maturation is very sensitive to HS. The
extent of the damage produced by hyperthermia is quite variable depending upon
temperature and duration of the exposure (Edwards and Hansen 1997; Edwards et
al., 2005)

Oocytes seem to be affected during both the early stages of follicular
development and the periovulatory period (when they undergo the process of
maturation). Effects of HS during early stages of follicular development were
reported by Al-katanani et al. (2002) who performed a set of two in vitro
experiments to compare the developmental potential of vitro matured (IVM) and
fertilized (IVF) oocytes collected from antral follicles in dairy cattle during either

the warm (cooled vs. not for 42 d) or cool season. It was concluded that 1) oocyte
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(non preovulatory oocytes) competence in Holstein cows declines during the
summer and 2) cooling the cows for a period of 42 d prior to oocyte collection
does not alleviate seasonal effect. In support to the data of Al-katanani et al.
(2002), other in vitro experiments have shown lower embryo development when
oocytes obtained from antral follicles were directly exposed to HS (Payton et al.,
2004) and when oocytes are obtained during the hot vs. the cool season (Rocha et
al., 1998; Rutledge et al., 1999).

In bovine, compelling evidence indicates that the major effects of
hyperthermia occur after the onset of estrus when the oocyte is undergoing the
process of maturation. In this regard, Putney et al. (1989b) reported that early
embryonic development was dramatically affected in dairy heifers acutely
exposed to HS during the periovulatory period. Embryos collected from Holstein
heifers placed in environmental chambers under conditions sufficient to increase
rectal temperature to > 41.0°C for the first 10 h after the onset of estrus were
retarded and/or arrested at the 8- to 16- cell stage. In addition, when subjected to
morphological analysis, most of these embryos were classified as fair to poor
quality. Taken together, these observations indicate that maternal hyperthermia
during estrus, which coincides with oocyte maturation in vivo, alters the female
gamete when it is preparing for fertilization.

The findings of Putney et al. (1989b) in vivo are supported by later
research performed in vitro which indicated that exposure of oocytes at 41°C
during maturation decreased the proportion of embryos developing to the
blastocyst stage (Edwards and Hansen 1996, 1997). Continued efforts to elucidate
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the possible mechanisms responsible for impaired embryonic development of
heat-stressed oocytes suggested that the ability of the oocyte to complete the
process of nuclear (i.e., progression to metaphase II) and cytoplasmic (i.e.,
translocation of cortical granules to the periphery of the cytoplasm) maturation in
vitro is not affected by exposure of the oocyte to temperatures easily reached by
cows undergoing HS. Ova cultured under hyperthermic conditions (41°C)
completed nuclear and cytoplasmic maturation in a similar fashion than the non

heat stressed counterparts. However, while hyperthermia did not affect the

capability of the oocyte to mature, it did alter the timing required for the

completion of the process. In this study, oocytes exposed to 41°C for the first 12 h

of IVM reached nuclear and cytoplasmic maturation 4 to 6 h earlier than the non
heat stressed controls. These results prompted an additional experiment to test if
earlier IVF may improve blastocyst development in heat stressed oocytes.
Interestingly, IVF 5 h earlier than the usual 24 h used for IVM/IVF produced
blastocyst development similar to those in the non heat stressed control group. In
agreement with this study, Schrock et al. (2007) reported that earlier IVF at 16, 18
and 20 h was beneficial to increase development of heat stressed oocytes.
Development to the blastocyst stage was higher for the heat-stressed group IVF at
18 and 20 h when compared to IVF at 24 h post maturation. Moreover, the stage
of development and quality scores of the embryos that did developed to the
blastocyst stage were similar for those derived from heat-stressed and non-heat
stressed oocytes. It is worth noting that even though a clear improvement in

developmental rates was found in oocytes undergoing HS (close to control values,
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> 20%), earlier IVF did not completely eliminate the harmful effects of
hyperthermia. Based on the results of this set of experiments (Edwards et al.,
2005; Schrock et al., 2007), the authors suggested that the major effect of elevated

temperature is to hasten oocyte maturation resulting in the fertilization of an

“aged” oocyte if IVF is performed 24 h post-maturation.

If in vivo effects of hyperthermia are similar to those observed in vitro by
Edwards et al. (2005) and Schrock et al. (2007), then premature aging of the
oocyte when contained within the follicle is of concern given the short fertile
lifespan of matured oocytes (8 to 10 h; Hunter 1985). Since the time elapsed from
the LH surge to ovulation is not modified by HS (Gwazdauskas et al., 1981;
Wolfenson et al., 1995; White et al., 2002; Bloch et al., 2006) and hyperthermia
induces premature aging of the oocyte, then it is logical to speculate that by the
time of their release from the follicle, oocytes may be “aged” and consequently
less competent. Under these hypothetic circumstances, it is unlikely that the

oocyte will develop into a normal embryo and establish a pregnancy.

2.6. Strategies to Improve Reproductive Efficiency in Heat Stressed Cows

2.6.1. Modification of the Cow Microenvironment

The impact of providing cows with shade and cooling to alleviate the
effect of summer HS in reproduction has been extensively evaluated (reviewed by

Jordan et al., 2003). The two most common methods of environmental
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management used to mitigate effects of HS include protecting cattle from direct
solar radiation with supplemental shade or favor evaporative cooling through
forced ventilation and sprinklers (Armstrong 1994; Collier et al., 2006). Many
studies were conducted to evaluate if providing cows with shade and cooling
during the summer months improved reproduction in hot environments. For
instance, conception rates (CR) of cows exposed to a shade system during the
summer in Florida were significantly higher than cows maintained in uncovered
facilities (38.2 vs. 14.3%, respectively) indicating that decreasing direct solar
radiation on the cow alleviates HS and helps to improve fertility (Roman-Ponce et
al., 1981). On the other hand, favoring evaporative cooling through forced
ventilation and sprinkling resulted in a higher proportion of cows expressing
estrus and less were considered as anestrus (Her et al., 1988). In this study,
despite the better cyclicity and estrous detection in the cooled group, the CR was
not different between groups, suggesting that cooling cows with the system used
was not sufficient to mitigate the negative impact of HS. Conversely, other reports
have shown improvements in reproductive performance when comparing the use
of evaporative cooling with shade to alleviate HS. Lactating Holstein cows
receiving different cooling treatments (sprinklers and forced ventilation or shade)
during the preovulatory period and early embryonic development had significant
differences in PR (Ealy et al, 1994). In this study, it was concluded that
pregnancy rates may be further improved with evaporative cooling than with

shade since the PR were 16% and 6.2%, respectively (Ealy et al., 1994).
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2.6.2. Nutritional Strategies to Improve Reproduction in Heat Stressed Cows

Under conditions of heat stress regulatory mechanisms are activated in
lactating dairy cows to decrease dry matter intake in an attempt to lower the
amount of metabolic heat produced (reviewed by De Rensis and Scaramuzzi
2003). A direct consequence is to exacerbate the negative energy balance
associated with the high levels of milk production. Therefore, it is necessary to
modify the cow’s diet in order to reestablish adequate amounts of energy intake.
Since higher proportions of fiber in the diet of cattle generate extra amounts of
metabolic heat (Reynolds et al., 1991) a possible strategy to increase energy
intake while limiting the amount of heat produced is to decrease fiber and
increase the amount of high energy compounds such as concentrates and fat in the
diet (Mody et al., 1967; Beede and Collier 1986; Knap and Grummer 1991). The
benefit of diets with low fiber to high concentrate ratios for dairy cows under HS
may be to improve the general comfort of the cow as a result of lower heat
production and therefore improve fertility (West 2003).

Others attempted to improve lactating dairy cow’s fertility during the
summer through supplementation with antioxidants (Ealy ef al., 1994; Aréchiga et
al., 1998) since reports of in vitro studies using murine and bovine embryos
showed a positive effect on embryo development when supplementing culture
media with antioxidants (Ealy et al., 1992; Malayer et al., 1992; Aréchiga et al.,
1994). The reason for improved development seemed to be a reduction of heat

shock effects on the embryo. Therefore, it was speculated that administering
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antioxidant substances such as Vitamin E or B-carotene (Vitamin A precursor), to
lactating dairy cows would have the same benefits as in vitro. For instance, Ealy
et al. (1994) provided a diet supplemented with Vitamin E to meet the
requirements of lactating dairy cows and administered 3000 IU i.m. at the time of
Al No differences were found in pregnancy rate between supplemented and
control groups suggesting that Vitamin E was not effective in alleviating the
effects of HS or, the dose and time of administration were inadequate. In contrast,
inclusion of B-carotene for long periods of time (= 90 d) seemed to have a mild
beneficial effect on reproduction (Aréchiga et al., 1998). In this study, the
percentage of pregnant cows at 120 d was significantly higher in the
supplemented group. The poor improvement in reproductive efficiency observed
in these experiments after supplementing HS dairy cattle with Vitamin E or -
carotene suggests that in vivo modification of the antioxidant status of the cow

does not entirely solve the problem of summer infertility.

2.6.3. Use of Reproductive Management and Biotechnologies to Ameliorate

Reproductive Performance under Heat Stress

2.6.3.1. Use of Natural Service

In order to avoid estrous detection and improve fertility, some dairy
producers tend to increase the use of natural service during the summer months

(reviewed by Hansen and Aréchiga 1999; reviewed by de Rensis and Scaramuzzi
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2003). However, this breeding system does not overcome the negative impact of
heat stress on the cow. Record analysis of an 8-year period indicated that PR of
dairy herds during the summer months in Florida and Georgia, using natural
service as the only breeding system, was almost half of the PR obtained during
the winter months (9.8% vs. 18%, respectively; de Vries et al, 2005b). These
results are not surprising since bull fertility also declines under HS conditions
(Fricke 2003).

Semen quality of ejaculates obtained in periods of thermal stress are
characterized by decreased sperm concentration, lower sperm motility, and
increased number of morphologically abnormal sperm (Fricke 2003). Moreover,
the quality of the semen is not similar to pre-stress conditions after at least two
months of exposure to conditions of HS (Fricke 2003). In addition to the
incapability of the bull to improve PR, the loss of genetic progress (reviewed by
(reviewed by Hansen and Aréchiga 1999), the cost associated with maintenance
of the bull(s), and the risk for the farm personnel (Fricke 2003) are other
drawbacks of implementing natural service as breeding systems in dairy herds. As
a possible solution, the use of Al has been proposed to bypass the negative impact
of HS on bull fertility (reviewed by Hansen and Aréchiga 1999) and avoid other
costs and risks associated with maintenance of bulls. However, bypassing
negative effects of HS on the quality of the semen through the use of Al after
estrus detection is not a viable alternative to ameliorate reproductive efficiency of
dairy cows. Indeed, several researchers reported diminished PR using Al in
regions affected by HS (Schmitt ef al., 1996; de Vries et al., 2005b) which is not
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surprising since chances of obtaining a pregnancy depend upon adequate estrus
detection and conception rate which are usually impaired during HS (Ingraham e?

al., 1976; Younas et al., 1993; Nebel et al., 1997).

2.6.3.2. Use of Gonadotropin Releasing Hormone at the Time of Estrus

Administration of GnRH at or around the onset of estrus was proposed as
a possible strategy to help solve the infertility problem of lactating dairy cows in
hot climates. Ullah et al. (1996) reported higher CR in cows treated with GnRH
after visual observation of estrus under conditions of HS. In this experiment, the
difference in CR observed was attributed to the higher concentrations of
progesterone in treated cows as a result of GnRH injection. Other researchers
reported similar benefits of administering GnRH at or around the time of the onset
of estrus. Overall CR in lactating dairy cows in Israel increased from 35.1% to
51.6% when GnRH was given within 3 h of the onset of estrus during the summer
months (Kaim et al, 2003). However, in this study, statistical differences were
only observed in primiparous cows, while no significant differences were
observed in multiparous cows. Based on results of this, and a previous experiment
in which GnRH was given at the time of onset of estrus (Kaim ef al., 2003), it was
suggested that the beneficial effects of this practice consist in reduction of the
time interval (~1.5 h) from the onset of estrus to the preovulatory LH surge.
Moreover, GnRH-treated cows had higher LH surges resulting in higher overall

concentrations of LH. The authors concluded that GnRH at the time of onset of
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estrus may have improved fertility in dairy cows during the summer by several
mechanisms including increased height of the LH surge and overall concentration
of LH, preventing delayed ovulation, and possibly by increasing progesterone
secretion by the CL. Therefore, administration of GnRH or its analogs at the time
of onset of estrus seems to be a promising alternative to improve fertility under
HS. Indeed, Edwards et al. (2005) hypothesized that administering GnRH at the
onset of estrus may improve fertility by reducing the time interval from estrus to
ovulation therefore maximizing the chances of fertilization of the oocyte during its
fertile lifespan. However, application of this protocol in commercial dairy farms
is far from being extensively adopted because of impractically of estrus detection

and labor demands.

2.6.3.3. Synchronization of Ovulation and Timed Artificial Insemination (TAI)

Synchronization of ovulation protocols consist in the administration of a
series of hormones at scheduled times to manipulate growth of ovarian follicles,
regression of the CL, and ovulation. The ultimate purpose of these protocols is to
synchronize the time of ovulation and inseminate cows at a fixed time eliminating
the need for estrus detection. Ovsynch, which consist in the application of an
initial dose of GnRH at random stages of the estrous cycle, PGF,, 7 d later
followed by another dose of GnRH at 48 h and Al 16 h later (Pursley et al., 1995),
is the most widely used protocol in commercial dairy herds (Caraviello et al.,

2006). With protocols like ovsynch it is possible to obtain conception rates similar
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to those observed in cows bred after estrus detection with the advantage that
ovsynch allows Al of as many cows as desired at the same time without estrus
detection (Pursley et al., 1995; Pursley et al., 1997; Stevenson et al., 1999; Peters
and Pursley 2003).

As several reports showed similar CR for cows bred by TAI or by Al after
estrus detection, researchers speculated that their use might be beneficial for dairy
cattle under conditions of HS. The major benefit of using these protocols would
be the opportunity to inseminate all available cows without detecting estrus
(Aréchiga et al., 1998), since expression of estrous behavior is of shorter duration
(Younas et al., 1993) and less intensity (Gangwar et al., 1965; Madan and
Johnson, 1973; Gwazdauskas et al., 1981) in heat-stressed lactating dairy cows. In
this regard, Aréchiga et al. (1998) evaluated the use of a TAI protocol as a
strategy to improve PR of lactating cows in hot environments. In their study, they
reported a higher cumulative PR at 90 d postpartum for the TAI group compared
to Al after detection of estrous during the hot season. Similar improvements in PR
with TAI during summer were reported by de la Sota et al. (1997). However,
despite improvements in PR at 90 d in both studies, CR at first service was not
different for TAI and control cows, indicating that the most probable cause of the
improved PR with TAI was the higher Al submission rates. In contrast others
have observed no differences in cumulative PR (90 and 135 d postpartum) of
cows bred using Al after estrus detection or TAI during the winter and summer

(de Rensis et al., 2002). Pregnancy rates of TAI cows during summer were similar
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to those of the winter but did not significantly differ from the PR of cows Al after
estrus detection (de Rensis et al., 2002).

In conclusion, the use of synchronization of ovulation and TAI protocols
has some benefits for dairy reproduction during the summer. With their
application, higher cumulative pregnancy rates can be achieved and days open can
be reduced because of the higher Al submission rates. However, in spite of the
beneficial effects associated with TAI, the current protocols can not mitigate

effects of HS on CR.

2.6.3.4. Induction of Accessory Corpus Luteum

Increasing progesterone concentrations after insemination of lactating
dairy cows might help to establish and maintain pregnancy during its early stages
when the majority of the losses occur (reviewed by Santos et al., 2004). Because
in HS dairy cows the majority of embryonic losses take place within 7 d after
breeding (Putney et al., 1988; Ealy et al., 1993) a positive effect of increased
progesterone concentrations might be only observed when induced during this
critical period (Schmitt et al., 1996). In this regard, several researchers were
successful in increasing blood progesterone concentrations in dairy cattle after Al
by inducing formation of accessory CL (Helmer and Britt 1986; Price and Webb
1989; Walton et al., 1990; Fricke et al., 1993; Schmitt et al., 1996; Diaz et al.,
1998; Santos et al., 2001). Accessory CL can be induced by administering an

ovulatory dose of GnRH or hCG between days 5 and 11 of the estrous cycle

39



following Al. The resulting increased progesterone concentrations might benefit
embryonic development in cows undergoing HS. Indeed, Schmitt et al. (1996)
evaluated if the injection of hCG, GnRH or combinations of both 5 d after Al
would increase CR in heifers and lactating cows during periods of HS. Despite the
good ovulatory response and CL formation (91% GnRH and 93% hCG), CR of
the treated group was not different from controls for neither heifers nor cows.
Conversely, a more recent study reported a tendency to have better conception
rates in cows undergoing mild heat stress treated with GnRH either on day 5 or 11
after TAI (Willard et al., 2003). Since induction of accessory CL was not
consistently effective in increasing PR under experimental conditions, whether or
not this strategy may be a possible solution to the HS-induced infertility under

commercial conditions is uncertain.

2.6.3.5. Embryo Transfer

The use of embryo transfer (ET) to circumvent the negative impact of HS
on reproduction of dairy cows has been proposed by several researchers (Putney
et al., 1989a; Drost ef al., 1999; reviewed Hansen and Aréchiga 1999; reviewed
by Jordan 2003). Transferring D7 embryos into recipient cows might bypass
negative effects of uterine hyperthermia on the early embryo (Putney et al.,
1989a; reviewed by Hansen and Aréchiga 1999). Putney et al. (1989a) evaluated
the potential advantage of using ET instead of Al to improve PR during the

summer months in a subtropical environment. The percentage of cows pregnant
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with ET at 40 d was greater than in the Al group (29.2 vs. 13.5%, respectively),
despite an estimated 18.4% pregnancy loss in the ET group after pregnancy
determination by blood progesterone 21d after estrus (Putney et al. 1989a). Later
research suggested that the outcome of an ET program also depends upon the
source of embryos (in vivo vs. in vitro) and if embryos are transferred fresh or
frozen (Drost et al., 1999; Ambrose et al., 1999; Al-katanani et al., 2002). In this
regard, Drost et al. (1999) compared the PR of Al with the PR of an ET program
after transfer of frozen embryos either collected from superovulated donors or
produced by IVF. No differences among groups were evident when pregnancy
was estimated through progesterone determination at 21 d. However, at 42 d, a
significant difference was observed between the group receiving embryos from
superovulated donors (35.4% CR) when compared to the group receiving in vitro
produced embryos (18.8% CR).

Other researchers attempted to improve results obtained with transfer of in
vitro produced embryos since they represent a more economical source for
transfer in commercial operations. The best results were obtained when embryos
produced by this technique are transferred fresh to recipient cows (Ambrose ef al.,
1999; Al-katanani et al., 2002). Further, the recent study of Franco et al. (2005)
reported a PR at 67 d of 57% when in vitro produced embryos were transferred
fresh to lactating crossbred dairy cattle. This PR is higher than the previously
reported for heat stressed cows receiving in vivo derived embryos (35.4%; Drost
et al., 1999). However, limited conclusions can be drawn from this study given

the low number of transferred embryos (n = 14).
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Finally, in spite of the apparent benefits of using ET to mitigate effects of
HS on lactating dairy cows, this technology has not been extensively adopted at
the commercial level. Its application requires the involvement of highly
experienced technicians and the use of considerable amounts of supplies which
usually implies a high costs for commercial producers (reviewed by Rutledge
2001). On the other hand, the best results are obtained with fresh transferred
embryos; thus, requiring collection of the embryos at the time of transfer when the

donor cows will also most likely be affected by HS (reviewed by Rutledge 2001).

2.7. Ovulation Mechanism and Acquisition of Ovulatory Capacity

2.7.1. Endocrine Mechanisms Responsible for Triggering Ovulation

The process of ovulation involves an intricate series of biochemical and
physiological events that ultimately lead to the rupture of the preovulatory
follicle, the release of a mature fertilizable oocyte (reviewed by LeMaire 1989;
reviewed by Richards et al, 1998; reviewed by Sirois et al., 2004), and the
transformation of the ovulatory follicle into the CL. Luteinizing hormone, via
direct activation of receptors on the ovarian DF, is considered to be the
physiological trigger of the process (reviewed by LeMaire 1989; reviewed by
Richards ef al., 1998). Thus, a prerequisite for ovulation to occur is a massive
release of LH from the pituitary gland which can be detected in the peripheral

circulation and is known as the “LH surge” (Henricks ef al., 1970; Chenault et al,
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1975; Hunter 2003). In the cow, this surge takes place prior to, or at the onset of
estrus (Henricks et al., 1970; Chenault ef al., 1975; Lemon et al., 1975; Walton et
al., 1987). Ovulation occurs ~ 25 h (range 22 to 33 h) thereafter (Kruip et al,
1983; Rajamahendran et al., 1989; Kaim et al., 2003; Hockett et al., 2005;
Starbuck et al., 2006). Unlike concentrations observed during the luteal phase,
which only support follicular growth, concentrations of LH in blood reached
during the surge are sufficient to induce the plethora of biochemical mechanisms
responsible for follicular wall breakdown and resumption of oocyte maturation.
During the luteal phase, high progesterone concentrations maintain a low
GnRH pulse frequency and amplitude (Karsch et al., 1987). During the follicular
phase, the progesterone suppression is removed allowing an increased GnRH
pulsatility which consequently increases the frequency and amplitude of LH
pulses (Hunter 2003). The DF responds to this higher LH pulsatility by increasing
in size and producing greater amounts of estradiol-178 (reviewed by Allrich
1994) which ultimately exert a positive feedback on the hypothalamus and the
pituitary gland (Chenault et al., 1975; reviewed by Allrich 1994). As the DF
continues growing to ovulatory size, estradiol concentrations reach threshold level
acting upon the hypothalamus and pituitary gland. At the hypothalamic level,
estradiol-17f is responsible for increased GnRH pulsatility and the induction of
estrus behavior (reviewed by Allrich 1994). At the pituitary level, estradiol-17(
promotes responsiveness of the gonadotropes (cells responsible for FSH and LH
synthesis and secretion) of the adenohypophysis to GnRH through expression of
its receptors (Gregg and Nett 1989) and the mobilization of LH granules towards
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the plasma membrane (Hunter 2003). Thus, the role of estradiol in the induction
of the LH surge is to increase the sensitivity of the gonadotropes to GnRH before
it stimulates the pulsatile secretion of GnRH necessary for the occurrence of the
LH surge.

Upon release from hypothalamic neurons, GnRH is transported via the
hypophyseal portal system to the pituitary gland where it binds to its receptor in
the cell membrane of gonadotropes (reviewed by Evans 1999). GnRH, as many
other peptides hormones, interacts through specific amino acid residues present in
its molecule with the NH,-terminal domain of a specific G-protein coupled
receptor known as GnRH type-1 (reviewed by Millar 2005). Formation of the
GnRH-receptor complex is followed by a receptor conformational change and
activation of G-proteins and non-G-proteins intracellular signaling pathways
(reviewed by Millar 2005). It is suggested from studies using mice aT3-1 cells
(Sundaresan et al., 1996; Kaiser et al., 1997) that GnRH binding results in
activation of heterotrimeric GTP-binding G proteins of the Go/G; families which
then activate membrane phospholipase C (PLC). Through enzymatic breakdown
of inositol biphosphate (IP,) present in the plasma membrane, PLC produces
inositol triphosphate (IP3) and diacylglycerol (DAG) which lead to the activation
of protein kinase C (PKC). This protein kinase (activates/deactivates other
proteins by phosphorylation) stimulates the mitogen-activated protein kinases
(MAPK’s) cascade which, in turn, regulates expression of genes required for
synthesis of the alpha and beta peptide chains that make up FSH and LH. In
regard to secretion, the two gonadotropins seem to be differentially regulated

44



since each GnRH pulse is followed by a LH pulse but not FSH. Secretion of FSH
is carefully regulated by other factors including inhibin, activin, follistatin, and
estradiol-17f (reviewed by Millar 2005).

Once gonadotropins are secreted by the pituitary gland, they reach blood
circulation and are taken up preferentially by ovarian tissues (Hunter 2003),
favored by a marked increase in the permeability of the thecal vascular wreath
(Halterman and Murdoch 1986). Once LH reaches the follicular interstitial space,
it is then transported and accumulated in the follicular fluid (Fortune and Hansel
1985) of the ovulatory follicle where it binds to LH receptors of the granulosa and

theca cell layers (Hunter 2003).

2.7.2. Effects of Luteinizing Hormone on Cells of the Ovulatory Follicle

Luteinizing hormone is a heterodimeric glycoprotein composed of two
different polypeptide chains, a and B subunits, linked by non covalent bonds
(Callesen et al., 1987; Cambarnous 1988; Stockell Hartree and Renwick 1992).
This glycoprotein along with FSH, TSH (thyroid stimulating hormone) and the
chorionic gonadotropins (eCG; equine chorionic gonadotropin and hCG; human
chorionic gonadotropin) represents a family of hormones characterized by sharing
the same o subunit but differing in the amino acid composition of their  subunit
(Pierce and Parsons 1981) which is responsible for hormone receptor specificity

(Cambarnous 1988; Stockell Hartree and Renwick 1992). Binding of the hormone
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to its receptor depends on the presence of the complete heterodimer, since
individual subunit lacks binding ability (Catt and Dufau 1973).

The LH receptor (LHR) is located on the cell plasma membrane given that
its ligands are high molecular weight proteins incapable of traversing lipid
bilayers (Catt and Dufau 1976). This receptor belongs to the G-protein-coupled-
receptors (GPCR) superfamily (Kroeze et al., 2003; Vassilatis et al., 2003) and is
activated by both LH and hCG, which bind the receptor with high affinity and
specificity (Hearn and Gomme 2000). Nevertheless, there are some evident
differences in hormone receptor interaction between LH and hCG. In vitro studies
utilizing bovine follicular (theca) cells cultures indicate that physicochemical
differences between hCG and LH may be responsible for the observed greater
affinity of hCG for the LHR in these cells (Henderson et al., 1984). Furthermore,
the binding of hCG to LHR presents greater stability than that of LH,
consequently hCG remains bound to the receptor for longer periods of time than
LH (Mock and Niswender 1983; Mock et al., 1983; Henderson et al., 1984).
These marked differences in binding ability to the LHR and duration of
hormone/receptor interaction between hCG and LH, do not necessarily imply
functional differences since the ability to stimulate androgens synthesis by thecal
cells was shown to be similar for both hormones (Henderson ef al.,. 1984). On the
other hand, contrary to the observations that hCG has greater affinity for the LHR
in thecal cells, an in vitro study using bovine cumulus oocyte complexes (COC’s)
indicated that LH presents nine fold greater binding capacity to LHR than hCG
(Baltar et al., 2000). The reason(s) for the discrepancy in the results of binding
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ability of LH and hCG when using either theca cells or COC’s is uncertain but
differences between theca and cumulus (granulosa type) cells may be implied.
Structurally, the LHR is similar to all members of the GPCR superfamily
as evident by seven transmembrane helices; three extracellular and three
intracellular loops, and in most of them, an intracellular C-terminal tail (reviewed
by Dufau 1998). Luteinizing hormone receptors are present in both theca and
granulosa cells of the Graafian follicle. Theca cells first express LHR shortly after
formation of the follicular antrum (~ 3 to 4 mm); whereas, granulosa cells begin
expressing LHR when the follicle is ~ 9 mm in diameter as evidenced in both
types of cells by the presence of LHR mRNA (Xu et al., 1995). Data from tests of
hCG binding to intact follicles in pigs (Channing ef al., 1981) and rats (Lawrence
et al., 1980; Peng et al, 1991) indicate that within granulosa cells, the mural
granulosa subpopulation (adjacent to the basement membrane) has a higher
number of LHR than those of the cumulus cells (surrounding the oocyte). An
immediate consequence of this marked difference is a divergent response of the
two different sublineages to the preovulatory LH surge with the mural granulosa
cells producing the greater response to LH stimulation (Russell and Robker 2007).
Upon binding of ligands (LH or hCG), the hormone-receptor interaction
induces conformational changes of intracellular loops and the carboxy-terminal
domain of the receptor, which then interacts with, and activates G protein systems
(Strader et al., 1994; reviewed by Dufau 1998). Luteinizing hormone through its
membrane receptors activates Gys proteins which are heterotrimers composed of
an o subunit and a By complex bound to GDP (guanosine diphosphate) in the
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inactive state. Once activated, Gys proteins exchange GDP for GTP (guanosine
triphosphate) decreasing o subunit affinity for the By complex. Consequently, the
heterotrimer dissociates and the o subunit migrates within the cell to activate
adenylate cyclase which results in a large intracellular increase in the production
of the second messenger cAMP (cyclic adenosine monophosphate). Subsequently,
the downstream regulatory activity of cAMP consists in the activation of protein
kinase A (PKA; Marsh 1976). Thereafter, PKA phosphorylates other regulatory
proteins such as cAMP regulatory element-binding protein (CREB; Mukherjee et
al., 1996; Salvador et al, 2002) and the MAPK’s pathway (Das et al., 1996;
Salvador et al., 2002), which then modulate the transcription of genes associated

with ovulation.

2.7.3. Series of Events Leading to Rupture of the Ovulatory Follicle and Oocyte

Release

As discussed above, the initiation signal for ovulation is the LH surge
through activation of LH receptors on the plasma membrane of follicular and
ovarian cells. Downstream of LH receptors, several pathways are stimulated
triggering the process of follicle wall rupture (Figure 1) and initiation of oocyte
maturation which culminates in the release of a viable female gamete ready for
fertilization. A complex series of biochemical mechanisms are required to break
down the multiple layers forming the follicular wall and the ovarian tissue

surrounding the ovulatory follicle. The end result of this degradation process is
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Figure 1. Proposed model of ovulation based on the literature reviewed. Many steps of the process occur within the cells of the
follicle wall and then end products are released into the follicular antrum (cavity). However, for simplification, all processes were
drawn within the follicular antrum (cavity). LH/hCG = luteinizing hormone/human Chorionic Gonadotropin, CT = connective tissue,
BV = blood vessel, BM = basement membrane, OE = ovarian epithelium, TC = theca cells layer, GC = granulosa cells layer, P4 =
progesterone, P4R = progesterone receptor, E, = estradiol-178, COX-2 = cyclooxygenase 2, AA = arachidonic acid, PGH2 =
prostaglandin H2, PGES = prostaglandin E synthase, PGFS = prostaglandin F synthase, PGE, = prostaglandin E2, PGF;,
prostaglandin F2 alpha, uPA = urokinase plasminogen activator, tPA = tissue plasminogen activator, uPAR = urokinase plasminogen
activator receptor, MMP-14 = matrix metalloproteinase 14, MMP-13 = matrix metalloproteinase 13, TIMP-2 = tissue inhibitor of the
matrix metalloproteinase 2, ECM = extracellular matrix. See the text for explanation of the process. Relevant references utilized for
development of proposed model of ovulation: Dieleman and Blankestein 1985; Murdoch et al., 1986; Liu 1999; Komar ef al., 2001;
Bakke et al., 2002; Cassar et al., 2002; Dow et al., 2002; Jo et al., 2002; Jo and Fortune 2003; Li et al., 2004; Bakke et al., 2006;
Bridges et al., 2006; Li et al., 2006; Bridges and Fortune 2007; Li et al., 2007.
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the rupture of the follicular wall allowing release of the oocyte and the cells
comprising the COC (cumulus oocytes complex).

During the final stages of follicular growth and prior to the preovulatory
gonadotropin surge, estradiol is the primary steroid produced by the preovulatory
follicle (Dieleman and Blankenstein 1984; Sirois 1994). Once the LH surge has
occurred, there is a shift in the type of steroids synthesized by the follicle with
estradiol-178 concentrations decreasing while progesterone concentrations
increase (Murdoch and Dunn 1982; Dieleman and Blankenstein 1985; Murdoch et
al., 1986; Sirois 1994; Komar et al., 2001; Jo and Fortune 2003; Li et al., 2007).
In the bovine, concentrations of progesterone present a peak by 2 to 3.5 h after a
GnRH injection (Jo and Fortune 2003) then decrease, to finally present another
peak at 24 h post GnRH (Jo and Fortune 2003; Li et al, 2007). Komar et al.
(2001) presented compelling evidence of redundant mechanisms regulating the
switch in steroid hormones production. They showed that a coordinated decrease
in the expression of two key regulatory enzymes in estradiol production, P450
170-hydroxylase (coverts pregnenolone to dehydroepiandrosterone) and P450
aromatase (converts androstenedione to estradiol), would be responsible for the
lowered estradiol concentrations in follicular fluid. Besides this increased
progesterone production by the follicle during the periovulatory period, there is a
dramatic biphasic increase in the abundance of progesterone receptor mRNA in
granulosa cells of bovine pre-ovulatory follicles. Progesterone receptor mRNA

levels peak within 6 h of the LH surge, return to pre-LH peak levels at 12 h
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(Cassar et al., 2002; Jo et al., 2002) to finally increase 24 h after the gonadotropin
surge (Jo et al., 2002; Figure 1).

Despite the demonstration of a pattern of progesterone synthesis and
progesterone receptor expression in preovulatory follicles, the downstream
pathway(s) activated by the hormone-receptor complex needs further clarification.
In sheep, it has been proposed that the function of progesterone in ovulation is to
facilitate collagenolytic activity in the follicular wall through activation of the
enzyme PGE;-9-ketoreductase responsible for the conversion of PGE,; into PGF,,,
a process previously implicated in the rupture of the follicle wall and ovulation
(Murdoch et al, 1986; Murdoch and Farris 1988). This relationship between
progesterone/progesterone receptor and prostaglandins was also demonstrated in
cattle recently by Bridges et al. (2006) who performed a series of experiments in
vivo and in vitro to test the possible regulation of prostaglandin production by
progesterone. Interestingly, they provided evidence that the rise in intrafollicular
prostaglandins (PGE; and PGF,,), characteristic of the periovulatory period, may
be mediated by progesterone via upregulation of COX-2 (rate limiting enzyme for
PG’s biosynthesis) in granulosa cells and not by activation of PGE-9-
ketoreductase as shown in sheep.

Conversely, data from a recent experiment using dairy cows suggested
that progesterone may not be required for the occurrence of ovulation (Li ef al.,
2007). In this study, intrafollicular injection of a 3B-hydroxy steroid
dehydrogenase (3B-HSD; enzyme required for progesterone synthesis) inhibitor
suppressed the progesterone rise as well as PG’s production in the ovulatory
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follicle; whereas, it did not block ovulation in any of the treated animals (Li et al.,
2007). These results support the speculation that PG’s production during the
preovulatory period is linked to that of progesterone; however, the results also
suggest that neither progesterone nor PG’s may have a role in ovulation. Another
finding of this study was that the proteolytic activity necessary for the completion
of ovulation was not affected in cows with low intrafollicular concentrations of
progesterone and PG’s (Li et al., 2007).

The role of PGE, and PGF,, as necessary mediators of the ovulatory
cascade has been recognized for more than 30 years (reviewed by Sirois et al.
2004). As of today, different approaches have been utilized to elucidate function
of PG’s in ovulation. Early evidence on this matter emerged from experiments
using specific inhibitors of PG’s synthesis to inhibit ovulation in rabbits
(Armstrong and Grinwich 1972). Subsequently, the possible implication of
prostaglandins on ovulation was studied and confirmed in numerous species
including bovine (De Silva and Reeves 1985; Sirois 1994; Filion et al., 2001;
Bridges et al., 2006). Later research using gonadotropins to induce ovulation
demonstrated the presence of a gonadotropin dependent rise in follicular
prostaglandins in different species (rat, Wong and Richards 1992; bovine, Sirois
1994). Across species studied so far, the time elapsed from the gonadotropin
administration to induction of prostaglandin synthesis is quite variable; however,
the time course from induction of prostaglandins synthesis to ovulation is very
conserved (~10 hours in the rat, cow and mare; rat, Wong and Richards 1992;

bovine, Sirois 1994; mare, Sirois and Doré 1997). This similarity in the time
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elapsed from the prostaglandin rise to ovulation suggest that these hormones may
be the molecular component setting the time of ovulation.

It has been clearly established that the key regulatory step in the PG’s
biosynthetic pathway is the selective induction of the rate-limiting enzyme
prostaglandin ~ endoperoxide  synthase-2  (PGHS-2), also known as
cyclooxygenase-2 (COX-2), responsible for conversion of the PG’s precursor
arachidonic acid (present in the plasma membrane of almost all cells) into the
substrate PGH,, necessary for both PGF,, and PGE, production (DeWitt et al.,
1993). As previously discussed, Bridges et al. (2006) presented supportive
evidence that progesterone acts through its intracellular receptor to regulate COX-
2 mRNA expression and hence protein synthesis in bovine preovulatory follicles.
In addition, progesterone may also increase PG’s production by an indirect
mechanism consisting in the activation of the progesterone receptor to increase
oxytocin (OT) production, which also has the capacity to induce PG’s synthesis in
preovulatory follicles (Bridges and Fortune 2007; Figure 1). This is in contrast to
what has been shown in rat granulosa cells cultured in vitro, where LH directly
induces COX-2 mRNA and protein production by modulation of cAMP
dependent kinases such as PKA, and is clearly supported by PKC and tyrosine
kinase(s) (Morris and Richards 1993). Consistent with results obtained in bovine
by Bridges et al. (2006), other researchers have shown a drastic depletion in
follicular fluid PG’s concentration in bovine preovulatory follicles treated with an
inhibitor of progesterone synthesis (Li ef al., 2007). Interestingly, results of these
two studies disagree in the proposed mechanism behind the low PG’s
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concentration. While Bridges et al. (2006) theorizes that the lack of progesterone
results in no COX-2 mRNA expression, Li et al. (2007) suggests that increased
prostaglandin dehydrogenase (PGDH) expression in progesterone-depleted
follicles degrades PGE, and PGF,, faster than expected in follicular fluid, as this
enzyme is responsible for PG’s metabolization (Tai et al., 2002). In regard to
timing of COX-2 expression, bovine granulosa cells first express mRNA by 18 h
after an ovulatory dose of hCG and reach maximum levels by 24 h (Sirois 1994).
Accompanying this timely regulated expression of COX-2 in granulosa cells of
preovulatory follicles, the gonadotropin surge induces a parallel expression of
PGE synthase (PGES) necessary for the final conversion of PGH, into PGE,
(Filion et al, 2001). Accordingly, concentrations of PGE, in follicular fluid
increase dramatically by 24 to 26 h after an endogenous (Acosta et al., 2000) or
exogenously induced gonadotropin surge (Sirois 1994; Bridges et al., 2006). On
the other hand, the pattern of PGF,, production during the preovulatory period
resembles that of PGE, (Sirois 1994; Acosta et al., 2000; Bridges et al., 2006);
however, whether or not PGF synthase (similar function as PGES) is activated and
responsible for the rise in PGF,, has not been investigated in bovine. On this
regard, Murdoch and Farris (1988) suggested that in sheep, PGF,, production in
the ovulatory follicle is at the expense of PGE, by a progesterone-mediated
mechanism consisting in activation of the PGE,-9-ketoreductase in granulosa
cells. This enzyme catalyzes the conversion of PGE, into PGF,,, even favoring a
greater accumulation of PGF,, by the end the preovulatory period (Murdoch and
Farris 1988).
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Although regulation of PG’s secretion in follicular fluid has been
extensively studied and clarified, the specific role of these hormones in the
ovulatory cascade remains obscure. The fact that PGE, and PGF,, exert opposing
physiological effects in vivo makes it complicated to determine their function in
ovulation (Murdoch et al., 1986). Prostaglandins have been implicated in
induction of collagenolytic activity necessary for follicular rupture in sheep
(Murdoch et al., 1986) and rat (Reich et al., 1991). In contrast, it seems unlikely
that PG’s exert the same function in bovine, since preovulatory follicles depleted
of PG’s ovulated normally (Li et al, 2007). Furthermore, expression of mRNA
and proteins related to degradation of the follicle wall was not affected (Li et al.,
2007). Despite the uncertainty of the function of PG’s in ovulation, the pattern of
expression and multiple sites where different PG’s receptors are found in
preovulatory follicles suggests involvement of PGE, and PGF,, in multiple
mechanisms of the ovulatory cascade in bovine (Bridges and Fortune 2007).

Mechanical rupture of the follicular wall and surrounding ovarian tissues
is a critical step towards completion of ovulation. Degradation of the collagenous
layers of theca externa, tunica albuginea and surface epithelium at the apex of the
ovulatory follicle is required for follicular rupture (Bakke et al., 2002). In
addition, localized degradation and remodeling of the structural components
forming the basement membrane (collagen type IV, laminin, fibronectin, and
proteglycans), separating granulosa from theca cells, and disruption of cell layers

forming the follicle wall require activation of multiple mechanisms, that are
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responsible for downstream induction of specific enzyme systems as depicted in
Figure 1.

The plasminogen activator (PA) system and matrix metalloproteinase
(MMP’s) system, as well as their specific inhibitors, are two major families of
proteolytic enzymes implicated in the rupture of the ovulatory follicle (Smith et
al., 2002; Murdoch and Gottsch 2003). The PA system consists of multiple
elements including the zymogen plasminogen, which can be catalytically
converted to plasmin by either the urokinase (uPA) or tissue plasminogen
activators (tPA; Tsafriri and Reich 1999; Murdoch and Gottsch 2003). Plasmin is
a proteolytic enzyme capable of degrading type IV collagen, fibronectin, laminin,
elastin, and proteoglycans forming the follicular extracellular matrix (ECM) by
hydrolysis of target peptide bonds (reviewed by Liu 1999). Nevertheless, like
with any other enzyme system, generation of plasmin by PA is rigorously
regulated at several levels from gene transcription to inhibition of enzymatic
activity (Collen 1999). In the ECM environment, activity of the PA system is
limited by the action of specific inhibitors (PA inhibitor type-1, (PAI-1) and the
PA inhibitor type-2 (PAI-2)) produced in tissues to help control plasmin
degradation (Saksela and Rifkin 1988; Ny et al, 1993; Dow et al., 2002a).
Another mechanism suggested to regulate the PA system is the presence of
specific surface receptors for uPA in some cells. These receptors, also known as
uPAR, bind uPA to the plasma membrane favoring catalytic activation of cell
bound plasminogen. In this manner proteolytic activity can be localized to the cell
surface and immediate vicinity (Blasi ef al., 1994; Ny et al., 2002). In cattle, there
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is compelling evidence that the gonadotropin surge induces expression and
activity of both the PA and MMP’s systems. Dow et al. (2002b) reported an
increase in expression of mRNA for tPA, uPA and uPAR along with an increased
plasmin activity in preovulatory follicles after the gonadotropin surge. The pattern
of mRNA expression and activity of respective proteins (tPA, uPA, uPAR and
plasmin) in the different regions (base vs. apex) of the follicle as well as in the
follicular fluid suggest that the PA system mediates rupture of the follicle wall. In
addition, a relevant finding of the series of experiments performed by Dow et al.
(2002b) is that induction of tPA, uPA and uPAR mRNA expression by the
gonadotropin surge increases with time elapsed from the surge, with the most
dramatic increase in the relative amount of uPA and uPAR towards the end of the
ovulatory process. Interestingly, Dow and coworkers (2002b) also reported an
increased enzymatic activity of tPA and uPA in the follicle wall and a steady
increase in plasmin activity in follicular fluid from O h to 24 h following the LH
surge.

On the other hand the MMP’s system is another proposed mediator of the
ovulatory process. MMP’s are a large protein superfamily of more than 26 metal-
dependent enzymes capable of degrading and remodeling components of the
ECM similar to the PA system. All members of the MMP family contain zinc
binding sites, are synthesized as latent proenzymes, and can be inhibited by agents
known as tissue-inhibitors of metalloproteinase (TIMPs).

Even when the presence of members of the MMP’s family and their

inhibitors has been demonstrated in cattle preovulatory follicles (Bakke et al.,
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2002; Bakke et al., 2004; Li et al., 2004), the dynamics of their expression and
function during ovulation are far from being completely understood. MMP-14,
also known as membrane type 1 MMP, has been implicated in activation of other
MMP’s (MMP-2 and MMP-13) as well as in focalizing their activities on the cell
surface through formation of a complex with TIMP-2 (tissue metalloproteinase
inhibitor-2; Strongin et al., 1995). MMP-14 is also known for its self capacity to
degrade components of the ECM (Knauper et al., 1996; Ohuchi et al., 1997). In
an attempt to clarify the role of MMP-14 in ovulation in bovine, Bakke et al.
(2002) evaluated MMP-14, MMP-2 and TIMP-2 mRNA expression and activity
in response to the LH surge. They observed a significant increase in MMP-14 and
TIMP-2 mRNA’s abundance in preovulatory follicles following the LH surge.
Likewise, MMP-2 mRNA abundance was unchanged suggesting that its
expression is independent of MMP-14 in contrast to previous speculations. Based
on the results of this study, it seems more likely that MMP-14, by a mechanism
other than MMP-2 activation, and TIMP-2 may have a role in the regulation of
the ovulatory follicle rupture (Bakke et al, 2002). A similar experiment
performed recently by the same lab produced comparable results in regard to the
abundance of mRNA for MMP-14 and TIMP-2 in preovulatory follicles (Li et al.,
2006). In addition, a novel finding of this study was that MMP-13 mRNA
abundance increased in a similar fashion to that of MMP-14 suggesting a likely
regulation of MMP-13 by MMP-14 as previously proposed (Figure 1).

As the factors required for PA and MMP’s systems activation located
downstream gonadotropin receptors are still unknown, researchers attempted to
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relate the prostanoids rise in follicular fluid of preovulatory follicles to expression
of PA and MMP’s systems (Li et al., 2006). Their approach consisted in assessing
the possible involvement of prostaglandins in the activation of the PA and MMP
systems by measuring PA and MMP’s mRNA abundance after inhibiting
prostaglandin production (Li et al., 2006). Interestingly, results of their study lead
to the suggestion of a potential role of prostaglandins in the maintenance of tPA
mRNA expression and plasmin activity in response to the LH surge. Conversely,
the expression of most MMP’s measured was not affected when PG’s production
was inhibited suggesting that the modulation of MMP’s system is independent
from PG’s. In sheep, a different pathway involving direct action of LH on the
surface ovarian epithelial cells has been proposed to activate PA and MMP’s
systems (Murdoch and Gottsch 2003). According to this model, activation of LH
receptors induces expression of uPA which later converts plasminogen to
plasmin. In response to plasmin activation, collagenase becomes functional
beginning with degradation of the ECM; whereas, in the vascular endothelium,
plasmin stimulates release of tumor necrosis factor-o (TNF-a), which is able to
activate the MMP’s system stimulating further proteolysis of the ECM (Murdoch
and Gottsch 2003).

In conclusion, results of several years of intensive research in an effort to
decipher the molecular mechanisms of ovulation have lead to a better, yet
incomplete understanding of the factors that are up and down regulated by the
follicular cells in response to the LH surge. How these factors interconnect and

their very specific function in the ovulatory process remain unclear.
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2.7.4. Acquisition of Ovulatory Capacity in Bovine Follicles

As follicles growth in size, cells of the granulosa and theca layers undergo
changes reflecting the state of follicle maturation which ultimately has an effect
on the potential response of the follicle to hormonal stimulation. Theca cells first
express LHR shortly after formation of the follicular antrum (~ 3 to 4 mm);
whereas, granulosa cells begin expressing LHR when the follicle is ~ 9 mm in
diameter (Xu et al., 1995). Accordingly, in dairy cows it has been shown that
follicles are capable of ovulating when stimulated by LH approximately 1 day
after diameter deviation when follicles are ~ 10 mm (Sartori et al., 2001).
Following acquisition of ovulatory capacity, there is a clear relationship between
size of the follicle and response to LH since the dose necessary to induce
ovulation of the majority of 10 mm follicles was 6 times higher than the necessary
dose to ovulate 12 mm follicles (Sartori ef al., 2001). Evidence from binding of
I'-hCG to LH/hCG receptors in bovine dominant follicles suggests, that as the
DF increases in size from early to late phase of the first follicular wave, it
acquires a greater number of receptors for LH, primarily in granulosa cells
(Stewart et al., 1996). In addition, potentially ovulatory follicles collected after

luteolysis had greater I'*

-hCG binding capacity (indicator of LH receptors
number) as size increased (Ireland and Roche 1982; Ireland and Roche 1983). In
growing follicles, FSH and estradiol-178 synergize to induce the synthesis of

LHR in granulosa cells until later stages of follicular development which may

explain the larger number of LHR in larger follicles as they produce greater

61



amounts of estradiol-178 (reviewed by Richards 1980; Kessel et al., 1985).
Therefore, the number of LHR’s on the surface of granulosa cells appears to
increase as follicle size increases (Kawate et al., 1989; Stewart et al, 1996;
Nogueira et al., 2007) in preparation to respond to the preovulatory LH surge.

On the other hand, FSH receptors are present in follicles of a wider range
of sizes (Kawate et al., 1990; Xu et al., 1995). For instance, Xu et al. (1995)
documented the presence of FSH receptors in bovine follicles of the first follicular
wave from 0.5 to 14 mm with significant differences in number of receptors
among follicles of different sizes. As with LH, the number of FSH receptors also
increases with size of the follicle during the early phases of follicle growth
(Kawate et al., 1990; Bao and Garverick 1998; Garverick et al., 2002). However,
the number of FSH receptors decreases after luteolysis unlike number of LHR’s
which continue increasing during this phase (Ireland and Roche 1983). This
difference in receptor dynamics may reflect the different hormonal requirements
of the follicle to continue growing until preovulatory size, since final growth of

the DF depends more in LH than in FSH (reviewed by Crowe 1999).

2.8. Summary

The literature reviewed indicates that in spite of several years of
continuing efforts to decipher the causes of heat stress-derived infertility in
lactating dairy cows, there is not one obvious and single mechanism responsible

for this phenomenon. However, a growing body of evidence from in vitro studies
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suggests that a major effect of HS is to hasten the process of oocyte maturation
(Edwards et al., 2005; Schrock et al., 2007), and a possible strategy to circumvent
its negative effects is to fertilize oocytes earlier to avoid the fertilization of an
otherwise “aged” oocyte. As a matter of fact, performing IVF of oocytes matured
at physiologically relevant elevated temperatures between 4 to 8 h earlier than the
usual 24 h post maturation have proven beneficial (Edwards et al., 2005; Schrock
et al., 2007). Proportion of heat stressed oocytes developing to the blastocyst
stage was similar than for non heat stressed controls. Thus, if effects of HS in
vivo parallel those observed in vitro, earlier release of the oocyte from the
ovulatory follicle may assure the fertilization of a “non-aged” fertile oocyte. As a
result, probability of conception and normal embryonic development may be
increased. As of today, there are no available therapeutic strategies to induce
earlier ovulation in lactating dairy cows. Therefore, we hypothesize that through
the administration of Folltropin-V (FSH and LH) at the time of induced luteolysis;
additional growth of the preovulatory follicle may be induced resulting in a larger
follicle at the time ovulatory treatment with hCG or GnRH (induces a LH surge).
Larger follicles may then be more sensitive to the ovulatory treatment and
respond with early ovulation. In addition we also tested if administration of hCG
would have an impact in the timing of ovulation. If hCG proves to be beneficial in
inducing earlier ovulation in this study it may also have other possible advantages
in heat stressed cows. Unlike GnRH which depends on pituitary LH release to
induce ovulation, mechanism that may be impaired in cows undergoing heat stress

(Gilad et al., 1993), hCG triggers ovulation by a direct action on the ovarian cells.
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Furthermore, most research suggest that hCG presents a higher affinity for LH
receptors, binds LH receptors for longer periods of time than LH, and has a
prolonged plasma half-life when compared to LH.

The study described herein was performed under non-heat stress
conditions because it was only intended to test the feasibility of inducing earlier

ovulation in lactating dairy cows.
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CHAPTER 3

EXPERIMENTAL PROCEDURES

3.1. Animals

Lactating primiparous (# = 17) and multiparous (n = 18; range 1 to 6
lactations) Holstein cows were used for conducting of this experiment performed
in six different replicates from October 2006 to May 2007. Cows were between
two to seven years of age, weighed 485 to 870 kg (X = 642.5 kg), and ranged from
65 to 115 days in milk (DIM; X = 90 days). Average daily milk production
calculated as milk mature equivalent (M. E.) was 43.9 kg (range 29.9 to 59.0 kg).
All cows were housed in free stalls at the dairy unit of the East Tennessee
Research and Education Center in Knoxville, Tennessee. During the course of the
experiment, cows were milked twice daily at 0730 am and 0730 pm, fed ad-
libitum a total mixed ration (TMR) and had open access to fresh water. The diet
supplied to the animals was formulated to meet or exceed nutritional requirements
of National Research Council (NRC 2001). Components of the diet were as
follow: ~ 57% corn silage, ~ 34.75% dairy meal feed (U.T. Knox #0204 Dairy
Meal Feed, Tennessee Farmers Cooperative, Lavergne, TN, USA; Table 1) and
8.25% alfalfa hay. In this herd, cows and replacement heifers calve year round
with the majority calving from August to January. All procedures applied to the
animals were approved by the Institutional Animal Care and Use Committee

(IACUC).
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Table 1. Description of components of dairy meal feed.

Component

Concentration

Crude protein

Crude fat

Crude fiber

Acid detergent fiber

Calcium

Phosphorus

Selenium

Vitamin A

19.50 %

7.50 %

13.00 %

17.50 %

1.70 %

0.50 %

0.30 ppm

5.000 IU/1b
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3.2. Pre-Synchronization

The estrous cycle of 67 cows was pre-synchronized with two injections of
35 mg PGF,, i.m. (Dinoprost tromethamine; Lutalyse, Pfizer Animal Health,
Kalamazoo, MI, USA) given 14 days apart (Figure 2). Following the second
injection of PGF,,, a patch containing a pressure sensing system for the detection
of estrus (Heat-Watch®, CowChips LLC, Denver, CO, USA) was placed on the
tailhead of each cow. When an animal was mounted, this device responded to the
pressure by sending a signal to a computer system which recorded cow number,
date, time and duration of the mount. A cow was considered to be in heat when 3
mounts of at least 2-second duration during a 4 h period were recorded. In
addition to the Heat-Watch system, estrous activity was detected by visual
observation by dairy unit personnel during 30 minutes twice a day. For replicate #
5 and 6, estrus was only visually detected with the aid of Estrus Alert patches
(Western Point, Inc. Merrifield, MN, USA) because unavailability of the Heat
Watch system. Of the total number of animals included in the pre-

synchronization, the estrus response was 52.2% (35/67).

3.3. Ovulation Protocol

Cows detected in estrus within 72 h (n = 35) of the second PGF,, were

utilized for the experiment (Figure 2). Eight to nine days after detection of estrus
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Figure 2. Schematic representation of timeline for hormone administration during
pre-synchronization and synchronization of ovulation. Estrous cycle of cows was
presynchronized with two injections of PGF;, given 14 days apart (Day -25 or -26
and -11 or -12) and estrus activity monitored with the Heat-Watch system for 3
days after second PGF,,. Eight to nine days after completion of estrus detection
period, cows observed in estrus received a CIDR device and GnRH followed by
PGF,, seven days later. At the time of PGF,, administration CIDR’s were
removed and the cows randomly allocated to either receive Folltropin-V
(FSH/LH) or Saline (SAL) treatment. Two days later cows within Folltropin-V
and Saline groups were randomly allocated to either receive Cystorelyn (GnRH)
or Chorulon (hCG) treatment to induce ovulation.
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(within 72 h after second PGF,, dose), all cows (n = 35) received an intravaginal
device containing 1.38 g of progesterone (Day 0; EAZI-BREED CIDR; Pfizer
Animal Health, New York, NY, USA) plus a 100 pg dose of a GnRH analogue
im. (Gonadorelin; Cystorelin, Merial Limited, Inselin, NJ, USA). On Day 7,
CIDR devices were removed (CIDR-r) and cows were administered a 500 pg
luteolytic dose of PGF,, i.m. (Cloprostenol; Estrumate, Schering-Plough Animal

Health, Union, NJ, USA).

3.4. Application of Treatments

Cows were randomly allocated into two treatment groups to receive either
80 mg of Folltropin-V (FSH group; n = 19; Folltropin-V, Bioniche Animal
Health, Belleville, Ontario, Canada) or 4 mL of sterile saline solution (SAL
group; n = 16; Physiological Saline Solution, Butler Animal Health Supply,
Dublin, OH, USA). Forty-nine hours thereafter (Day 9), cows within the
Folltropin-V and Saline groups which had not ovulated were randomly subdivided
to receive either a 100 pg dose of GnRH i.m (GnRH group; Cystorelin) or 3000
IU of human Chorionic Gonadotropin i.m. (hCG group; Chorulon, Intervet,
Millsboro, DE, USA) generating 4 treatment combinations (FSH/GnRH, n = 6;
FSH/hCG, n = 8; SAL/GnRH, n = §; and SAL/hCG, n = &; Figure 2). A subgroup
of cows (n = 5) presented ovulation prior to the administration of GnRH/hCG on
Day 9 and were considered a different group denominated FSH-EARLY. These

animals were not included in the statistical analysis after CIDR removal.
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3.5. Assessment of Ovarian Activity

Transrectal ultrasonography was carried out with a real-time B-mode
ultrasound scanner equipped with a 7.5-MHz transrectal probe (Aloka SSD-500V;
Aloka Company Ltd, Wallingford, CT, USA). Still images of ovarian structures
present at the time of ultrasound examination were obtained and measured with
ultrasound device internal calipers. Following measurement, images were
individually recorded on floppy discs using an external MaviCap digital still
image capture adaptor (Sony® Incorporated, model MVL-FDR1, Tokyo, Japan)
for subsequent evaluation and record keeping. To minimize duration of
examinations, the screen of the ultrasound was split in half in order to allow the
technician to identify other structures present on the ovary, while previously
identified structures were measured.

In each scan, the location and size of the F1 (largest follicle present on
both ovaries) and F2 (second largest follicle on both ovaries) follicles were
determined by ovarian mapping and by measuring the largest cross sectional
diameter. Location and size (height and width) of the corpus luteum (CL), and
any cavity present, were measured and recorded. Some animals presented “cyst
like” structures on their ovaries, characterized by having fluid filled cavities larger
than 25 mm and with walls of variable thickness. These structures did not show a
growing pattern characteristic of healthy follicles and did not respond with either
ovulation or luteinization to any of the hormonal treatments given during the

synchronization of the ovulation protocol. However, in most of the animals
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presenting these structures, neither ovulation nor formation of a CL from healthy
follicles was impaired.

Ovarian ultrasonography was performed at the time of the first and second
injections of PGF,, during the pre-synchronization of the estrous cycle to confirm
cyclicity by the presence of a CL (Figure 3). Other structures present on the
ovaries such as follicles and cysts were recorded at this time. To evaluate the
initiation of a new follicular wave after beginning of synchronization of the
ovulation protocol, the presence of the F1 was determined on Day 0 by transrectal
ultrasonography and then again on Day 2 (48 h later) to confirm ovulation or
luteinization. Growth of the F1 and F2 of the new follicular wave was monitored
by transrectal ultrasonography performed daily from Day 2 to Day 6, every 12 h
on Day 7, and every 6 h on Day 8 and part of Day 9. Final growth of the
ovulatory follicle, ovulatory size, and ovulation time was confirmed by scanning
of the ovaries every 4 h beginning at the time of ovulation treatment (Day 9;
GnRH/hCG administration). Scans were performed until ovulation occurred or 48
h after the cows received the ovulation treatment, whichever occurred first (Figure
3).

Ovulation was defined as disappearance of the dominant follicle at the
time of an ultrasound examination compared with the previous ultrasound
examination (Roelofs et al, 2004). Time of ovulation was calculated as the
midpoint between the last time the ovulatory follicle was observed on the ovary

and the first time it was not present. Seven to eight days after ovulation was
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Figure 3. Ovarian ultrasonography (A) and blood sampling (B) timeline during
the experimental protocol. Ovarian ultrasonography (US) was performed at the
time of PGF,, injections of presynchronization to confirm cyclicity. On Day 0 of
the synchronization of ovulation protocol, US was performed to confirm the
presence of a large dominant follicle (F1) and then every 24 h from Day 2 to 6 to
confirm either ovulation or luteinization of the F1 and growth of the new
follicular wave. On Day 7, US was performed every 12 h and then every 6 h on
Day 8. Finally, US was performed every 4 h until ovulation was confirmed or 48
h following GnRH/hCG treatment whichever occurred first. Blood samples were
taken by tail venipuncture on Day 0, then every 24 h from Day 2 to 6, and every
12 h on Day 7 and 8. Beginning on Day 9 at 6am, blood samples were obtained 1
h until Day 10 at 4pm. Jugular catheters placed the previous days were utilized to
obtain blood samples during the high frequency period. US= ultrasonography, BS
= blood sample.
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observed, ovarian ultrasonography was carried out in all cows to confirm
ovulation and formation of CL on the respective ovary where the ovulatory
follicle was previously identified. In those animals where ovulation was not
observed within the 48 h of ovulation treatment, ultrasonography was performed

to evaluate status of the ovary.

3.6. Blood Sample Collection

Blood samples were obtained for subsequent quantification of
progesterone, estradiol-17, LH, FSH and hCG concentrations by
radioimmunoassay (RIA). On Day 0, and then from Day 2 to Day 6 of the
ovulation protocol, blood samples (~ 9 mL) were collected daily by tail
venipuncture of the coccygeal veins using Monovette® tubes (Sarstedt, Inc.
Newton, NC, USA) coinciding with the time of ultrasonography. On Day 7 and 8,
samples were drawn every 12 h (Figure 3). Beginning on Day 9 at 0600 am,
samples were obtained every 1 h until Day 10 at 0400 pm using Monovette®
tubes attached to indwelling jugular catheters as described by Hockett et al.
(2000). After collection, samples were immediately stored on ice for at least 30
min and then transported to the laboratory, set to room temperature and
centrifuged at 2500 rpm at 4°C for 25 min. After centrifugation, plasma was
harvested in 5 mL glass tubes and stored at - 20°C until assayed.

Placement of jugular catheters was performed in the morning and

afternoon of Day 8. The right jugular area of each cow was prepared by clipping
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and subsequent disinfection with Clorehexidine solution (Nolvosan 2%, Fort
Dodge Animal Health, Overland Park, KS, USA). A metallic needle (12 gauge x
2.75 inches) was placed in the jugular vein to allow subsequent introduction of
approximately 20 cm of a 12 gauge Microtube plastic catheter (ID 0.040 inch X
OD 0.070 inch, and wall thickness 0.015 inch; Saint-Gobain Performance Plastic
Inc, Akron, OH, USA). The remaining catheter (~ 60 cm) was directed towards
the top of the neck in order to place a syringe adapter in the tip of the catheter
between the shoulders of the cow for easy access during blood collection. After
placement in the jugular vein, catheters were secured by placing stitches on the
skin at different levels of the neck region. To further secure placement of the
catheter line, Elastikon® wrap (Johnson & Johnson Consumer Products
Company, Skillman, NJ, USA) was placed around the neck and covered with Vet
wrap (3M Animal Care Products, Saint Paul, MN, USA). Heparin solution (50
IU/mL; Heparin sodium injection- USP, Baxter Health Care Corporation,
Deerfield, IL, USA) was utilized to fill the catheter line to prevent blood from
clotting between consecutive blood samplings. During the high frequency
collection period (every 1h), samples were obtained using jugular catheters. The
procedure consisted of removal of heparin solution contained in the catheter line
along with 3 to 4 ml of blood using a 12 cc syringe to ensure subsequent drawing
of sample blood. Thereafter, a Monovette® tube was connected to the catheter
line and a blood sample (~ 7 to 9 mL) was collected followed by filling the
catheter with 2 to 3 mL of heparin solution (50 IU/mL). Once obtained, blood
samples were handled as previously described.
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3.7. Hormone Assays

A commercial solid-phase radioimmunoassay kit (Coat-A-Count®,
Siemens Medical Solutions Diagnostic, Los Angeles, CA, USA) was used to
determine plasma concentrations of progesterone as described by Seals et al.
(1998). Samples analyzed for progesterone were collected at each
ultrasonography session beginning at time of CIDR insertion (Day 0 of
experimental protocol) until 72 h post CIDR removal (Day 10). Progesterone was
measured in one assay with a sensitivity of 0.02 ng/mL and with an intraassay
coefficient of variation (CV) of 3.78%.

Concentrations of estradiol-17 in blood plasma were determined by RIA
as described in Moura and Erickson (1997) utilizing antibody for estradiol-17f
provided by Manson (Lilly Research Laboratories, Indianapolis, IN, USA).
Samples analyzed for estradiol-17p were collected at each ultrasonography
session. For this assay, estradiol-17 was extracted from plasma with ethyl acetate
(Honeywell, Burdick & Jackson, Muskegon, MI, USA) and then evaluated by
RIA. The sensitivity of the assay was 0.15 pg/mL and intra and interassay CV
was 14% and 8%, respectively.

Concentrations of FSH were measured in a single RIA as previously
described by Moura and Erickson (1997). Concentrations of FSH were measured
in all samples collected from two days prior to CIDR removal (Day 5) to 48 h
thereafter (Day 9). Bovine FSH- antibodies and standards hormone preparations

of bFSH were provided by the National Hormone and Peptide Program (Harbor-
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UCLA Medical Center, Torrance, CA, USA). The assay sensitivity was 0.05
ng/mL and the intraassay CV for the single assay performed was 5.1%.
Concentrations of LH in plasma were determined by RIA following the
procedures described by Moura and Erickson (1997). Bovine LH standards and
anti bovine LH serum were obtained from the National Hormone and Peptide
Program (Harbor-UCLA Medical Center, Torrance, CA, USA). Samples utilized
for LH determination were obtained from 48 h prior to CIDR removal (Day 5) to
the end of the sampling period (Day 10) resulting in a total of 39 samples drawn
during a 136-h period. The sensitivity of the assay was 0.03 ng/mL. The
intraassay CV for this assay was 6.25% whereas the interassay CV was 1.13%.
An estimation of plasma concentrations of hCG was performed by using
an immunoradiometric assay kit (IRMA; Coat-A-Count®, Siemens Medical
Solutions Diagnostics, Los Angeles, CA, USA). Since the kit is intended for
determination of hCG in human blood, the assay was validated in our laboratory.
Linearity of the kit was determined by estimating concentrations of hCG in serial
dilutions of bovine plasma samples. Spiking and recovery studies showed that the
observed concentration was on average 94% of the expected value. Data from the
manufacturer indicate that the antibody used in the assay kit is highly specific for
hCG, with low crossreactivity to other glycoprotein hormones. In our assay, there
were no indications of crossreactivity between the hCG antibody and bovine FSH
and LH. Concentrations of hCG were estimated in every other sample taken
starting 2 h prior to GnRH/hCG injection (0700 am of Day 9) until the end of the
sampling period (0400 pm on Day 10). A total of 17 samples per cow were
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analyzed during a 33 h period. The sensitivity of the single assay performed was

5 mIU/mL and the intraassay CV was 4.75%.

3.8. Statistical Analyses

Experimental data collected throughout the study were divided into three
different analyses for evaluation of treatment differences. Four cows were not
included in the analysis since they failed to ovulate during the 48 h period
following GnRH/hCG administration. Two cows did not present ovulation and
initiation of a new follicular wave, and one cow exhibited estrus 96 h after
administration of PGF,,. The last cow presented two dominant follicles and failed

to ovulate.

3.8.1. Analysis of Animal and Production Traits

Age, parity, body weight (BW), body condition score (BCS), days in milk
(DIM), and milk yield were analyzed as a randomized block design, blocking on
replicate, using Proc Mixed of SAS 9.1 (2003). Differences between levels of first
(FSH vs. SAL) and second treatment factors (GnRH vs. hCG) as well as their
interaction (FSH-GnRH, FSH-hCG, SAL-GnRH, and SAL-hCG) were analyzed
with a factorial model that included first treatment factor (FSH vs. SAL), second
treatment factor (GnRH vs. hCG) and their interaction (combinations) as fixed

effects. Replicates were included as random effects.
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Data are presented as least squares means (LSM) + standard error of the
mean (=SEM). The Tukey-Kramer test was used to identify treatment differences

among least squares means.

3.8.2. Analysis of Hormone Concentrations

Data of hormone concentrations across the experimental period were
analyzed as a randomized block design and repeated measures, blocking on
replicate, using Proc Mixed of SAS 9.1 (2003). For analysis of hormone
concentrations the models utilized varied with the time of variable (hormone
concentration) measurement. When the variable of interest was measured prior to
administration of GnRH/hCG (Day 9), only analysis of differences between levels
of first treatment factor were performed (FSH vs. SAL). When the variable of
interest was measured after administration of GnRH/hCG (Day 9) only, a factorial
model including main effects of first and second treatment factors, as well as first
and second treatment factors interaction (combinations) was utilized for the
analysis.

Analysis of differences in hormone concentrations for first treatment
factor (FSH vs. SAL) for those cases in which the variable was measured prior to
the administration of GnRH/hCG included the effects of treatment as fixed
effects. Time of blood sampling was used as a repeated measures factor with an
autoregressive covariance structure. Replicate and cow (replicate x treatment)

were included as random effects.
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Differences between levels of first (FSH vs. SAL) and second treatment
factors (GnRH vs. hCG) as well as their interaction (combinations) for those cases
in which the variable was measured following GnRH/hCG administration, were
analyzed with a factorial model that included first treatment factor (FSH vs. SAL),
second treatment factor (GnRH vs. hCG) and their interaction as fixed effects.
Time of blood sampling was used as a repeated measures factor with an
autoregressive covariance structure. Replicate and cow (replicate x first treatment
factor x second treatment factor) were included as random effects. Parity, body
weight (BW), body condition score (BCS), days in milk (DIM), and milk yield
were included as covariates. A backwards selection procedure was used to
eliminate covariates not meeting the significance value (P < 0.05) required to stay
in the model.

Concentrations of progesterone were analyzed for the whole sampling
period (Day 0 to 9) as well as from time of CIDR insertion (Day 0) to CIDR
removal (Day 7). The slope of progesterone concentration decrease was
calculated by multisource regression using Proc Mixed of SAS 9.1 (2003). The
model for estimation of progesterone concentration decrease included linear and
quadratic effects of time and first treatment factor (FSH vs. SAL). Contrasts were
used to assess differences among levels of treatments.

Estradiol-178 concentrations were analyzed in two different periods
including: from the approximate time of new follicular wave initiation (Day 2) to
CIDR removal (Day 7), and from CIDR removal (Day 7) to GnRH/hCG
administration (Day 9). The slope of estradiol-178 decrease was calculated by
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multisource regression using Proc Mixed of SAS 9.1 (2003). The model for
estimation of estradiol-17p concentration decrease included linear and quadratic
effects of time, first treatment factor (FSH vs. SAL), second treatment factor
(GnRH vs. HCG), and their interaction (combinations). Contrasts were used to
assess differences among levels of treatments main effects and their interaction.

Concentrations of FSH were analyzed from 2 days prior to CIDR removal
and Folltropin-V administration (Day 5) to 48 h thereafter (Day 9).
Concentrations of LH were analyzed in two different periods: from 2 days prior to
CIDR removal (Day 5) and Folltropin-V administration (Day 7) to GnRH/hCG
administration (Day 9), and from 3 h prior to GnRH/hCG administration to 31 h
thereafter (Day 9). Data of hCG concentrations were analyzed from 2 h prior to
GnRH/hCG administration (Day 9) to 30 h thereafter (Day 10).

Maximum plasma concentrations and time to the maximum concentration
of estradiol-17f after CIDR removal (Day 7) were analyzed by a model similar to
that utilized for analysis of hormone concentrations across the experimental
period except that time was removed as a repeated measures factor. A similar
analysis was performed for LH and hCG except that maximum concentration and
time to the maximum concentration were measured in relation to CIDR removal
and/or GnRH/hCG administration.

Data are presented as least squares means (LSM) + standard error of the
mean (+SEM). The Tukey-Kramer test was used to identify treatment differences

among least squares means.
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3.8.3. Follicle Development and Ovulation

Data on follicle size, growth, and timing of ovulation were arranged in a
randomized block design, blocking on replicate, using the Proc Mixed of SAS 9.1
(2003). For this analysis the models utilized varied with the time of variable
(follicle size, growth, and timing of ovulation) measurement. When the variable
of interest was measured prior to application of GnRH/hCG (Day 9), only the
analysis of differences between first treatment factor levels was performed (FSH
vs. SAL). Conversely, when the variable of interest was measured following
administration of GnRH/hCG (Day 9), only the factorial model including main
effects of first and second treatment factors, as well as first and second treatment
factors interaction (combinations) were utilized for the analysis.

Analyses for investigating differences in follicle size and follicle growth
for first treatment factor (FSH vs. SAL) were performed with a model including
effects of treatment as fixed effects and replicates as random effects. Differences
in follicle size, growth, and timing of ovulation for first (FSH vs. SAL) and
second (GnRH vs. hCG) treatment factors, as well as their interaction
(combinations) were analyzed with a factorial model that included first treatment
factor (FSH vs. SAL), second treatment factor (GnRH vs. hCG) and their
interaction (combinations) in the fixed effects. Replicates were included as
random effects. Parity, body weight (BW), body condition score (BCS), days in

milk (DIM), and milk yield were included as covariates. A backwards selection
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procedure was used to eliminate covariates not meeting the significance value (P
< 0.05) required to stay in the model.

Finally a multiple linear regression model using Proc Reg of SAS 9.1
(2003) was developed to determine the relationship of all variables to the time of
ovulation. Originally the model included ovulation time as dependent variable
and, size of the ovulatory follicle at time of GnRH/hCG administration, ovulatory
size, time from GnRH/hCG administration to plasma maximum concentration
(peak) of LH/hCG, maximum LH or hCG concentrations, percentage of the
maximum LH or hCG peak concentration, time from CIDR removal to maximum
estradiol-17f concentrations and maximum estradiol concentrations. A backwards
selection procedure was used to eliminate independent variables not meeting the
significance value (P < 0.05) required to stay in the model. Cows ovulating earlier
where excluded from the analysis since information on several of the variables
could not be recorded.

Data are presented as least squares means (LSM) + standard error of the
mean (+SEM). The Tukey-Kramer test was used to identify treatment differences

among least squares means.
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CHAPTER 4

RESULTS

4.1. Animal and Production Traits

Table 2 presents a description of age, parity, body weight (BW), body
condition score (BCS), days in milk (DIM) and milk production of cows included
in the present study which ovulated within the expected period of time following
induction of ovulation with either GnRH or hCG sorted by treatment and their

combinations.

4.2. Hormone Concentrations

4.2.3. Progesterone

There were not significant differences (P = 0.253) in progesterone
concentrations during the whole sampling period in cows assigned to Folltropin-V
or Saline treatment groups. However, during the same period there was an effect
of time (P < 0.0001). Progesterone concentrations significantly increased from 4.1
+ 0.3 ng/mL on Day 0 (CIDR insertion) to 6.9 = 0.3 ng/mL on Day 2, then
significantly decreased to 1.2 + 0.3 ng/mL on Day 8. Subluteal (< 1 ng/mL)
concentrations of progesterone were reached between 24 to 36 h after CIDR

removal and PGF,, administration in both treatment groups (FSH and SAL).
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Table 2. Animal and production traits of cows included in the experiment that ovulated within the expected period of time following
induction of ovulation (GnRH/hCGQG).

Trait!

Treatment Age (months) Parity (#) BW? (kg) BCS® DIM* Milk yield (kg)
First Trt. Factor

FSH 36.1 1.8 640.3 2.9 78.9 45.8

SAL 38.9 2.1 641.7 2.7 80.8 43.2
SEM® 4.6 0.4 40.7 0.2 4.0 2.1
P-value 0.665 0.485 0.975 0.320 0.722 0.369
Second Trt. Factor

GnRH 39.0 2.0 645.8 2.8 76.9 44 .4

hCG 36.0 1.8 636.2 2.8 82.8 44.6
SEM 4.6 0.4 40.5 0.2 4.0 2.1
P-value 0.644 0.639 0.821 0.804 0.268 0.955
Combinations

FSH-GnRH 38.2 1.9 634.1 2.8 70.5 44.1

FSH-hCG 34.0 1.6 646.5 2.9 87.4 47.5

SAL-GnRH 39.7 2.2 657.5 2.7 83.4 44.8

SAL-hCG 38.0 2.0 625.9 2.7 78.3 41.6
SEM 6.2 0.5 49.6 0.2 53 2.8
P-value 0.841 0.815 0.597 0.804 0.045 0.244
Tukey test NS° NS NS NS NS NS

'All values are reported as least square means.

’BW = body weight, *BCS = body condition score, *“DIM = days in milk
’SEM = pooled standard error of the mean.

NS = not significant
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No effect of treatment-by-time interaction (P = 0.205) was observed in
concentrations of progesterone (Figure 4). Concentrations of progesterone from
time of CIDR insertion (Day 0 of the experimental protocol) until CIDR removal
(Day 7) did not differ (P = 0.353) between cows receiving Folltropin-V or Saline
treatment (7.7 = 0.5 and 7.0 £ 0.5 ng/mL for FSH and SAL, respectively). An
effect of time (P < 0.001) was also observed with concentrations of progesterone
increasing significantly from Day 0 to Day 2 (4.1 = 0.4 and 6.9 + 0.4 ng/mL,
respectively). No effect of treatment-by-time interaction (P = 0.109) was observed
during this period. The slope of progesterone concentration decrease after CIDR
removal and PGF,, administration was not different (P = 0.279) for Folltropin-V
and Saline treated cows (1.2 + 0.1 and 1.4 + 0.1 ng/mL/12 h for FSH and SAL,

respectively).

4.2.2. Estradiol-17f

Concentrations estradiol-17 from the approximate time of initiation of
the new follicular wave (Day 2) to the time of CIDR removal (Day 7), did not
differ between Folltropin-V and Saline treatment groups (P = 0.178) and there
was not an effect of time (P = 0.627) and treatment-by-time interaction (P =
0.655; Figure 5). Further assessment of estradiol-17f concentrations indicated that
there was an effect of treatment (P = 0.018) and time (P < 0.0001) from time of
CIDR removal (Day 7) to GnRH/hCG (Day 9). Mean concentrations of estradiol-

178 were higher in Saline than in Folltropin-V treated cows (4.6 + 0.3 and
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Figure 4. Concentrations of progesterone (P4) during whole sampling period.
CIDR-in = time of CIDR insertion and GnRH administration, CIDR-r = time of
CIDR removal and PGF,, administration. FSH = Folltropin-V, SAL = Saline
treated group. Days indicate day of the experimental protocol.
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Figure 5. Estradiol-17p (E2) concentrations from approximate time of initiation
of new follicular wave (Day 2) to time of CIDR removal (Day 7). NFW =
approximate time of initiation of new follicular wave, CIDR-r = time of CIDR
removal. FSH = Folltropin-V treated cows, SAL = Saline treated cows. Days
indicate day of the experimental protocol.
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3.5 £ 0.3 pg/mL for SAL and FSH groups, respectively) and significantly
increased towards the time of GnRH/hCG administration (Figure 6).

Maximum values for estradiol-17 concentrations significantly differed
between Folltropin-V and Saline treated groups (P = 0.009) whereas, there was
not and effect of treatment with GnRH/hCG (P = 0.255) or interaction between
first (FSH vs. SAL) and second treatment factors (GnRH vs. hCG; P = 0.916;
Table 3). Time to maximum plasma concentrations of estradiol-17f after CIDR
removal did not differ between Folltropin-V and Saline groups (P = 0.371) but,
there was a weak tendency to differ for GnRH and hCG treatment groups (P =
0.084) and the interaction of first (FSH vs. SAL) and second (GnRH vs. hCG)
treatment factors (P = 0.084; Table 3).

Analysis of the slope of estradiol-178 concentrations decrease after
maximum values were reached showed significant differences among treatment
combinations for the linear and quadratic slopes of decrease. Cows administered
the FSH-hCG combination presented the slowest rate of estradiol-17p decrease
(1.2 £ 0.6 pg/mL/4 h) which was different to the other three treatment
combinations (FSH-GnRH, 3.5 + 1.0; SAL-GnRH, 5.5 + 0.6; and SAL-hCG, 4.0

+ 0.6 pg/mL/4 h; Figure 7).
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Figure 6. Estradiol-17B (E2) concentrations after CIDR removal and Folltropin-
V/Saline administration (Day 7) until time of GnRH or hCG administration (Day
9). CIDR-r = time of CIDR removal and Folltropin-V/Saline administration,
GnRH/hCG = time of GnRH/hCG administration. FSH = Folltropin-V treated
cows, SAL = Saline treated cows. Mean concentrations of E2 were significantly
higher for Saline than for Folltropin-V treated cows during the represented period

(P=0.018).
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Table 3. Maximum estradiol-17f plasma concentration and time to maximum
concentration after CIDR removal.

Maximum E2

Time to maximum E2

Treatment N  concentration (pg/mL)* concentration (h)*
First Trt. Factor

FSH 10 5.4° 50.0

SAL 16 7.3% 51.0
SEM? 0.5 0.8
P-value 0.009 0.371
Second Trt. Factor

GnRH 11 6.8 49.5

hCG 15 6.0 51.5
SEM 0.5 0.8
P-value 0.255 0.084
Combinations

FSH-GnRH 3 59 48.0

FSH-hCG 7 5.2 52.0

SAL-GnRH 8 7.7 51.0

SAL-hCG 8 6.8 51.0
SEM 0.7 1.1
P-value 0.916 0.084

*PLeast square means differ among treatments within a column.

'Maximum E2 concentration and time to maximum E2 concentration are reported as least square

means.

*SEM = pooled standard error of the mean.
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Figure 7. Concentrations of estradiol-17f from time of GnRH/hCG (Day 9) to the

end of sampling period (Day 10). GnRH/hCG

time of GnRH/hCG

administration, End sampling = end of sampling period for E2. FSH-GnRH =
FSH-GnRH treated group, FSH-hCG = FSH-hCG treated group, SAL-GnRH =
SAL-GnRH treated cows, SAL-hCG = SAL-hCG treated cows.
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4.2.3. Follicle Stimulating Hormone

Concentrations of FSH from 48 h prior to Folltropin-V administration
(Day 5) to the end of sampling period for FSH (Day 9) did not differ between
Folltropin-V and Saline treatment groups (1.2 = 0.2 and 1.2 + 0.1 ng/mL; P =
0.930) and there was not an effect of time (P = 0.192) and treatment-by-time
interaction (P = 0.347). Further analysis of FSH concentrations after Folltropin-V
administration (Day 7) to the end of sampling period for FSH (Day 9) showed no
differences in FSH concentrations between Folltropin-V and Saline treated cows
(P = 0.847) and no effect of time (P = 0.157) and treatment-by-time interaction (P

=0.253; Figure 8).

4.2.4. Luteinizing Hormone

Concentrations of LH from Day 5 to Day 9 of the experimental protocol
(prior to GnRH/hCG administration) were not different in Folltropin-V and Saline
treated cows (0.6 = 0.05 and 0.6 £ 0.04 ng/mL, respectively; P = 0.351) but were
affected by time (P < 0.0001) resulting in concentrations of LH significantly
increasing towards the time of GnRH/hCG administration.

Maximum LH concentrations in hCG-treated cows were not analyzed
since LH concentrations in this group of cows remained below 2 ng/mL during
the entire sampling period (Figure 9). Analysis of plasma LH concentrations from

3 h prior to GnRH/hCG administration (Day 9) to 31 h post injection (Day 10)
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Figure 8. Concentrations of FSH after Folltropin-V injection coincident with time
of CIDR removal (Day 7) to the end of sampling period (Day 9) for Folltropin-V
vs. Saline treated cows. CIDR-r = time of CIDR removal and Folltropin-V/Saline
administration, GnRH/hCG = time of GnRH/hCG administration. FSH =

Folltropin-V treated group, SAL = Saline treated group.
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showed a significant 3-way interaction among first treatment factor (FSH vs.
SAL), second treatment factor (GnRH vs. hCG) and time (P = 0.008). This
interaction indicates that there were significant differences in concentrations of
LH between Folltropin-V and Saline as well as GnRH and hCG groups which
varied with time. This interaction is due to the large differences in LH
concentrations between GnRH and hCG treated cows within Folltropin-V and
Saline groups after GnRH/hCG administration. Only cows within Folltropin-V
and Saline groups receiving GnRH had an observable LH surge producing
significant differences in LH concentrations within 1 to 4 h after GnRH
administration. Prior to, and 4 h after GnRH administration, LH concentrations
were not significantly different among cows receiving GnRH or hCG within each
of the first treatment factor levels (FSH and SAL). In addition, differences
between levels of primary treatment factor are due to higher maximum
concentrations of LH in SAL-GnRH than in FSH-GnRH treated cows during the
surge after GnRH administration (8.0 + 0.4 and 10.2 + 0.2 ng/mL for FSH-GnRH
and SAL-GnRH, respectively). Luteinizing hormone (LH) concentrations in cows
receiving hCG were consistently low (0.8 + 0.06 ng/mL; Figure 9) throughout the
sampling period (3 h prior to GnRH hCG injection to 31 h later) and did not
present a clear LH surge.

The average time to the LH maximum concentration (peak) after CIDR
removal in all GnRH treated cows was 50.8 = 0.2 h. When analyzed from GnRH
administration, the average time to the peak was 1.8 + 0.2 h (Table 4 and Figure
9). No significant differences were observed in time to LH peak after CIDR
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Figure 9. Overall plasma concentrations of LH and hCG from -3 to 31 h of GnRH
or hCG administration. LH (GnRH) = LH concentrations in cows receiving
GnRH treatment, LH (hCG) = LH concentrations in cows receiving hCG
treatment, hCG (GnRH) = hCG concentrations in cows receiving GnRH
treatment, this group presented non-detectable levels of hCG during whole
sampling period. hCG (hCG) = hCG concentrations in cow receiving hCG
treatment. Arrow indicates time of GnRH or hCG administration. Asterisks
denote significant differences in least square means for LH between GnRH and
hCG treatments (LH pooled SEM = 0.2, hCG pooled SEM = 1.1 P < 0.05).
Concentrations of hCG between GnRH and hCG groups were significantly
different (P < 0.05) from 1 h after hCG injection to the end of the sampling
period.
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Table 4. Time to LH or hCG maximum concentration (peak) after CIDR removal
and GnRH/hCG administration.

Time to peak from Time to peak from
CIDR-r (h)! injection (h)*
Treatment N LH hCG LH hCG
GnRH 11 50.8 ND? 1.8 ND
hCG 15 N/A? 58.0 N/A 9.0
SEM 0.2 0.8 0.2 0.8
P-Value N/A N/A N/A N/A
FSH 10 50.7 59.0° 1.7 10.0°
SAL 16 50.9 57.0° 1.9 8.0°
SEM? 0.2 0.8 0.2 0.8
P-Value 0.499 0.019 0.499 0.019

"L east square means differ among treatments within a column.

'Time to peak from CIDR-r and injection are reported as least square means.
’SEM = pooled standard error of the mean.

*ND = not detectable.

*N/A = not applicable.
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removal (P = 0.499) or GnRH administration (P = 0.499) in FSH-GnRH or SAL-

GnRH treatment groups (Table 4).

4.2.5. Human Chorionic Gonadotropin

Concentrations of hCG are presented for hCG-treated and GnRH-treated
(non-detectable during whole sampling period) cows in Figure 9. Maximum hCG
concentration in hCG treated cows was 27.1 + 2.8 mIU/mL and did not differ
between FSH-hCG and SAL-hCG treatment groups (24.5 £ 2.9 and 29.7 £ 2.7
mlU/mL, respectively; P = 0.226). Maximum levels (peak) of hCG in plasma of
all treated cows were reached 58.0 + 0.8 h after CIDR removal or 9.0 + 0.8 h post
hCG injection (Table 4 and Fig. 9). A significant difference in time to hCG
maximum concentrations (peak) after CIDR removal and GnRH/hCG
administration was observed between Folltropin-V and Saline cows (P = 0.019;

Table 4).

4.3. Follicle Development and Ovulation

Size of the ovulatory follicle at time of CIDR removal (Day 7) which is
coincident with the application of Folltropin-V and Saline did not differ between
cows assigned to either one of the treatments (13.7 = 0.6 and 14.7 + 0.5 mm, for
Folltropin-V and Saline respectively; P = 0.099). Further, there was not an effect

of Folltropin-V or Saline treatment on the size of the ovulatory follicle at the time
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of either GnRH or hCG administration (P = 0.521). At this time point, size of the
ovulatory follicle was similar for Folltropin-V and Saline treatment groups (17.1
+ 0.7 and 17.7 = 0.6 mm, respectively).

No significant differences were observed in the size of the ovulatory
follicle prior to ovulation between Folltropin-V and Saline treatment groups (P =
0.585), GnRH and hCG groups (P = 0.287) or the interaction between first (FSH
vs. SAL) and second treatment (GnHR vs. hCG) factors (P = 0.297; Table 5).

Total growth of the ovulatory follicle from time of CIDR removal (Day 7)
to time of GnRH or hCG administration (Day 9) did not differ between
Folltropin-V and Saline treated cows (3.2 + 0.6 and 3.3 + 0.4 mm, respectively; P
= 0.891). Daily growth of the ovulatory follicle during the same time period was
not different between Folltropin-V and Saline treatment (1.6 + 0.3 and 1.6 £ 0.2
mm; P = 0.891). Total and daily growth of the ovulatory follicle from CIDR
removal to GnRH or hCG administration was affected by parity of the cows (P =
0.001), DIM (P = 0.022), milk yield (P = 0.005) and body weight (P = 0.007).
Parity, DIM and milk yield presented a negative relationship with growth
meaning that an increase in the values of any of these variables was related to a
decrease in growth rate of the ovulatory follicle. On the other hand, body weight
was positively related to the growth of the ovulatory follicle indicating that cows
with higher body weight presented a higher growth rate of the ovulatory follicle.

Total growth of the ovulatory follicle from time of CIDR removal (Day 7)
to ovulation (Day 10) did not differ between Folltropin-V and Saline treatment
groups (P = 0.102), GnRH and hCG treatment groups (P = 0.261) or the
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Table 5. Size of the ovulatory follicle prior to ovulation for first treatment factor,
second treatment factor, and their interaction (combinations).

Size' of ovulatory follicle

Treatment N prior to ovulation (mm)
First Trt. Factor

FSH 10 18.1

SAL 16 17.5
SEM? 0.8
P-Value 0.585
Second Trt. Factor

GnRH 11 18.4

hCG 15 17.2
SEM 0.8
P-Value 0.287
Combinations

FSH-GnRH 3 19.3

FSH-hCG 7 17.0

SAL-GnRH 8 17.6

SAL-hCG 8 17.5
SEM 1.1
P-Value 0.297

'Size of the ovulatory follicle is reported as least square means.
*SEM = pooled standard error of the mean.
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interaction of first (FSH vs. SAL) and second treatment (GnRH vs. hCG) factors
(P =0.293; Table 6).

There was a tendency (P = 0.081) for Folltropin-V treated cows to have a
higher daily growth rate from time of CIDR removal (Day 7) to ovulation (Day
10); whereas, there was not a significant effect of either GnRH or hCG treatment
(P = 0.198) and the interaction of first and second treatment factors
(combinations; P = (0.241; Table 6).

A significant interaction of first (FSH vs. SAL) and second (GnRH vs.
hCQG) treatment factors was noted when the time elapsed from CIDR removal
(Day 7) to ovulation was evaluated (P = 0.013). Cows receiving GnRH presented
the earliest ovulation but only when combined with Folltropin-V treatment (Table
7). Indeed, when GnRH was combined with Saline treatment, cows ovulated a
time not different from hCG treated cows. Therefore, administration of Folltropin-
V followed by GnRH 49 h later showed to be the most beneficial treatment to
decrease the time elapsed from CIDR removal to ovulation in the present study.
On the other hand, administration of Folltropin-V followed by hCG at a similar
timing than GnRH produced the longest time to ovulation after CIDR removal
(Table 7).

When time to ovulation was evaluated from GnRH or hCG administration
the same situation was noted as when evaluated from time of CIDR removal.
There was a significant interaction between first (FSH vs. SAL) and second
(GnRH vs. hCG) treatment factors (P = 0.013). As with the previous analysis,
cows receiving GnRH presented the earliest ovulation but only when combined
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Table 6. Total and daily growth of the ovulatory follicle from time of CIDR
removal (CIDR-r) to ovulation.

Growth' of ovulatory follicle

Total from CIDR-r to

Daily from CIDR-r to

Treatment N ovulation (mm) ovulation (mm)
First Trt. Factor

FSH 10 4.5 1.4

SAL 16 2.9 0.9
SEM? 0.7 0.2
P-Value 0.102 0.081
Second Trt. Factor

GnRH 11 4.3 1.4

hCG 15 32 1.0
SEM 0.7 0.2
P-Value 0.261 0.198
Combinations

FSH-GnRH 3 5.6 1.8

FSH-hCG 7 3.5 1.1

SAL-GnRH 8 3.0 09

SAL-hCG 8 2.9 0.9
SEM 09 0.3
P-Value 0.293 0.241

'Growth of the ovulatory follicle is reported as least square means.

’SEM = pooled standard error of the mean.
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Table 7. Time to ovulation from CIDR removal (CIDR-r), GanRH/hCG

administration, and LH or hCG maximum concentration (peak).

Time to ovulation®

from CIDR-r from GnRH or from LH or
(h) hCG administ. hCG max. conc.

Treatment N (h) (h)
First Trt. Factor

FSH 10 76.9 27.9 21.6°

SAL 16 78.0 29.0 24.1°
SEM? 0.6 0.6 0.3
P-Value 0.196 0.196 <0.0001
Second Trt. Factor

GnRH 11 75.8° 26.8° 25.0°

hCG 15 79.1° 30.1° 20.7°
SEM 0.6 0.6 0.3
P-Value 0.001 0.001 <0.0001
Combinations

FSH-GnRH 3 74.0° 25.0° 23.3°

FSH-hCG 7 79.7° 30.7° 19.9¢

SAL-GnRH 8 77.5% 28.5% 26.6°

SAL-hCG 8 78.5% 29.5° 21.5°
SEM 0.9 0.9 0.4
P-Value 0.013 0.013 0.066

P°[ east square means differ among treatments within a column.

'Time of ovulation is reported as least square means.

*SEM = pooled standard error of the mean.
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with Folltropin-V treatment (Table 7). When GnRH was combined with Saline
treatment, cows ovulated a time not different from hCG treated cows. Therefore,
administration of Folltropin-V followed by GnRH 49 h later showed to be the
most beneficial treatment to decrease the time elapsed from induction of ovulation
to its occurrence in the present study. On the other hand, administration of
Folltropin-V followed by hCG at a similar timing than GnRH produced the
longest time to ovulation (Table 7).

When timing of ovulation was analyzed from time of LH or hCG
maximum concentrations (peak), it was observed a significant effect of
Folltropin-V treatment when compared to Saline (P < 0.0001), as well as a
significant effect of hCG which resulted in the shortest time from peak to
ovulation when compared to GnRH treated cows (P < 0.001; Table 7). In
addition, there was an interaction between first (FSH vs. SAL) and second (GnRH
vs. hCG) treatment factors to influence the time of ovulation after LH or hCG
maximum concentration (peak; P = 0.066). According to this interaction, hCG
treated cows presented a tendency to have the earliest ovulation but only when
combined with Folltropin-V since SAL-hCG treated cows did not differ from
those cows administered the FSH-GnRH combination. As the effect of Folltropin-
V treatment alone was to reduce the time from peak to ovulation it is likely that it
contributed to decrease the time elapsed from peak to ovulation in GnRH treated
cows limiting the chances of finding differences with the SAL-hCG group. The

fact that FSH-hCG treated cows ovulated earlier than SAL-hCG, is in agreement
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with the finding that the effect of Folltropin-V was to decrease ovulation time
when measured from the LH or hCG maximum concentration (Table 7).

The multiple regression model developed for ovulation time indicated the
presence of a relationship between size of the ovulatory follicle at the time of
GnRH/hCG administration, time from GnRH/hCG administration to LH/hCG
maximum concentration (peak) and for time to maximum estradiol concentration
with time of ovulation (P < 0.0001). The model explained 64 % of the variation in
the dependent variable ovulation time. Size of the ovulatory follicle at the time of
GnRH/hCG showed a negative relationship with time to ovulation; whereas, time
from injection of GnRH/hCG to GnRH/hCG maximum concentration peak and
time to maximum estradiol concentration showed a positive relationship with time
to ovulation. Time from GnRH/hCG administration to LH/hCG maximum
concentration explained 41% of the variation in ovulation time when considering
the other variables. Size of the ovulatory follicle at the time of GnRH/hCG
administration and time to maximum estradiol concentration explained 18% and
14% of the variation in ovulation time respectively when considering the other

variables.

4.4. Hormonal Profiles and Follicle Features of Cows Presenting Premature

Ovulation after Folltropin-V Administration (FSH-EARLY)

As previously described in chapter 3, a subgroup of cows presented

ovulation following treatment with Folltropin-V prior to the administration of

104



GnRH/hCG and was denominated as FSH-EARLY group. Animal and production
traits for FSH-EARLY group were as follow: age 37 + 6.5 months, body
condition score 2.5 + 0.2, body weight 632.4 + 52.3 kg, days in milk 91.4 + 5.8,
milk yield 42.8 + 3.0 kg, and parity 1.8 £0.5.

Mean progesterone concentrations during whole sampling period were 5.7
+ 0.5 ng/mL, and decreased at a rate of 1.7 + 0.2 ng/mL/12 h after CIDR removal
and PGF,, administration (Day 7) reaching subluteal levels (< 1 ng/mL) by 24 to
36 h after CIDR removal and PGF,,. Mean estradiol-173 concentrations from
approximate time of initiation of a new follicular wave (Day 2) to time of CIDR
removal (Day 7) were 1.5 + 0.2 pg/mL. Following CIDR removal mean
concentrations of estradiol-17f were 1.7 £ 0.5 pg/mL. Cows in the FSH-EARLY
group did not present an elevation of estradiol-17f consistent with a preovulatory
peak. Mean concentrations of FSH from 48 h prior to CIDR removal and
Folltropin-V administration (Day 5) to the end of sampling period for FSH (Day
9) were 1.0 + 0.3 ng/mL. Mean concentrations of LH from 48 h prior to CIDR
removal and Folltropin-V administration (Day 5) to the time of GnRH/hCG
administration (Day 9) were 0.6 + 0.1 ng/mL. Neither LH nor hCG were
measured in FSH-EARLY cows following GnRH/hCG administration (Day 9)
since they presented ovulation and were removed from the study prior to this time
point.

Size of the ovulatory follicle at the time of CIDR removal (Day 7) was
13.9 + 0.8 mm. Prior to ovulation, size of the ovulatory follicle was 14.9 + 1.1

mm. Total growth of the ovulatory follicle from time of CIDR removal to
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ovulation was 0.7 = 1.0 mm. Daily growth of the ovulatory follicle from time of
CIDR removal to ovulation was 0.6 + 0.4 mm. Time elapsed from CIDR removal

to ovulation in the FSH-EARLY group was 38.4 + 1.2 h.
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CHAPTER 5

DISCUSSION

The major goal of the present study was to evaluate possible therapeutic

strategies to hasten exportation of the oocyte to the oviduct following induction of

ovulation with gonadotropins in lactating dairy cows. Development of therapeutic

strategies aimed to reduce the time from onset of oocyte maturation (induced by
gonadotropin surge in vivo) to ovulation may be a first step necessary for release
of a fertile mature oocyte in cows undergoing environmental HS (Edwards et al.,
2005). In this study it was tested the hypothesis that a possible strategy to reduce
the time to ovulation may be to induce ovulation of larger follicles. Therefore, it
was evaluated if the use of Folltropin-V (FSH/LH) given at the time of induction
of luteolysis may stimulate supplemental growth of the DF during its final growth
phase. Then, a possible larger ovulatory follicle may be more sensitive to the
gonadotropin surge and respond with early ovulation. Besides inducing larger
follicles more sensitive to ovulation treatment with gonadotropins, the use of
Folltropin-V may have another advantage when used in lactating dairy cows
under HS conditions by offsetting the effect of elevated temperatures to decrease
follicle size (Badinga et al., 1993; Wilson et al., 1998a,b; Cunha et al., 2007). In
addition to the evaluation of growth response of the DF to Folltropin-V (FSH/LH)
administration, this experiment was also intended to examine if the administration
hCG would have an impact in the timing of ovulation. Unlike GnRH, the use of

hCG to induce ovulation in heat stressed cows may have some advantages since
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its mechanism of action is independent of the pituitary gland which function
might be altered by the effects of elevated temperatures in lactating dairy cows
(Gilad et al., 1993). Furthermore, hCG presents a prolonged plasma half-life
(Schmitt et al., 1996), greater affinity for LH receptors (Henderson et al., 1984),
and the capability to remain bound to LH receptors for longer periods of time than
LH (Mock and Niswender 1983; Mock et al., 1983; Henderson et al., 1984)
which may be possibly advantageous for induction of early ovulation.

In the current study, the therapeutic model to induce ovulation was
examined using non-heat stressed lactating dairy cows. The results of this study
demonstrate that administration of hormones, utilizing current estrus
synchronization protocols aimed at manipulating follicular growth and ovulation,
was successful in decreasing time from the gonadotropin surge to ovulation.
However, most of the difference observed among treatment groups can be
attributed to the specific dynamic of the gonadotropin responsible for induction of
ovulation. In particular, the average time to maximum concentrations of hCG
(peak) in hCG-treated cows were reached ~ 7 h later than maximum LH
concentrations (peak) in GnRH-treated cows. Therefore, if the onset of oocyte
maturation is triggered by hCG maximum concentrations (peak) and not by the
rise, administration of hCG to lactating dairy cows under HS would be a possible
strategy to delay onset of oocyte maturation in relation to rupture of the ovulatory
follicle. Furthermore, treatment with Folltropin-V (combination of both FSH and
LH) failed to boost final growth of the ovulatory follicle and increase size at the

time of GnRH/hCG administration. However, if data are considered from the
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respective maximum concentrations (i.e. LH or hCG), Folltropin-V treated cows
had a shorter time to ovulation when compared to Saline-treated cows, suggesting
a possible beneficial effect of Folltropin-V in timing of ovulation. Despite the
observed differences, it is unclear which mechanisms may be involved in the
induction of early ovulation in Folltropin-V treated cows. As previously
discussed, this group of animals did not have larger follicles at the time of
GnRH/hCG impeding any possibility of testing the hypothesis that larger follicles
would be more responsive to either LH or hCG due to increased number of LH
receptors. Even with sufficient evidence that larger follicles present higher
numbers of LH receptors (Ireland and Roche 1982; Stewart et al., 1996), whether
these follicles ovulate earlier than smaller ones can not be concluded from the
present data as ovulatory follicles were of similar sizes. In fact, FSH-GnRH
treated cows (and to a lesser extent FSH-hCG treated cows) presented a numerical
difference in growth from CIDR removal to the time of ovulation when compared
to Saline-treated cows and there was also a weak tendency for higher daily growth
from CIDR removal to ovulation for Folltropin-V than for Saline treated cows;
however, it is likely that the low number of cows in FSH-GnRH group limited the
probability of observing statistical differences.

Considering that the dose administered to Folltropin-V treated group
induced earlier ovulation in a subgroup of cows (FSH-EARLY), it is unclear why
this treatment did not simulate complementary growth of the ovulatory follicle.
Therefore, administration of Folltropin-V (FSH/LH) at the dose and timing
utilized in this study is not a promising alternative to increase DF size in lactating

109



dairy cows undergoing HS. In addition, it is somewhat surprising that animals
treated with Folltropin-V did not present a significantly different rise in FSH
concentrations after treatment when compared to Saline-treated cows. Only a
numerical difference was observed with concentrations increasing after
Folltropin-V administration in Folltropin-V treated cows. A possible explanation
for the lack of difference is that the frequency of blood sampling was not
sufficient to detect the rise in FSH concentrations or the high levels of FSH
observed in the Saline group. In our study FSH concentrations in both groups are
within the range of values previously reported for dairy cows after treatment with
PGF,, to induce luteolysis (Parfet et al., 1989).

Based on the observations of this study it is logical to suggest that the use
of hCG to induce ovulation in lactating dairy cows undergoing HS may be
successful only if hCG triggers the mechanisms necessary for follicle wall
breakdown and onset of oocyte maturation at different times. It would be required
for hCG to trigger the process of follicular wall breakdown soon after
administration when blood concentrations are rising. In this way, rupture of the
ovulatory follicle may occur within a reasonable time after hCG administration
(28-30 h). Whereas, the onset of oocyte maturation is delayed during a period of
time sufficient to allow completion of the process while being released before
aging begins. In regard to the process of follicle wall breakdown, Liu and Sirois
(1998) indicated that prostaglandin production by the preovulatory follicle in
hCG-treated cattle paralleled that of GnRH-treated cattle. In this study, PGE, and
PGF,, increased by 24 h after hCG administration. The fact that PG’s production

110



has been associated with the process of follicle wall breakdown, and PG’s levels
rise at similar times after GnRH or hCG treatment, suggests that both hormones
may induce changes at the follicular wall level at a similar time and that hCG
triggers the process soon after administration. Unfortunately, oocyte maturation
was not assessed in the study of Liu and Sirois (1998), limiting comparison with
studies which evaluated maturation of the oocyte after an induced LH surge.

The classical description of the series of events leading to ovulation and
oocyte maturation, under naturally occurring and induced estrous cycles in cattle,
considers the preovulatory gonadotropin surge as the trigger of the process (Kruip
et al., 1983; de Loos et al., 1991). However, information in the literature on the
specific portion of the LH/hCG surge responsible for triggering ovulation and
oocyte maturation is lacking. In particular, it is not clear if the initial rise in
LH/hCG concentration is responsible for initiating the process of follicle wall
breakdown and oocyte maturation or, a threshold concentration close to maximum
values must be attained before these two processes are initiated. Analysis of the
ultra structural nuclear and cytoplasmic changes in bovine oocytes obtained from
single and multiple ovulating cattle at different times after the LH surge indicates
that the first observable changes occurs ~ 4 to 7 h after the surge and the process
is completed 20 to 25 h later (Kruip et al, 1983; de Loos et al, 1991).
Unfortunately, there is no mention of the duration and timing of the LH surge in
any of these studies where the authors describe changes in oocyte structure from
the LH surge. On the other hand, it is uncertain whether or not hCG triggers the

process of oocyte maturation in a “timely” manner similar to that of LH in cattle
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since the morphological changes associated with oocyte maturation have not been
described for cows induced to ovulate with hCG.

A shift in steroid production from estradiol-17f to progesterone is clearly
observed in preovulatory follicles following the gonadotropin surge (Dieleman
and Bevers 1993; Sirois 1994; Li ef al., 2007). In the present study, the decline in
serum estradiol-17f concentrations started at a time coincident with LH maximum
concentrations in cows treated with GnRH (~ 50 h); whereas, in hCG-treated
cows, the decline in estradiol-17f concentrations started earlier (~ 51.5 h) than the
occurrence of hCG maximum concentrations (~ 58 h). Thus, if the decrease in
concentrations of estradiol-178 is an indicator of the preovulatory follicle
response to gonadotropins, the fact that estradiol-17p concentrations in hCG cows
started to decrease prior to maximum hCG plasma concentrations suggests that
follicles responded to hCG during the “rise” portion of the surge. Conversely,
FSH-hCG, and to a lesser extent SAL-hCG treated cows (not significant
difference) presented a slower rate of decrease of estradiol-17p concentrations
since the slope of estradiol-178 decay in these cows was different. In agreement
with this observation, when comparing intrafollicular concentrations of estradiol
after either hCG administration in the study of Sirois (1994) or GnRH
administration in Li ef al. (2007), a difference of ~ 100 ng/mL in estradiol-17§
concentrations can be observed 12 h post either hCG or GnRH administration.
Although concentrations are compared from two different studies, this large
difference (~ 100 ng/mL) in estradiol-17f suggests that the shift in steroid
synthesis after gonadotropin treatment is dissimilar in hCG and GnRH treated
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cows. It is uncertain how follicles may respond differently to LH or hCG given
that both gonadotropins bind the same receptor in follicular cells (Lee and Ryan
1973; Minegishi et al., 1997). However, a slower decrease in estradiol-17f
concentrations may have an impact on the onset of oocyte maturation although
this is very controversial. Exposure of bovine oocytes matured in vitro to
estradiol-17f3 during the first 8§ h of maturation induced a block at metaphase I
(germinal vesicle stage) while it did not compromise the ability of oocytes to
complete the maturation process once estradiol-17f8 was removed (Beker-van
Woudenberg et al, 2004). It is then logical to speculate that under in vivo
conditions, estradiol-17p may exert a similar effect on the oocyte. Thus, in hCG-
treated cows, estradiol could possibly delay onset of oocyte maturation for a
longer period of time until concentrations decrease to basal levels. Even when the
effects of steroids prior to, and during oocyte maturation are evident, it seems
plausible that the dynamics of steroid secretion in preovulatory follicles (decrease
in estradiol and increase in progesterone), instead of the effect of a specific
steroid, may be responsible for triggering resumption of oocyte maturation. This
is supported by the in vitro studies of Wang et al., (2006) who reported that
bovine oocyte maturation can be prevented by addition of a steroid synthesis
inhibitor to COC culture media; whereas, addition of either progesterone or
estradiol without resembling the dynamics of steroids in vivo after the
gonadotropin surge failed to initiate oocyte maturation. Whether or not changes in
serum estradiol after hCG administration affect oocyte maturation can not be

concluded from the current study since oocyte maturation was not evaluated.
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The onset of oocyte maturation in relation to the gonadotropin surge is of
particular interest for interpretation of the results in the present study given the
clear differences observed in timing to reach serum LH and hCG maximum
concentrations. Whereas LH peaked in average 1.8 h after GnRH injection and
returned to baseline levels by 4 to 5 h, in agreement with other reports using
Holstein cows (Kadokawa et al., 1998; Martinez et al., 2003), hCG maximum
concentrations were not reached until after 9.0 h of administration. It is uncertain
how this clear difference in hormone dynamics may have affected the time course
of oocyte maturation since it was not analyzed in the present study. Unfortunately,
there is limited available information on hCG dynamics and the relationship
between hCG concentrations and onset of oocyte maturation. Schmitt et al. (1996)
reported hCG maximum concentrations 6 h after administration of 3000 IU of
hCG (1000 IU i.v. and 2000 IU i.m.) with a decay in concentrations by 12 h post
injection; however, neither ovulation time nor oocyte maturation was assessed. In
the current study, the average time to reach maximum concentrations after hCG
administration for hCG-treated cows was 9.0 h which differed in 3 h from the
previous report of Schmitt er al. (1996). Differences in route of hCG
administration and sampling frequency between experiments (every 2 h in the
present study and every 6 h in Schmitt ef al., 1996) are the most likely reasons for
disparity in time to maximum concentrations. However, both studies agree that
hCG remains above baseline levels for a prolonged period of time, 30 h in the
present study and 66 h in Schmitt et al. (1996). Results of the present study also
indicate that cows administered hCG to induce ovulation (49 h after CIDR
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removal) do not present an endogenous LH surge. Concentrations of LH in cows
receiving hCG stayed at baseline levels during the entire sampling period after
hCG administration. The most likely explanation is that hCG triggered the shift in
steroids secretion decreasing the production of estradiol-17f hence, there was not
sufficient estradiol-17f in the system to trigger an endogenous LH surge. As a
consequence, it is logical to consider that in hCG treated cows ovulation was the
result of hCG stimulation of the follicle without any involvement of LH.

When compared from CIDR removal or GnRH/hCG administration,
differences in ovulation time among treatments were opposite to those observed
from time of gonadotropin maximum concentrations (peak). Cows administered
GnRH presented ovulation ~ 3.3 h earlier than hCG-treated cows whereas, when
measured from the peak, ovulation occurred ~ 4.3 h earlier in hCG-treated cows.
Unlike the discrepancies observed for time to ovulation in cows treated with
either GnRH or hCG, cows receiving Folltropin-V ovulated earlier independently
of analyzing ovulation time from GnRH administration or the respective peaks of
LH/hCG. Cows receiving the FSH-GnRH combination presented the earliest
ovulation which was ~ 3.5 h earlier after GnRH injection than in SAL-GnRH.
Taken together these observations indicate that if ovulation time is to be measured
from the time of induction of ovulation, GnRH may induce earlier ovulation than
hCG specially when combined with Folltropin-V given 49 h earlier.

Despite clear variation in timing to ovulation across treatments, a high
synchrony in time of ovulation was observed among treatments with no more than

5 h difference in the group presenting the widest range of ovulation times
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measured from GnRH/hCG. Other studies using synchronization of the ovulation
protocols in dairy cattle have reported greater differences in timing of ovulation
(Pursley et al., 1995; Peters and Benboulaid 1998; Tenhagen et al., 2003). The
good synchrony of ovulation in our study may be attributed to the pre-
synchronization of estrus which resulted in the initiation of a new follicular wave
in most of the cows after treatment with GnRH and CIDR insertion at Day 0 of
the synchronization of ovulation protocol. Most cows included in the experiment
presented a dominant follicle responsive to LH (evidenced by ovulation and
formation of a new CL after treatment) at the time of CIDR insertion and GnRH
administration. Consequently, cows responded with ovulation and beginning of a
new follicular wave 48 to 72 h after the day of CIDR insertion and GnRH
administration. Our results are consistent with previous reports of high incidence
of ovulation in response to GnRH administration between days 5 to 9 of the
estrous cycle in lactating dairy cows (Vasconcelos et al., 1999).

The regression analysis performed to determine the relative importance of
parameters measured during the experimental protocol indicated that the time
elapsed from the administration of GnRH or hCG to the respective LH or hCG
maximum concentrations was the most relevant factor in determining the time of
ovulation. Specifically, the model showed that the longer the time to reach
maximum concentrations, the longer the time from injection to ovulation which is
in agreement with the observation that hCG treated cows presented the latest
ovulation. In addition, size of the ovulatory follicle at the time of GnRH/hCG
administration as well as the time to estradiol maximum concentration was related
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to time of ovulation. According to the regression analysis, ovulation time was
shorter when follicles were larger and the estradiol maximum concentration was
reached earlier. These results suggest that differences may have occurred in
ovulation time if follicles would have been of different sizes at the time of
GnRH/hCG. However, as the size of follicles in all groups were similar in the
present study is not possible to draw any conclusion on this regard.

Animal and production traits were similar among cows assigned to
Folltropin-V and Saline, or GnRH and hCG treatments indicating that a
homogenous group of cows was utilized for the experiment. The differences
observed in DIM for the treatment combinations are not concerning since the
largest difference between groups was ~ 17 days which is not expected to have a
significant effect on the values of the variables of interest. Moreover, prior to
application of Folltropin-V or Saline, cows were similar in endocrine status
(progesterone and estradiol-17f). Concentrations of progesterone were consistent
across treatment groups during the period of CIDR insertion as well as the slopes
of progesterone decrease after CIDR removal and PGF,, administration.
Concentrations of progesterone decreased to subluteal levels (< 1 ng/mL) between
24 to 36 h after PGF,, administration in agreement with other studies applying the
same PGF,, analogue to dairy cattle (Hittinger et al., 2004; Starbuck et al., 2006)
and in cows receiving a gonadotropin preparation (FSH and LH) at the time of
PGF,, administration (Stevens et al., 1993). Therefore, it is unlikely that any of

the differences observed in follicular dynamics and timing of ovulation are
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associated with concentrations of progesterone during the whole experiment or
estradiol from CIDR insertion to removal.

Contrary to what would be expected in animals receiving supplemental
gonadotropins (Folltropin-V), results of estradiol-17p analysis suggest that
Folltropin-V treatment was responsible for lower concentrations of this hormone.
Concentrations of estradiol-17p from time of follicular wave turnover to time of
CIDR removal (prior to Folltropin-V administration) were similar in both
treatment groups; however, estradiol-178 was reduced during the 48 h period
following Folltropin-V treatment compared to controls (Saline). Under
physiological conditions, FSH and LH stimulate estradiol secretion by the
dominant follicle (Hunter 2003; reviewed by Lucy 2007); therefore, is not clear
why cows receiving these two gonadotropins in the present study had lower
estradiol concentrations. A possible explanation include premature luteinization
of cells in the dominant follicle (proposed ovulatory follicle) in response to LH
present in the gonadotropin preparation (Folltropin-V), as previously described
for superovulated cattle (Boland et al., 1991). If this hold true, the amount of LH
delivered to Folltropin-V treated cows was not sufficient to induce premature
ovulation in the majority of animals treated; whereas, the quantity of LH was
sufficient to trigger partial luteinization, consequently decreasing maximum
serum concentrations of estradiol-17p.

Another particular aspect of the current study was the earlier ovulation of
a subgroup of cows (FSH-EARLY) after Folltropin-V (FSH/LH) treatment and
prior to GnRH/hCG administration. If considered from time of CIDR removal,
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these cows presented the shortest time to ovulation (38.4 £ 1.2 h). A similar
response to an FSH preparation was observed when given along with PGF,,
during early or mid diestrus (Day 8 and 10 of the estrous cycle; Stevens et al.,
1996). In this study a subgroup of cows treated with a gonadotropin preparation
(FSH/LH) presented ovulation within 48 h of treatment unlike the rest of the
animals which ovulated between 2 to 5 days after treatment. However, in the
study of Stevens et al., (1993) the gonadotropin preparation utilized was different
to the preparation utilized in the current study with no mention to the LH content.
In agreement with these observations (current study and Stevens et al., 1993), a
13% incidence of premature ovulations has been reported for cattle receiving
gonadotropin treatment for superstimulation purposes (Callesen et al, 1987).
Variability of LH content in different batches of gonadotropin preparations was
previously reported (Murphy et al., 1984; Lindsell et al., 1986) and may account
for these early ovulations (Callensen et al., 1987). In our study, cows in the
Folltropin-V group received a single application of 4 ml Folltropin-V, equivalent
to 80 mg of NIH-FSH-PI and approximately 12.8 mg of LH (16% LH content in
Folltropin-V; Mapletoft et al., 2002). This amount is three times higher than the
dose previously demonstrated to induce ovulation of follicles > 12 mm in Holstein
cattle (Sartori et al., 2001). Therefore, it was not surprising to observe premature
ovulation in this subgroup of cows, since the average size of the ovulatory follicle
was 13.9 mm at the time of CIDR removal. Unexpectedly, estradiol-17f
concentrations in FSH-EARLY cows were lower than cows that ovulated during

the expected time.
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Because we were unable to find significant literature to draw conclusions
about the specific portion (initial rise, maximum plasma level or decrease) of the
gonadotropin surge responsible for triggering oocyte maturation, we have
discussed our results from the timing of the LH/hCG maximum concentration
(peak), GnRH/hCG administration and CIDR removal. Therefore, if oocyte
maturation begins after hCG reaches maximum levels, this hormone must be
considered as a possible therapeutic strategy to decrease the time from onset of
maturation to release from the follicle in HS lactating cows. Indeed,
synchronization of the ovulation protocols utilizing hCG to induce ovulation in
dairy cattle during the summer months have been shown to improve cumulative
pregnancy rates at 90 and 135 d when compared to Al at detected estrus (de
Rensis et al.,, 2002). However, it can not be concluded from this study if hCG-
treated cows had better pregnancy rates because of higher conception rates or just
by increasing Al rate (hCG group was timed Al). Conception rates reported were
averages for winter and summer, limiting possible comparison between
treatments. In the same study, no differences were observed between a protocol
using GnRH instead of hCG for synchronization of ovulation (de Rensis ef al.,
2002).

One of the working hypotheses of this study was that the presence of
larger follicles at the time of an exogenously induced gonadotropin ovulatory
surge may decrease time to ovulation and release of the oocyte. Furthermore,
ovulation of larger follicles in lactating dairy cows may present other advantages.

Previous studies have shown a positive relationship between larger size of the
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preovulatory follicle and pregnancy success in dairy (Vasconcelos et al., 2001;
Peters and Pursley 2003; Lopez ef al., 2004) and beef cattle (Perry et al., 2007)
induced to ovulate with hormonal treatments. Cows ovulating larger follicles have
larger CL’s (Vasconcelos et al, 2001) and higher pregnancy rates than cows
ovulating smaller follicles (Stevenson et al., 2006; Perry et al., 2007). Conversely,
other studies have shown a negative relationship between greater preovulatory
follicle size and pregnancy rates as well as maintenance of pregnancy in dairy
cattle (Vasconcelos et al., 1999).

The overall size of follicles at the time of GnRH/hCG in our study (17.4
mm) was slightly larger than the size of preovulatory follicles in cows ovulating
spontaneously after estrus (16.6 mm) and even larger than preovulatory follicles
of cows included in different synchronization of ovulation protocols (~ 15.4 mm)
in the same experiment (Cartmill et al., 2001). However, size of follicles in
Folltropin-V and Saline-treated groups did not differ at time of GnRH/hCG
indicating no differences in growth after Folltropin-V treatment. Only those cows
presenting premature ovulation (FSH-EARLY) seemed to ovulate smaller
follicles (already disappeared at time of GnRH/hCG) when compared to the other
groups. The ovulatory follicle in this group had lower total growth when
compared to the other treatments as a result of the shorter growth period. In
addition, the FSH-EARLY group presented a clearly shorter time from CIDR
removal to ovulation. However, timing of ovulation should not be compared
between FSH-EARLY and the rest of treatment combinations because it is likely
that these cows ovulated in response to the LH present in Folltropin-V unlike the
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remainder of the cows which ovulated in response to the ovulatory treatment

(GnRH/hCG) administered 49 h later.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

These data imply that the time elapsed from the preovulatory gonadotropin
maximum concentration to ovulation can be modified through the application of a
therapeutic model capable of manipulating growth of follicles and induce
ovulation in lactating dairy cows. Combination of Folltropin-V (FSH/LH) at the
time of CIDR removal and PGF,, administration with hCG to induce ovulation,
produced the shortest period of time from gonadotropin maximum concentration
(peak) to ovulation. This treatment resulted in ~ 6.5 h difference in time to
ovulation measured from hCG maximum concentration when compared to cows
induced to ovulate with GnRH (SAL-GnRH). Comparisons of timing of ovulation
are made with cows induced to ovulate with GnRH (after synchronization of
follicle growth with CIDR and GnRH), since this treatment is widely accepted
and utilized in dairy cattle. However, most of the difference in ovulation time can
be attributed to the different blood dynamics of hCG, since it reached maximum
blood levels ~ 9 h after intramuscular administration. The potential success of a
therapeutic combination such as Folltropin-V and hCG to improve conception
rates of lactating dairy cows suffering HS is uncertain and depends on a
divergence between the mechanism responsible for the onset of follicle wall
breakdown and the onset of oocyte maturation. Therefore, future research is
warranted to determine if onset of oocyte maturation in cattle treated with hCG is

delayed until hCG reaches blood maximum levels or if maturation is initiated as a
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result of the rise in blood hCG concentrations. Since our experimental design was
only intended to evaluate timing of ovulation, not oocyte maturation, further
inference is limited.

When time to ovulation was measured from administration of GnRH/hCG,
Folltropin-V and GnRH treated cows presented the shortest time to ovulation
stressing the fact that Folltropin-V treatment had an effect in time to ovulation. In
addition, earlier ovulation in FSH-GnRH group when assessed from GnRH/hCG
indicates that the dynamics of hCG was responsible for the shorter time to
ovulation when measured from the maximum concentration of gonadotropins.

Another particular aspect of this study was the premature ovulation of a
subgroup of cows following Folltropin-V administration and the lower production
of estradiol-17p in FSH-treated cows. Therefore, if Folltropin-V is to be used in
estrus synchronization protocols, the dose may need adjusting to avoid these
premature ovulations and decreased estradiol-17f secretion.

In conclusion, we demonstrated that the time elapsed from gonadotropin
maximum concentration to ovulation can be modified in lactating dairy cows;
however, further research is necessary to determine the exact timing of oocyte

maturation in hCG-treated cows under non-heat stress and heat stress conditions.

124



LIST OF REFERENCES

125



Ambrose, J. D., Drost, M., Monson, R. L., Rutledge, J. J., Leibfried-Rutledge, M.
L, Thatcher, M. J., Kassa, T., Binelli, M., Hansen, P. J., Vhenoweth, P. J., and
Thatcher, W. W. (1999) Efficacy of timed embryo transfer with fresh and frozen
in vitro produced embryos to increase pregnancy rates in heat-stressed dairy
cattle. J. Dairy Sci. 82, 2369-2376.

Acosta, T. J., Ozawa, T., Kobayashi, S., Hayashi, K., Ohtani, M., Kraetzl, W. D.,
Sato, K., Schams, D., and Miyamoto, A. (2000) Periovulatory changes in the local
release of vasoactive peptides, prostaglandin F,,, and steroid hormones from
bovine mature follicles in vivo. Biol. Reprod. 63, 1253-1261.

Al-Katanani, Y. M., Paula-Lopes, F. F., and Hansen, P. J. (2002) Effect of season
and exposure to heat stress on oocyte competence in Holstein cows. J. Dairy Sci.
85, 390-396.

Alliston, C. W., Egli, G. E., and Ulberg, L. C. (1961) Loss of potential young in
the ewe due to high ambient temperature. J. Applied Physiol. 18, 253-256.

Allrich, R. D. (1994) Endocrine and neural control of estrus in dairy cows. J.
Dairy Sci. 77,2738-2744.

Aréchiga, C. F., Ealy, A. D., and Hansen, P. J. (1994) Efficacy of vitamin E and
glutathione for thermoprotection of murine morulae. Theriogenology 41, 1545-
1553.

Aréchiga, C. F., Staples, C. R., McDowell, L. R., and Hansen, P. J. (1998) Effects
of timed insemination and supplemental B-carotene on reproduction and milk
yield of dairy cows under heat stress. J. Dairy Sci. 81, 390-402.

Armstrong, D. V. (1994) Heat stress interaction with shade and cooling. J. Dairy
Sci. 77, 2044-2050.

Armstrong, D. T., and Grinwich, D. L. (1972) Blockade of spontaneous and LH-
induced ovulation in rats by indomethacin, an inhibitor of prostaglandin
biosynthesis. I. Prostaglandins 1, 21-28.

Badinga, L., Thatcher, W. W., Diaz, T., Drost, M., and Wolfenson, D. (1993)
Effect of environmental heat stress on follicular development and steroidogenesis
in lactating Holstein cows. Theriogenology 39, 797-810.

Badinga, L., Thatcher, W. W., Wilcox, C. J., Morris, G., Entwistle, K., and
Wolfenson, D. (1994) Effect of season on follicular dynamics and plasma
concentrations of estradiol-17B, progesterone, and luteinizing hormone in
lactating Holstein cows. Theriogenology 42, 1263—-1274.

126



Bakke, L. J., Dow, M., Cassar, C. A., Peters, M. W., Pursley, J. R., and Smith, G.
W. (2002) Effect of the preovulatory gonadotropin surge on matrix
metalloproteinase MMP-14, MMP-2, and tissue inhibitor of metalloproteinases-2

expression within bovine periovulatory follicular and luteal tissue. Biol Reprod
66, 1627-1634.

Bakke, L. J., Li, Q. L., Cassar, C. A., Dow, M. P. D., Pursley, J. R., and Smith, G.
W. (2004) Gonadotropin surge-induced differential up regulation of collagenase-1
(MMP-1) and collagenase-3 (MMP-13) mRNA and protein in bovine
preovulatory follicles. Biol Reprod 71, 605-612.

Baltar, A. E .S., Oliveira M. A. L., Catanho, M. T. J. (2002) Bovine
cumulus/oocyte complex: quantification of LH/hCG receptors. Mol Reprod Dev
55, 433-437.

Bao, B., and Garverick, H. A. (1998) Expression of steroidogenic enzyme and
gonadotropin receptor genes in bovine follicles during ovarian follicular waves: a
review. J. Anim Sci. 76, 1903-1921.

Bazer, F. W., Thatcher, W. W., Hansen, P. J., Mirando, M. A., Ott, T. L., and
Plante, C. (1991) Physiological mechanisms of pregnancy recognition in
ruminants. J Reprod Fertil Suppl 43, 39-47.

Beede, D. K., and Collier, R. J. (1986) Potential nutritional strategies for
intensively managed cattle during thermal stress. J. Anim Sci. 62, 543-554.

Beker-van Woudenberg, A. R., van Tol, H. T. A., Roelen, B. A. J., Colenbrander,
B., and Bevers, M. M. (2004) Estradiol and its membrane-impermeable conjugate
(estradiol-bovine serum albumin) during in vitro maturation of bovine oocytes:

effects on nuclear and cytoplasmic maturation, cytoskeleton, and embryo quality.
Biol Reprod 70, 1465-1474.

Berman, A., Folman, Y., Kaim, M., Mamen, M., Herz, Z., Wolfenson, D., Arieli,
A., and Graber, Y. (1985) Upper critical temperatures and forced ventilation

effects for high-yielding dairy cows in a subtropical climate. J. Dairy Sci. 68,
1488-1495.

Blasi, F., Conese, M., Moeller, L. B., Pedersen N., Cavallaro, U., Cubellis, M. V.,
Fazioli, F., Hernandez-Marrero, L., Limongi, P. (1994) The urokinase receptor:
structure, regulation and inhibitor-mediated internalization Fibrinolysis 8 (Suppl.
1), 182-188.

Bloch, A., Folman, Y., Kaim, M., Roth, Z., Braw-Tal, R., and Wolfenson, D.
(2006) Endocrine alterations associated with extended time interval between
estrus and ovulation in high-yield dairy cows. J. Dairy Sci. 89, 4694-4702.

127



Booth, C. J., Warnick, L. D., Grohn, Y. T., Maizon, D. O., Guard, C. L., and
Janssen, D. (2004) Effect of lameness on culling in dairy cows. J. Dairy Sci. 87,
4115-4122.

Bridges, P. J., and Fortune, J. E. (2007) Regulation, action and transport of
prostaglandins during the periovulatory period in cattle. Endocrinology 263, 1-9.

Bridges, P. J., Komar, C. M., and Fortune, J. E. (2006) Gonadotropin-induced
expression of messenger ribonucleic acid for cyclooxygenase-2 and production of
prostaglandins E and F,, in bovine preovulatory follicles are regulated by the
progesterone receptor. Endocrinology 147, 4713-4722.

Britt, J. S., Thomas, R. C., Speer, N. C., and Hall, M. B. (2003) Efficiency of
converting nutrient dry matter to milk in Holstein herds. J. Dairy Sci. 86, 3796-
3801.

Butler, W. R. (1998) Review: effect of protein nutrition on ovarian and uterine
physiology in dairy cattle. J. Dairy Sci. 81, 2533-2539.

Callesen, H., Greve, T., and Hyttel, P. (1987) Premature ovulations in
superovulated cattle. Theriogenology 28, 155-66.

Cambarnous, Y. (1988) Structure and structure-function-relationships in
gonadotropins. Reproduction Nutrition Development 28, 211-228.

Caraviello, D. Z., Weigel, K. A., Fricke, P. M., Wiltbank, M. C., Florent, M. J.,
Cook, N. B., Nordlund, K. V., Zwald, N. R., and Rawson, C. L. (2006) Survey of
management practices on reproductive performance of dairy cattle on large US
commercial farms. J. Dairy Sci. 89, 4723—4735.

Cartmill, J. A., El-Zarkouny, S. Z., Hensley, B. A., Lamb, G. C., and Stevenson,
J. S. (2001) Stage of cycle, incidence, and timing of ovulation, and pregnancy

rates in dairy cattle after three timed breeding protocols. J. Dairy Sci. 84, 1051-
1059.

Cassar, C. A., Dow, M. P., Pursley, J. R., and Smith, G. W. (2002) Effect of the
preovulatory LH surge on bovine follicular progesterone receptor mRNA

expression. Domest Anim Endocrinol 22, 179-187.

Catt, K. J., and Dufau, M. L. (1973) Spare gonadotropin receptors in rat testis. Nat
New Biol 244, 219-221.

Catt, K. J., and Dufau, M. L. (1976) Basic concepts of the mechanism of action of
peptide hormones. Biol Reprod 14, 1-15.

128



Cavestany, D., EI-Wishy, A. B., and Foote, R. H. (1985) Effect of season and
high environmental temperature on fertility of Holstein cattle. J. Dairy Sci. 68,
1471-1478.

Channing, C. P., Bae, I. H., Stone, S. L., Anderson, L. D., Edelson, S., and
Fowler, S. C. (1981) Porcine granulosa and cumulus cell properties. LH/hCG
receptors, ability to secrete progesterone and ability to respond to LH. Mol Cell
Endocrinol 22, 359-370.

Chenault, J. R., Thatcher, W. W., Kalra, P. S., Abrams, R. M., and Wilcox, C. J.
(1975) Transitory changes in plasma progestogens, estradiol, and luteinizing
hormone approaching ovulation in the bovine. J. Dairy Sci. 58, 709-717.

Collen, D. (1999) The plasminogen (fibrinolytic) system. Thromb. Haemost. 82,
259-270.

Collier, R. J., Dahl, G. E., and VanBaale, M. J. (2006) Major advances associated
with environmental effects on dairy cattle. J. Dairy Sci. 89, 1244-1253.

Collier, R. J., Doelger, S. G., Head, H. H., Thatcher, W. W., and Wilcox, C. J.
(1982) Effects of heat stress during pregnancy on maternal hormone

concentrations, calf birth weight and postpartum milk yield of Holstein cows. J.
Anim. Sci. 54, 309-319.

Crowe, M. A. (1999) Gonadotropic control of terminal follicular growth in cattle.
Reprod Dom Anim 34, 157-166.

Cunha, A. P., Guenther, J. N., Silva, E. P. B, Heijink, J. B. C., and Wiltbank, M.
C. (2007) Effect of estradiol-17p supplementation at the last GnRH of the
Ovsynch protocol in lactating dairy cows. J. Dairy Sci. 90, (Suppl. 1):324.
(Abstract)

Das, S., Maizels, E. T., DeManno, D., St. Clair, E., Adam, S. A., and Hunzicker-
Dunn, M. (1996) A stimulatory role of cyclic adenosine 3',5'-monophosphate in
follicle- stimulating hormone-activated mitogen-activated protein kinase signaling
pathway in rat ovarian granulosa cells. Endocrinology 137, 967-974.

De Loos, F. A., Bevers, M. M., Dieleman, S. J., and Kruip, T. A. (1991) Follicular
and oocyte maturation in cows treated for superovulation. Theriogenology 35,
537-546.

De la Sota, R. L., Burke, J. M., Risco, C. A., Moreira, F., A., DeLorenzo, M., and

Thatcher, W. W. (1998). Evaluation of timed insemination during summer heat
stress in lactating dairy cattle. Theriogenology 49, 761-770.

129



De Rensis, F., and Peters, A. R. (1999) The control of follicular dynamics by
PGF2~, GnRH, hCG and estrus synchronization in cattle. Reprod Dom. Anim. 34,
49-59.

De Rensis, F., Marconi, P., Capelli, T., Gatti, F., Facciolongo, F., Franzini, S., and
Scaramuzzi, R. J. (2002) Fertility in postpartum dairy cows in winter or summer
following estrus synchronization and fixed time Al after the induction of an LH
surge with GnRH or hCG. Theriogenology 58, 1675-1687.

De Rensis, F., and Scaramuzzi, R. J. (2003) Heat stress and seasonal effects on
reproduction in the dairy cow-a review. Theriogenology 60, 1139-1151.

De Silva, M., and Reeves, J. J. (1985) Indomethacin inhibition of ovulation in the
cow. J Reprod Fertil 715, 547-549.

De Vries, A., van Leeuwen, J., and Thatcher, W. W. (2005a) Economics of
improved reproductive performance in dairy cattle. Bulletin AN156, Department
of Animal Sciences, Florida Cooperative Extension Service, Institute of Food and
Agricultural Sciences, University of Florida, pp 1-7.

De Vries, A., and Risco, C. A. (2005). Trends and seasonality of reproductive
performance in Florida and Georgia dairy herds from 1976 to 2002. J. Dairy Sci.
88, 3155-3165.

De Vries, A., Steenholdt, C., and Risco, C. A. (2005b) Pregnancy rates and milk
production in natural service and artificially inseminated dairy herds in Florida
and Georgia. J. Dairy Sci. 88, 948-956.

De Witt, D. L., Meade, E. A., and Smith, W. L. (1993) PGH synthase isoenzyme
selectivity: the potential for safer nonsteroidal antiinflammatory drugs. Am J Med
95, 40S-44S.

Diaz, T., Schmitt, E. J., de la Sota, R. L., Thatcher, M. J., and Thatcher, W. W.
(1998) Human chorionic gonadotropin-induced alterations in ovarian follicular
dynamics during the estrous cycle of heifers. J. Anim Sci. 76, 1929-1936.

Dieleman, S. J., and Bevers, M. M. (1993) Folliculogenesis and oocyte maturation
in superovulated cattle. Mol Reprod Dev 36, 271-273.

Dieleman, S. J., and Blankenstein, D. M. (1984) Changes in oestrogen-

synthesizing ability of preovulatory bovine follicles relative to the peak of LH. J
Reprod Fertil 72, 487-494.

130



Dieleman, S. J., and Blankenstein, D. M. (1985) Progesterone-synthesizing ability
of preovulatory follicles of cows relative to the peak of LH. J Reprod Fertil 75,
609-615.

Dow, M. P., Bakke, L. J., Cassar, C. A., Peters, M. W., Pursley, J. R., and Smith,
G. W. (2002a) Gonadotropin surge-induced up-regulation of mRNA for
plasminogen activator inhibitors 1 and 2 within bovine periovulatory follicular
and luteal tissue. Reproduction 123, 711-719.

Dow, M. P., Bakke, L. J., Cassar, C. A., Peters, M. W., Pursley, J. R., and Smith,
G. W. (2002b) Gonadotropin surge-induced up-regulation of the plasminogen
activators (tissue plasminogen activator and urokinase plasminogen activator) and
the urokinase plasminogen activator receptor within bovine periovulatory
follicular and luteal tissue. Biol Reprod 66, 1413—1421.

Drost, M., Thatcher, M. J. D., Cantrell, C. K., Wolfsdorf, K. E., Hasler, J. F., and
Thatcher, W. W. (1994) Conception rates after artificial insemination or transfer

of frozen/thawed embryos to lactating cows during summer. J. Dairy Sci. 77
(Suppl. 1):380 (Abstract).

Dubois, P. R., and Williams, D. J. (1980) Increased incidence of retained placenta
associated with heat stress in dairy cows. Theriogenology 13, 115-121.

Dufau, M. L. (1998) The luteinizing hormone receptor. Annu Rev Physiol 60,
461-96.

Dunlap, S. E., and Vincent, C. K. (1971) Influence of post-breeding thermal stress
on conception rate in beef cattle. J. Anim. Sci. 32, 1216—-1218.

Ealy, A. D., Aréchiga, C. F., Bray, D. R., Risco, C. A., and Hansen, P. J. (1994)
Effectiveness of short-term cooling and vitamin E for alleviation of infertility
induced by heat stress in dairy cows. J. Dairy Sci. 77, 3601-3607.

Ealy, A. D., Drost, M., Barros, C. M., and Hansen, P. J. (1992) Thermoprotection
of preimplantation bovine embryos from heat shock by glutathione and taurine.
Cell Biol. Int. Rep. 16, 125-131.

Ealy, A. D., Drost, M., and Hansen, P. J. (1993) Developmental changes in
embryonic resistance to adverse effects of maternal heat stress in cows. J. Dairy
Sci. 76, 2899-2905.

Edwards, J. L., and Hansen, P. J. (1996) Elevated temperature increases heat

shock protein 70 synthesis in bovine two-cell embryos and compromises function
of maturing oocytes. Biol Reprod 55, 341-346.

131



Edwards, J. L., and Hansen, P. J. (1997) Differential responses of bovine oocytes
and preimplantation embryos to heat shock. Mol Reprod Dev 46, 138-145.

Edwards, R. L., Omtvedt, I. T., Turman, E. J., Stephens, D. F. and Mahoney, G.
W. A. (1968) Reproductive performance of gilts following heat stress prior to
breeding and in early gestation. J. Anita. Sci. 27, 1634-1637.

Edwards, J. L., Saxton, A. M., Lawrence, J. L., Payton, R. R., and Dunlap, J. R.
(2005) Exposure to a physiologically relevant elevated temperature hastens in
vitro maturation in bovine oocytes. J. Dairy Sci. 88, 4326-4333.

Elvinger, F., Natzke, R. P., and Hansen, P. J. (1992) Interactions of heat stress and

bovine somatotropin affecting physiology and immunology of lactating cows. J.
Dairy Sci. 75, 449-462.

Erb, R. E., Andrews, F. N., and Hilton, J. H. (1940) Seasonal variation in semen
quality of the dairy bull. J. Dairy Sci. 25, 815-826.

Espey, L. L. (1994) Current status of the hypothesis that mammalian ovulation is
comparable to an inflammatory reaction. Biol Reprod 50, 233-238.

Evans, J. J. (1999) Modulation of gonadotropin levels by peptides acting at the
anterior pituitary gland. Endocrine Reviews 20, 46—67.

Ferguson, J. D., and Galligan, D. T. (1999) Veterinary Reproductive Programs.
Proc. 32nd Annu. Mtg. Amer. Assoc. Bovine Pract., Nashville, TN. pp 131-137

Filion, F., Bouchard, N., Goff, A. K., Lussier, J. G., and Sirois, J. (2001)
Molecular cloning and induction of bovine prostaglandin E synthase by

gonadotropins in ovarian follicles prior to ovulation in vivo. J Biol Chem 276,
34323-30.

Fissore, R. A., Kurokawa, M., Knott, J., Zhang, M., and Smyth, J. (2002)
Mechanisms underlying oocyte activation and postovulatory ageing.
Reproduction 124, 745-754.

Folman, Y., Rosenberg, M., Ascarelli, 1., Kaim, M., Herz, Z. (1983) The effect of
dietary and climatic factors on fertility, and on plasma progesterone and
oestradiol-17 beta levels in dairy cows. J Steroid Biochem 19(1C), 863-868.

Fortune, J. E., and Hansel, W. (1985) Concentrations of steroids and

gonadotropins in follicular fluid from normal heifers and heifers primed for
superovulation. Biol Reprod 32, 1069-1079.

132



Franco, M., Block, J., Jousan, F., de Castro ¢ Paula, L., Brad, A., Franco, J.,
Grisel, F., Monson, R., Rutledge, J., Hansen, P. (2005) Effect of transfer of one or
two in vitro-produced embryos and post-transfer administration of gonadotropin
releasing  hormone on  pregnancy rates of  heat-stressed  dairy
cattle. Theriogenology 66, 224-233.

French, P. D., and Nebel, R. L. (2003) The simulated economic cost of extended
calving intervals in dairy herds and comparison of reproductive management
programs. J. Dairy Sci. 86, (Suppl. 1):54 (Abstract).

Fricke, P. M., and Niles D. (2003) Don't fall for the bulls-are-cheaper, more-
fertile myth. Hoard's Dairyman Supplement, October, 2003 pp 8-9.

Fricke, P. M., Reynolds, L. P., and Redmer, D. A. (1993) Effect of human
chorionic gonadotropin administered early in the estrous cycle on ovulation and
subsequent luteal function in cows. J. Anim Sci. 71, 1242-1246.

Gangwar, P. C., Branton, C., and Evans, D. L. (1965) Reproductive and
physiological response of Holstein heifers to controlled and natural climatic
conditions. J. Dairy Sci. 48, 222-227.

Garverick, H. A., Baxter, G., Gong, J., Armstrong, D. G., Campbell, B. K.,
Gutierrez, C. G., Webb, R. (2002) Regulation of expression of ovarian mRNA
encoding steroidogenic enzymes and gonadotropin receptors by FSH and GH in
hypogonadotrophic cattle. Reproduction 123, 651-661.

Giesecke, W. H. (1985) The effect of stress on udder health of dairy cows.
Onderstepoort J. Vet. Res. 52,175-193.

Gilad, E., Meidan, R., Berman, A., Graber, Y., and Wolfenson, D. (1993). Effect
of tonic and GnRH-induced gonadotrophin secretion in relation to concentration
of oestradiol in plasma of cyclic cows. J Reprod Fertil 99, 315-321.

Ginther, O. J. (2000) Selection of the dominant follicle in cattle and horses. Anim
Reprod Sci 60-61, 61-79.

Ginther, O. J., Knopf, L., and Kastelic, J. P. (1989) Temporal associations among
ovarian events in cattle during oestrous cycles with two and three follicular

waves. J Reprod Fertil 87,223-230.

Ginther, O. J., Wiltbank, M. C., Fricke, P. M., Gibbons, J. R., and Kot, K. (1996)
Selection of the dominant follicle in cattle. Biol Reprod 55, 1187-1194.

133



Gregg, D. W., and Nett, T. M. (1989) Direct effects of estradiol-17 on the
number of gonadotropin-releasing hormone receptors in the ovine pituitary. Bio/
Reprod 40, 288-293.

Grohn, Y. T., Eicker, S. W., Ducrocq, V., and Hertl, J. A. (1998) Effect of
diseases on the culling of Holstein dairy cows in New York State. J. Dairy Sci.
81, 966-978.

Guzeloglu, A., Ambrose, J. D., Kassa, T., Diaz, T., Thatcher, M. J., and Thatcher,
W. W. (2001) Long-term follicular dynamics and biochemical characteristics of

dominant follicles in dairy cows subjected to acute heat stress. Anim Reprod Sci
66, 15-34.

Gwazdauskas, F. C., Thatcher, W. W., Kiddy, C. A., Paape, M. J., and Wilcox, C.
J. (1981). Hormonal patterns during heat stress following PGF,-tham salt
induced luteal regression in heifers. Theriogenology 16, 271-285.

Hahn, G. L. (1985) Management and housing of farm animals in hot
environments. In: M. Yousef (Ed.) Stress Physiology in Livestock (Vol. 2). CRC
Press, Boca Raton, FL. pp 151-174

Halterman, S. D., and Murdoch, W. J. (1986) Ovarian function in ewes treated
with antihistamines. Endocrinology 119, 2417-2421.

Hansen, P. J., and Aréchiga, C. F. (1999) Strategies for managing reproduction in
the heat-stressed dairy cow. J. Dariy Sci. 82, 36-50.

Hare, E., Norman, H. D., and Wright, J. R. (2006) Survival rates and productive
herd life of dairy cattle in the United States. J. Dairy Sci. 89, 3713-3720.

Harness, J. R., Anderson, R. R., Thompson, L. J., Early, D. M., and Younis, A. K.
(1978) Induction of lactation by two techniques: success rate, milk composition,
estrogen and progesterone in serum and milk, and ovarian effects. J. Dairy Sci.

61, 1725-1735.

Hearn, M. T., and Gomme, P. T. (2000) Molecular architecture and
biorecognition processes of the cystine knot protein superfamily: part I. The
glycoprotein hormones. J Mol Recognit 13, 223-278.

Helmer, S. D., and Britt, J. H. (1986) Fertility of dairy cattle treated with human
chorionic  gonadotropin (hCG) to stimulate progesterone secretion.
Theriogenology 26, 683-695.

Henderson, K. M., Kieboom, L. E., McNatty, K. P., Lun, S. and Heath, D. A.
(1984) [I'ThCG binding to bovine thecal tissue from healthy and atretic antral
follicles. Mol Cell Endocrinol 34, 91-98.

134



Henricks, D. M., Dickey, J. F., and Niswender, G. D. (1970) Serum luteinizing
hormone and plasma progesterone levels during the estrous cycle and early
pregnancy in cows. Biol Reprod 2, 346-351.

Her, E., Wolfenson, D., Flamembaum, I., Folman, Y., Kaim, M., and Berman, A.
(1988). Thermal, productive, and reproductive responses of high yielding cows
exposed to short-term cooling in summer. J. Dairy Sci. 71, 1085-1092.

Hittinger, M. A., Ambrose, J. D., and Kastelic, J. P. (2004) Luteolysis, onset of
estrus, and ovulation in Holstein heifers given prostaglandin F,, concurrent with,

or 24 hours prior to, removal of an intravaginal, progesterone-releasing device.
Can J Vet Res 68, 283-287.

Hockett, M. E., Hopkins, F. M., Lewis, M. J., Saxton, A. M., Dowlen, H. H.,
Oliver, S. P., and Schrick, F. N. (2000) Endocrine profiles following

experimentally induced clinical mastitis during early lactation. Anim Reprod Sci
58, 241-251.

Howell, J. L., Fuquay, J. W., and Smith, A. E. (1994) Corpus luteum growth and
function in lactating Holstein cows during spring and summer. J. Dairy Sci. 77,
735-739.

Hunter, R. H. F. (1985) Fertility in cattle: basic reasons why late insemination
must be avoided. Anim. Breed. 53, 83-87 (Abstract).

Hunter, R. H. F. (2003) Physiology of the Graafian Follicle and Ovulation. New
York: Cambridge University Press.

Igono, M. O., Johnson, H. D., Steevens, B. J., Hainen, W. A., and Shanklin, M. D.
(1988) Effect of season on milk temperature, milk growth hormone, prolactin, and
somatic cell counts of lactating cattle. Int J Biometeorol 32, 194-200.

Ingraham, R. H., Stanley, R. W., and Wagner, W. C. (1976) Relationship of
temperature and humidity to conception rate of Holstein cows in Hawaii. J. Dairy
Sci. 59, 2086-2090.

Ingraham, R. H., Stanley, R. W., and Wagner, W. C. (1979) Seasonal effects of
tropical climate on shaded and non-shaded cows as measured by rectal
temperature, adrenal cortex hormones, thyroid hormone, and milk production.
Am. J. Vet. Res. 40, 1792—-1797.

Ireland, J. J., and Roche, J. F. (1982) Development of antral follicles in cattle after
prostaglandin-induced luteolysis: changes in serum hormones, steroids in
follicular fluid, and gonadotropin receptors. Endocrinology 111, 2077-2086.

135



Ireland, J.J., and Roche, J. F. (1983) Growth and differentiation of large antral
follicles after spontaneous luteolysis in heifers-changes in concentration of

hormones in follicular fluid and specific binding of gonadotropins to follicles. J.
Anim Sci 57,157-167.

Ireland, J. J., and Roche, J. F. (1987) Hypotheses regarding development of
dominant follicles during a bovine estrous cycle. In Follicular Growth and
Ovulation Rate in Farm Animals. JF Roche and D O’Callaghan (Editors).
Martinus Nijhoff Publishers, Dordrecht/Boston/Lancaster for the Commission of
the European Communities. pp 1-18

Jo, M., and Fortune, J. E. (2003) Changes in oxytocin receptor in bovine
preovulatory follicles between the gonadotropin surge and ovulation
Endocrinology 200, 31-43.

Jo, M., Komar, C. M., and Fortune, J. E. (2002) Gonadotropin surge induces two
separate increases in messenger RNA for progesterone receptor in bovine
preovulatory follicles. Biol Reprod 67, 1981-1988.

Johnson, H. D., Ragsdale, A. C., Berry, . L, and Shanklin, M. D. (1962) Effect of
various temperature-humidity combinations on milk production of Holstein cattle.
Bulletin 791. Missouri Agr. Exp. Sta. Res. Columbia, MO.

Jordan, E. R. (2003) Effects of heat stress on reproduction. J. Dairy Sci. 86, E104-
114.

Ju, J. C., Parks, J. E., Yang, X. (1999) Thermotolerance of [VM-derived bovine
oocytes and embryos after short term heat shock. Mol Reprod Dev 53, 336-340.

Kadokawa, H., Takusari, N., Takahashi, H., Yamada, Y., and Kariya, T. (1998)
GnRH inducing LH release, nutrition and plasma cortisol in high producing dairy
cows postpartum. J Reprod Dev 44, 197-203.

Kaim, M., Bloch, A., Wolfenson, D., Braw-Tal, R., Rosenberg, M., Voet, H., and
Folman, Y. (2003) Effects of GnRH administered to cows at the onset of estrus on

timing of ovulation, endocrine responses, and conception. J. Dairy Sci. 86, 2012-
2021.

Kaiser, U. B., Conn, P. M., and Chin, W. W. (1997) Studies of gonadotropin-
releasing hormone (GnRH) action using GnRH receptor-expressing pituitary cell
lines. Endocrine Reviews 18, 46-70.

Karsch, F. J., Cummins, J. T., Thomas, G. B., and Clarke, 1. J. (1987) Steroid
feedback inhibition of pulsatile secretion of gonadotropin releasing hormone in
the ewe. Biol Reprod 36, 1207—-1218.

136



Kawate, N., Inaba, T., and Mori, J. (1990) A quantitative comparison in the
bovine of steroids and gonadotropin receptors in normally developing follicles
and in follicular and luteinized cysts. Anim Reprod Sci 23, 273-281.

Kawate, N., Inaba, T., and Mori, J. (1989) Numbers of gonadotropin receptors
and concentrations of steroid hormones in bovine follicles. Jpn J Anim Reprod 35,
106-112.

Kessel, B., Liu, Y. X, Jia, X. C., Hsueh, A. J. (1985) Autocrine role of estrogens
in the augmentation of luteinizing hormone receptor formation in cultured rat
granulosa cells. Biol Reprod 32,1038-1050.

King, W. A., Niar, A., Chartrain, I., Betteridge, K. J., and Guay, P. (1988)
Nucleolus organizer regions and nucleoli in preattachment bovine embryos. J
Reprod Fertil 82, 87-95.

Knapp, D. M., and Grummer, R. R. (1991) Response of lactating dairy cows to fat
supplementation during heat stress. J. Dairy Sci. 74, 2573-2579.

Knauper, V., Will, H., Lopez Otin, C., Smith, B., Atkinson, S. J., Stanton, H.,
Hembry, R. M., Murphy, G. (1996) Cellular mechanisms for human
procollagenase-3 (MMP-13) activation: evidence that MT1-MMP (MMP-14) and
gelatinase A (MMP-2) are able to generate active enzyme. J Biol Chem 271,
17124-17131.

Knopf, L., Kastelic, J. P., Schallenberger, E., and Ginther, O. J. (1989) Ovarian
follicular dynamics in heifers: Test of two-wave hypothesis by ultrasonically
monitoring individual follicles. Domest Anim Endocrinol 6, 111-119.

Komar, C. M., Berndtson, A. K., Evans, A. C. O., and Fortune, J. E. (2001)
Decline in circulating estradiol during the periovulatory period is correlated with
decreases in estradiol and androgen, and in messenger RNA for P450 aromatase
and P450 170-hydroxylase, in bovine preovulatory follicles. Biol Reprod 64,
1797-1805.

Kopecny, V., Fléchon, J. E., Camous, S., and Fulka, J. Jr. (1989) Nucleologenesis
and the onset of transcription in the eight-cell bovine embryo: fine-structural

autoradiographic study. Mol Reprod Dev 1, 79-90.

Kroeze, W. K., Sheffler, D. J., and Roth, B. L. (2003) G-protein-coupled
receptors at a glance. J Cell Sci 116, 4867-4869.

137



Kruip, T. A. M., Cran, D. G., van Beneden, T. H., and Dieleman, S. J. (1983)
Structural changes in bovine oocytes during final maturation in vivo. Gamete
Research 8, 29-47.

Kulick, L. J., Bergfelt, D. R., Kot, K., and Ginther, O. J. (2001) Follicle selection
in cattle: follicle deviation and codominance within sequential waves. Biol
Reprod 65, 839-846.

Lawrence, T. S., Dekel, N., and Beers, W. H. (1980) Binding of human chorionic
gonadotropin by rat cumuli oophori and granulosa cells: a comparative study.
Endocrinology 106, 1114-1118.

Lee, C. Y., and Ryan, R. J. (1973) Interaction of ovarian receptors with human
luteinizing hormone and human chorionic gonadotropin. Biochemistry 12, 4609-
4615.

LeMaire, W. J. (1989) Mechanism of mammalian ovulation. Steroids 54, 455—
469.

Lemon, M., Pelletier, J., Saumande, J., and Signoret, J. P. (1975) Peripheral
plasma concentrations of progesterone, oestradiol-17p and luteinizing hormone
around oestrus in the cow. J Reprod Fertil 42, 137-40.

Li, Q., Bakke, L. J., Pursley, J. R., and Smith, G. W. (2004) Localization and
temporal regulation of tissue inhibitors of metalloproteinases 3 and 4 in bovine
preovulatory follicles. Reproduction 128, 555-564.

Li, Q., Jimenez-Krassel, F., Bettegowda, A., Ireland, J. J., and Smith, G. W.
(2007) Evidence that the preovulatory rise in intrafollicular progesterone may not
be required for ovulation in cattle. J Endocrinol 192, 473-483.

Li, Q., Jimenez-Krassel, F., Kobayashi, Y., Ireland, J. J., and Smith, G. W. (2006)
Effect of intrafollicular indomethacin injection on gonadotropin surge-induced
expression of select extracellular matrix degrading enzymes and their inhibitors in
bovine preovulatory follicles. Reproduction 131, 533-543.

Lindsell, C. E., Murphy, B. D., and Mapletoft, R. J. (1986) Superovulatory and
endocrine responses in heifers treated with FSH at different stages of the estrous
cycle. Theriogenology 26, 209-219.

Liu, Y. X. (1999) Regulation of the plasminogen activator system in the ovary.
Biol Signals Recept 8, 160-177.

Liu, J., and Sirois, J. (1998) Follicle size-dependent induction of prostaglandin
G/H synthase-2 during superovulation in cattle. Biol Reprod 58, 1527-1532.

138



Lof, E., Gustafsson, H., and Emanuelson, U. (2007) Associations between herd
characteristics and reproductive efficiency in dairy herds. J. Dairy Sci. 90, 4897-
4907.

Lopez, H., Satter, L. D., and Wiltbank, M. C. (2004) Relationship between level
of milk production and estrous behavior of lactating dairy cows. Anim Reprod Sci
81, 209-223.

Lopez-Gatius, F. (2003) Is fertility declining in dairy cattle? A retrospective study
in northeastern Spain. Theriogenology 60, 89-99.

Loépez-Gatius, F., Lopez-Béjar, M., Fenech, M., and Hunter R. F. H. (2005)
Ovulation failure and double ovulation in dairy cattle: risk factors and effects.
Theriogenology 63, 1298-1307.

Lopez-Gatius, F., Yaniz, J. L., Santolaria, P., Murugavel, K., Guijarro, R., Calvo,
E., and Lopez-Béjar, M. (2004) Reproductive performance of lactating dairy cows
treated with cloprostenol at the time of insemination. Theriogenology 62, 677-
689.

Lucy, M. C. (2007) The bovine dominant ovarian follicle. J. Anim Sci. 85, E89-
99.

Madan, M. L., and Johnson, H. D. (1973) Environmental heat effects on bovine
luteinizing hormone. J. Dairy Sci. 56, 575-580.

McCracken, J. A., Schramm, W., Barcikowski, B., and Wilson, L., Jr. (1981) The
identification of prostaglandin F,, as a uterine luteolytic hormone and the
hormonal control of its synthesis. Acta Vet Scand Suppl 77, 71-88.

Macmillan, K. L., Lean, I. J., and Westwood, C. T. (1996) The effects of lactation
on the fertility of dairy cows. Aust. Vet. J. 73, 141-147.

Malayer, J. R., Pollard, J. W., and Hansen, P. J. (1992) Modulation of thermal
killing of bovine lymphocytes and preimplantation mouse embryos by alanine and
taurine. Am. J. Vet. Res. 53, 689-694.

Mann, G. E., Lamming, G. E., Robinson, R. S., and Wathes, D. C. (1999) The
regulation of interferon-tau production and uterine hormone receptors during
early pregnancy. J Reprod Fertil Suppl 54, 317-328.

Mapletoft, R. J., Steward, K. B., and Adams, G. P. (2002) Recent advances in the

superovulation in cattle. Reproduction Nutrition Development 42, 601-611.

139



Marsh, J. M. (1976). The role of cyclic AMP in gonadal steroidogenesis. Biol
Reprod 14, 30-53.

Martinez, M., Mapletoft, R. J., Kastelic, J. P., and Carruthers, T. (2003) The
effects of 3 gonadorelin products on luteinizing hormone release, ovulation, and
follicular wave emergence in cattle. Can Vet J 44, 125-131.

Maust, L. E., McDowell, R. E., and Hooven, N. W. (1972) Effect of summer
weather on performance of Holstein cows in three stages of lactation. J. Dairy Sci.
55, 1133-1139.

Millar, R. (2005) GnRHs and GnRH receptors. Anim Reprod Sci 88, 5-28.

Minegishi, T., Tano, M., Abe, Y., Nakamura, K., Ibuki, Y., and Miyamoto, K.
(1997) Expression of luteinizing hormone/human chorionic gonadotropin
(LH/HCG) receptor mRNA in the human ovary. Mol. Hum. Reprod. 3, 101-107.

Mock, E. J., and Niswender, G. D. (1983) Differences in the rates of
internalization of '®I-labeled human chorionic gonadotropin, luteinizing
hormone, and epidermal growth factor by ovine luteal cells. Endocrinology 113,
259-264.

Mock, E. J., Papkoff, H. and Niswender, G. D. (1983) Internalization of ovine
luteinizing hormone/human chorionic gonadotropin recombinants: differential
effects of the alpha- and beta- subunits. Endocrinology 113, 265-269.

Moody, E. G., Van Soest, P. J., McDowe R. E., and Ford, G. L. (1967) Effect of
high temperature and dietary fat on performance of lactating cows. J. Dairy Sci.
50, 1909-1916.

Mohammed, M. E., and Johnson, H. D. (1985) Effect of growth hormone on milk
yields and related physiological functions of Holstein cows exposed to heat stress.
J. Dairy Sci. 68, 1123-1133.

Monty, D.E. and Racowsky, C. (1987) In vitro evaluation of early embryo
viability and development in summer heat-stressed, superovulated dairy cows.
Theriogenology 28, 451-465.

Moore, K., and Thatcher, W. W. (2006) Major advances associated with
reproduction in dairy cattle. J. Dairy Sci. 89, 1254-1266.

Morris, J. K., and Richards, J. S. (1993) Hormone induction of luteinization and
prostaglandin endoperoxide synthase-2 involves multiple cellular signaling
pathways. Endocrinology 133, 770-779.

140



Morton, J. M., Tranter, W. P., Mayer, D. G., and Jonsson, N. N. (2007) Effects of
environmental heat on conception rates in lactating dairy cows: critical periods of
exposure. J. Dairy Sci. 90, 2271-2278.

Moura, A. A., and Erickson, B. H. (1997) Age-related changes in peripheral
hormone concentrations and their relationships with testis size and number of
Sertoli and germ cells in yearling beef bulls. J Reprod Fertil 111, 183-190.

Mukherjee, A., Park-Sarge, O. K., and Mayo, K. E. (1996) Gonadotropins induce
rapid phosphorylation of the 3'5'-cyclic adenosine monophosphate response
element binding protein in ovarian granulosa cells. Endocrinology 137, 3234-
3245.

Murdoch, W. J., and Dunn, T. G. (1982) Alterations in follicular steroid-
hormones during the preovulatory period in the ewe. Biol Reprod 27, 300-307.

Murdoch, W. J., and Farris, M. L. (1988) Prostaglandin E2-9-ketoreductase
activity of preovulatory ovine follicles. J. Anim Sci. 66, 2924-2929.

Murdoch, W. J., and Gottsch, M. L. (2003) Proteolytic mechanisms in the
ovulatory folliculo-luteal transformation. Connect Tissue Res 44, 50-57.

Murdoch, W. J., Peterson, T. A., Van Kirk, E. A., Vincent, D. L., and Inskeep, E.
K. (1986) Interactive roles of progesterone, prostaglandins, and collagenase in the
ovulatory mechanism of the ewe. Biol Reprod 35, 1187-1194.

Murphy, B. D., Mapletoft, R. J., Manns, J., Humphrey, W. D. (1984) Variability
in gonadotropin preparations as a factor in the superovulatory response.
Theriogenology 21, 117-125.

National Research Council. (2001) "Nutrient requirements of dairy cattle. Seventh
revised edition’. (Nat. Acad. Press: Washington, D. C.).

NOAA. (1976). Livestock hot weather stress. United States Dept. of Commerce,
Natl. Oceanic and Atmospheric Admin., Natl. Weather Service Central Region.
Regional Operations Manual Letter C-31-76.

Nogueira, M. F. G., Buratini, J., Price, C. A., Castilho, A. C. S., Pinto, M. G. L.,
and Barros, C. M. (2007) Expression of LH receptor mRNA splice variants in
bovine granulosa cells: changes with follicle size and regulation by FSH in vitro.
Mol Reprod Dev 74, 680-686.

141



Nebel, R. L., Jobst, S. M., Dransfield, M. B.G., Pandolfi, S. M., and Bailey, T. L.
(1997) Use of radio frequency data communication system, HeatWatch, to
describe behavioral estrus in dairy cattle. J. Dairy Sci. 80, (Suppl. 1):179
(Abstract).

Nebel, R. L., and McGilliard, M. L. (1993) Interactions of high milk yield and
reproductive performance in dairy cows. J. Dairy Sci. 76, 3257-3268.

Ny, T., Peng, X. R., and Ohlsson, M. (1993) Hormonal regulation of the
fibrinolytic components in the ovary. Thromb Res 71, 1-45.

Ny, T., Wahlberg, P., and Brandstrom, 1. J. (2002) Matrix remodeling in the
ovary: regulation and functional role of the plasminogen activator and matrix
metalloproteinase systems. Mol Cell Endocrinol 187, 29-38.

Ohuchi, E., Imai, K., Fujii, Y., Sato, H., Seiki, M., Okada, Y. (1997) Membrane
type 1 matrix metalloproteinase digests interstitial collagens and other
extracellular matrix macromolecules. J Biol Chem 272, 2446-2451.

Okuda, K., Miyamoto, Y., and Skarzynski, D. J. (2002) Regulation of endometrial
prostaglandin F,, synthesis during luteolysis and early pregnancy in cattle.
Domest Anim Endocrinol 23, 255-264.

Oseni, S., Misztal, I., Tsuruta, S., and Rekaya, R. (2003) Seasonality of days open
in US Holsteins. J. Dairy Sci. 86, 3718-3725.

Parfet, J. R., Smith, C. A., Cook, D. L., Skyer, D. M., Youngquist, R. S., and
Garverick, H. A. (1989) Secretory patterns of LH and FSH and follicular growth
following administration of PGF,, during the early luteal phase in cattle.
Theriogenology 31, 513-524.

Payton, R. R., Romar, R., Coy, P., Saxton, A. M., Lawrence, J. L., and Edwards,
J. L. (2004) Susceptibility of bovine germinal vesicle-stage oocytes from antral
follicles to direct effects of heat stress in vitro. Biol Reprod 71, 1303-1308.

Peng, X. R., Hsueh, A. J., LaPolt, P. S., Bjersing, L., and Ny, T. (1991)
Localization of luteinizing hormone receptor messenger ribonucleic acid

expression in ovarian cell types during follicle development and ovulation.
Endocrinology 129, 3200-3207.

Perry, G. A., Smith, M. F., Roberts, A. J., MacNeil, M. D., and Geary, T. W.

(2007) Relationship between size of the ovulatory follicle and pregnancy success
in beef heifers. J. Anim Sci. 85, 684-689.

142



Peters, A. R., and Benboulaid, M. (1998) Studies on the timing of ovulation after
synchronisation treatments in cattle. Reprod Dom Anim 33, 313-315.

Peters, M. W., and Pursley, J. R. (2003) Timing of final GnRH of the Ovsynch
protocol affects ovulatory follicle size, subsequent luteal function, and fertility in
dairy cows. Theriogenology 60, 1197-1204.

Phillips, D. J. (2005) Activins, inhibins and follistatins in the large domestic
species. Domest Anim Endocrinol 28, 1-16.

Pierce, J. G., and Parsons, T. F. (1981) Glycoprotein hormones: structure and
function. Annu Rev Biochem 50, 465-495.

Plaizier, J. C. B., King, G. J., Dekkers, J. C. M., and Lissemore, K. (1997).
Estimation of economic values of indices for reproductive performance in dairy
herds using computer simulation. J. Dairy Sci. 80, 2775-2783.

Price, C. A., and Webb, R. (1989) Ovarian response to hCG treatment during the
oestrous cycle in heifers. J Reprod Fert 86, 303-308.

Pursley, J. R., Mee, M. O., and Wiltbank, M. C. (1995) Synchronization of
ovulation in dairy-cows using PGF,,, and GnRH. Theriogenology 44, 915-923.

Pursley, J. R., Wiltbank, M. C., Stevenson, J. S., Ottobre, J. S., Garverick, H. A.,
and Anderson, L. L. (1997) Pregnancy rates per artificial insemination for cows

and heifers inseminated at a synchronized ovulation or synchronized estrus. J.
Dairy Sci. 80, 295-300.

Purwanto, B. P., Abo, Y., Sakamoto, R., Furumoto, F., and Yamamoto, S. (1990)
Diurnal patterns of heat production and heart rate under thermoneutral conditions

in Holstein Friesian cows differing in milk production. J. Agric Sci. (Camb.) 114,
139-142.

Putney, D. J., Drost, M., and Thatcher, W. W. (1988) Embryonic development in
superovulated dairy cattle exposed to elevated ambient temperatures between
days 1 to 7 post insemination. Theriogenology 30, 195-209.

Putney, D. J., Drost, M., and Thatcher, W. W. (1989a) Influence of summer heat
stress on pregnancy rates of lactating dairy cattle following embryo transfer or
artificial insemination. Theriogenology 31,765—778.

Putney, D. J., Mullins, S., Thatcher, W. W., Drost, M., and Gross, T. S. (1989b)
Embryonic-development in superovulated dairy-cattle exposed to elevated
ambient-temperatures between the onset of estrus and insemination. Anim Reprod

Sci 19, 37-51.

143



Rajamahendran, R., Robinson, J., Desbottes, S., and Walton, J. S. (1989)
Temporal relationships among estrus, body-temperature, milk-yield, progesterone

and luteinizing-hormone levels, and ovulation in dairy-cows. Theriogenology 31,
1173-1182.

Ravagnolo, O., Misztal, 1., and Hoogenboom, G. (2000) Genetic component of
heat stress in dairy cattle, development of heat index function. J. Dairy Sci. 83,
2120-2125.

Reich, R., Daphna-lken, D., Chun, S. Y., Popliker, M., Slager, R., Adelmann-
Grill, B. C., and Tsafriri, A. (1991) Preovulatory changes in ovarian expression of
collagenases and tissue metalloproteinase inhibitor messenger ribonucleic acid:
role of eicosanoids. Endocrinology 129, 1869-1875.

Reynolds, C. K., Tyrrell, H. F., and Reynolds, P. J. (1991) Effects of diet forage-
to-concentrate ratio and intake on energy metabolism in growing beef heifers:

whole body energy and nitrogen balance and visceral heat production. J. Nutr.
121, 994-1003.

Richards, J. S. (1980) Maturation of ovarian follicles: actions and interactions of
pituitary and ovarian hormones on follicular cell differentiation. Physiol Rev 60,
51-89.

Richards, J. S., Russell, D. L., Robker, R. L., Dajee, M., Alliston, T. N. (1998)
Molecular mechanisms of ovulation and luteinization. Mol Cell Endocrinol 145,
47-54.

Rocha, A., Randel, R. D., Broussard, J. R., Lim, J. M., Blair, R. M., Roussel, J.
D., Godke, R. A., and Hansel, W. (1998) High environmental temperature and

humidity decrease oocyte quality in Bos Taurus but not in Bos indicus cows.
Theriogenology 49, 657-665.

Roche, J. F., Mackey, D., and Diskin, M. D. (2000) Reproductive management of
postpartum cows. Anim Reprod Sc. 60-61, 703-712.

Roelofs, J. B., Bouwman, E. G., Dieleman, S. J., Van Eerdenburg, F. J., Kaal-
Lansbergen, L. M., Soede, N. M., and Kemp, B. (2004) Influence of repeated
rectal ultrasound examinations on hormone profiles and behaviour around oestrus
and ovulation in dairy cattle. Theriogenology 62, 1337-1352.

Roman-Ponce, H., Thatcher, W. W., Buffington, D. E., Wilcox, C. J., and Van

Horn, H. H. (1977) Physiological and production responses of dairy cattle to a
shade structure in a subtropical environment. J. Dairy Sci. 60, 424-430.

144



Roman-Ponce, H., Thatcher, W. W., Caton, D., Barron, D. H., and Wilcox, C. J.
(1978) Thermal-stress effects on uterine blood-flow in dairy-cows. J. Animal Sci.
46, 175-180.

Roman-Ponce, H., Thatcher, W. W., and Wilcox, C. J. (1981) Hormonal
interrelationships and physiological responses of lactating dairy cows to a shade
management system in a subtropical environment. Theriogenology 16, 139-154.

Ronchi, B., Stradaioli, G., Verini Supplizi, A., Bernabucci, U., Lacetera, N.,
Accorsi, P. A., Nardone, A., and Seren, E. (2001) Influence of heat stress or feed
restriction on plasma progesterone, oestradiol-178, LH, FSH, prolactin and
cortisol in Holstein heifers. Livest. Prod. Sci. 68, 231-241.

Rosenberg, M., Folman, Y., Herz, Z., Flamenbaum, 1., Berman, A., and Kaim, M.
(1982) Effect of climatic conditions on peripheral concentrations of LH,
progesterone and oestradiol-178 in high milk yield cows. J Reprod Fertil 66, 139-
146.

Roth, Z., Meidan, R., Braw-Tal, R., and Wolfenson, D. (2000) Immediate and
delayed effects of heat stress on follicular development and its association with
plasma FSH and inhibin concentration in cows. J Reprod Fertil 120, 83-90.

Roth, Z., Meidan, R., Shaham-Albalancy, A., Braw-Tal, R., and Wolfenson, D.
(2001) Delayed effect of heat stress on steroid production in medium sized and
preovulatory bovine follicles. Reproduction 121, 745-751.

Royal, M. D., Darwash, A. O., Flint, A. P. F, Webb, R., Woolliams, J. A., and
Lamming G. E. (2000) Declining fertility in dairy cattle: changes in traditional
and endocrine parameters of fertility. Anim Sci 70, 487-501.

Russell, D. L., and Robker, R. L. (2007) Molecular mechanisms of ovulation: co-
ordination through the cumulus complex. Hum Reprod Update 13, 289-312.

Rutledge, J. J. (2001) Use of embryo transfer and IVF to bypass effects of heat
stress. Theriogenology 55, 105-111.

Rutledge, J. J., Monson, R. L., Northey, D. L., and Leibfried-Rutledge, M. L.
(1999) Seasonality of cattle embryo production in a temperate region.
Theriogenology 51, 330-330.

Saksela, O., and Rifkin, D. B. (1988) Cell-associated plasminogen activation:
regulation and physiological functions. Annu Rev Cell Biol 4, 93-126.

145



Salvador, L. M., Maizels, E., Hales, D. B., Miyamoto, E., Yamamoto, H., and
Hunzicker-Dunn, M. (2002) Acute signaling by the LH receptor is independent of
protein kinase C activation. Endocrinology 143, 2986-2994.

Sanchez, W. K., McGuire, M. A., and Beede, D. K. (1994) Macromineral
nutrition by heat stress interactions in dairy cattle: review and original research. J.
Dairy Sci. 77,2051-2079.

Santos, J. E., Thatcher, W. W., Chebel, R. C., Cerri, R. L., and Galvao, K. N.
(2004) The effect of embryonic death rates in cattle on the efficacy of estrus
synchronization programs. Anim Reprod Sci 82/83, 513-535.

Santos, J. E., Thatcher, W. W., Pool, L., and Overton, M. W. (2001) Effect of
human chorionic gonadotropin on luteal function and reproductive performance
of high-producing lactating Holstein dairy cows. J. Anim Sci. 79, 2881-2894.

Sartori, R., Fricke, P. M., Ferreira, J. C., Ginther, O. J., and Wiltbank, M. C.
(2001) Follicular deviation and acquisition of ovulatory capacity in bovine
follicles. Biol Reprod 65, 1403-1409.

Sartori, R., Sartor-Bergfelt, R., Mertens, S. A., Guenther, J. N., Parrish, J. J., and
Wiltbank, M. C. (2002) Fertilization and early embryonic development in heifers

and lactating cows in summer and lactating and dry cows in winter. J. Dairy Sci.
85, 2803-2812.

SAS Institute (2003) Version 9.1 Edition. SAS Inst. Inc., Cary, NC, USA.

Savio, J. D., Keenan, L., Boland, M. P., and Roche, J. F. (1988) Pattern of growth
of dominant follicles during the oestrous cycle of heifers. J Reprod Fertil 83, 663-
671.

Sawyer, G. J., Fulkerson, W. J., Martin, G. B., and Gow, C. (1986) Artificial
induction of lactation in cattle: initiation of lactation and estrogen and
progesterone concentrations in milk. J. Dairy Sci. 69, 1536-1544.

Schmitt, E. J., Diaz, T., Barros, C. M., de la Sota, R. L., Drost, M., Fredriksson, E.
W., Staples, C. R., Thorner, R., and Thatcher, W. W. (1996) Differential response
of the luteal phase and fertility in cattle following ovulation of the first-wave

follicle with human chorionic gonadotropin or an agonist of gonadotropin-
releasing hormone. J. Anim Sci. 74, 1074-1083.

Schrock, G. E., Saxton, A. M., Schrick, F. N., and Edwards, J. L. (2007) Early in

vitro fertilization improves development of bovine ova heat stressed during in
vitro maturation. J. Dairy Sci. 90, 4297-4303.

146



Seals, R. C., Lemaster, J. W., Hopkins, F. M., and Schrick, F. N. (1998) Effects of
elevated concentrations of prostaglandin F,, on early embryonic survival in
progestogen supplemented cattle. Prostaglandins 56, 377-389.

Settivari, R. S., Spain, J. N., Ellersieck, M. R., Byatt, J. C., Collier, R. J., and
Spiers, D. E. (2007) Relationship of thermal status to productivity in heat-stressed
dairy cows given recombinant bovine somatotropin. J. Dairy Sci. 90, 1265-1280.

Sirois, J. (1994) Induction of prostaglandin endoperoxide synthase-2 by human
chorionic gonadotropin in bovine preovulatory follicles in vivo. Endocrinology
135, 841-848.

Sirois, J., and Doré, M. (1997) The late induction of prostaglandin G/H synthase-
2 in equine preovulatory follicles supports its role as a determinant of the
ovulatory process. Endocrinology 138, 4427-4434.

Sirois, J., and Fortune, J. E. (1988) Ovarian follicular dynamics during the estrous
cycle in heifers monitored by real-time ultrasonography. Biol Reprod 39, 308-
317.

Sirois, J., Sayasith, K., Brown, K. A., Stock, A. E., Bouchard, N., and Doré, M.
(2004) Cyclooxygenase-2 and its role in ovulation: a 2004 account. Hum Reprod
Update 10, 373-385.

Smith, M. F., McIntush, E. W., and Smith, G. W. (1994) Mechanisms associated
with corpus luteum development. J. Anim Sci. 72, 1857-1872.

Smith, M. F., Ricke, W. A., Bakke, L. J., Dow, M. P., and Smith, G. W. (2002)
Ovarian tissue remodeling: role of matrix metalloproteinases and their inhibitors.
Mol Cell Endocrinol 191, 45-56.

St-Pierre, N. R., Cobanov, B., and Schnitkey, G. (2003) Economic losses from
heat stress by US livestock industries. J. Dairy Sci. 86, ES2-77.

Starbuck, G. R., Gutierrez, C. G., Peters, A. R., and Mann, G. E. (2006) Timing of
follicular phase events and the postovulatory progesterone rise following
synchronization of oestrus in cows. Vet J 172, 103-108.

Stevens, R. D., Momont, H. W., and Seguin, B. E. (1993) Simultaneous injection
of follicle stimulating hormone (FSH) and the prostaglandin F,, analog
cloprostenol (PGF) disrupts follicular activity in diestrous dairy cows.
Theriogenology 39, 381-387.

147



Stevenson, J. S., Kobayashi, Y., and Thompson, K. E. (1999) Reproductive
performance of dairy cows in various programmed breeding systems including
OvSynch and combinations of gonadotropin-releasing hormone and prostaglandin
Faq. J. Dairy Sci. 82, 506-515.

Stevenson, J. S., Pursley, J. R., Garverick, H. A., Fricke, P. M., Kesler, D. J.,
Ottobre, J. S., and Wiltbank, M. C. (2006) Treatment of cycling and noncycling
lactating dairy cows with progesterone during Ovsynch. J. Dairy Sci. 89, 2567-
2578.

Stewart, R. E., Spicer, L. J., Hamilton, T. D., Keefer, B. E., Dawson, L. J.,
Morgan, G. L., and Echternkamp, S. E. (1996) Levels of insulin-like growth
factor (IGF) binding proteins, luteinizing hormone and IGF-I receptors, and
steroids in dominant follicles during the first follicular wave in cattle exhibiting
regular estrous cycles. Endocrinology 137, 2842-2850.

Stocco, C., Telleria, C., and Gibori, G. (2007) The molecular control of corpus
luteum formation, function, and regression. Endocrine Reviews 28, 117-149.

Stockell Hartree, A., and Renwick, A. G. (1992) Molecular structures of
glycoprotein hormones and functions of their carbohydrate components. Biochem
J 287, 665-679.

Strader, C. D., Fong, T. M., Tota, M. R., Underwood, D., Dixon, R. A. F. (1994)
Structure and function of G protein-coupled receptors. Annu Rev Biochem 63,
101-32.

Strongin, A. Y., Ivan, C., Bannikov, G., Marmer, B. L., Grant, G. A., Goldberg,
G. L. (1995) Mechanism of cell surface activation of 72-kDa type IV collagenase.

Isolation of the activated form of the membrane metalloprotease. J Biol Chem
270, 5331-5338.

Sundaresan, S., Colin, I. M., Pestell, R. G., and Jameson, J. L. (1996) Stimulation
of mitogen-activated protein kinase by gonadotropin- releasing hormone:
evidence for the involvement of protein kinase C. Endocrinology 137, 304-311.

Tai, H. H., Ensor, C. M., Tong, M., Zhou, H. P., and Yan, F. X. (2002)
Prostaglandin catabolizing enzymes. Prostaglandins & Other Lipid Mediators 68-
69, 483-493.

Tenhagen, B. A, Wittke, M., Drillich, M., and Heuwieser, W. (2003) Timing of
ovulation and conception rate in primiparous and multiparous cows after
synchronization of ovulation with GnRH and PGF,,. Reprod Dom Anim 38, 451-
454,

148



Thatcher, W. W. (1974) Effects of season, climate and temperature on
reproduction and lactation. J. Dairy Sci. 57, 360-368.

Thatcher, W. W., Gwazdauskas, F. C., Wilcox, C. J., Toms, J., Head, H. H.,
Buffington, D. E., and Fredricksson, W. B. (1974) Milking performance and
reproductive efficiency of dairy cows in an environmentally controlled structure.
J. Dairy Sci. 57, 304-307.

Thatcher, W. W., Meyer, M. D., and Danet-Desnoyers, G. (1995) Maternal
recognition of pregnancy. J Reprod Fertil Suppl 49, 15-28.

Townson, D. H., Tsang, P. C. W., Butler, W. R., Frajblat, M., Griel Jr., L. C.,
Johnson, C. J., Milvae, R. A., Niksic, G. M., and Pate, J. L. (2002) Relationship of
fertility to ovarian follicular waves before breeding in dairy cows. J. Anim. Sci.
80, 1053—-1058.

Tsafriri, A., and Reich, R. (1999) Molecular aspects of mammalian ovulation. Exp
Clin Endocrinol Diabetes 107, 1-11.

Ulberg, L. C. and Burfening, P. J. (1967) Embryo death resulting from adverse
environment on spermatozoaor ova. J. Anim. Sci. 26, 571-577.

Ullah, G., Fuquay, J. W., Keawkhong, T., Clark, B. L., Pogue, D. E., and
Murphey, E. J. (1996) Effect of gonadotropin-releasing hormone at estrus on

subsequent luteal function and fertility in lactating Holsteins during heat Stress. J.
Dairy Sci. 79, 1950-1953.

Van Eerdenburg, F. J. C. M., Karthaus, D., Taverne, M. A. M., Mercis, 1., and
Szenci, O. (2002) The relationship between estrous behavioral score and time of
ovulation in dairy cattle. J. Dairy Sci. 85, 1150-1156.

Vasconcelos, J. L., Sartori, R., Oliveira, H. N., Guenther, J. G., and Wiltbank, M.
C. (2001) Reduction in size of the ovulatory follicle reduces subsequent luteal
size and pregnancy rate. Theriogenology 56, 307-314.

Vasconcelos, J. L., Silcox, R. W., Rosa, G. J., Pursley, J. R., and Wiltbank, M. C.
(1999) Synchronization rate, size of the ovulatory follicle, and pregnancy rate
after synchronization of ovulation beginning on different days of the estrous cycle
in lactating dairy cows. Theriogenology 52, 1067-1078.

Vassilatis, D. K., Hohmann, J. G., Zeng, H., Li, F., Ranchalis, J. E., Mortrud, M.
T., Brown, A., Rodriguez, S. S., Weller, J. R., Wright, A. C., Bergmann, J. E., and
Gaitanaris, G. A. (2003) The G protein-coupled receptor repertoires of human and
mouse. Proceedings of the National Academy of Sciences 100, 4903-4908.

149



Walker, W. L., Nebel, R. L., and McGilliard, M. L. (1996) Time of ovulation
relative to mounting activity in dairy cattle. J. Dairy Sci. 79,1555-1561.

Walton, J. S., Halbert, G. W., Robinson, N. A., and Leslie, K. E. (1990) Effects of
progesterone and human chorionic gonadotropin administration five days
postinsemination on plasma and milk concentrations of progesterone and
pregnancy rates of normal and repeat breeder dairy cows. Can. J. Vet. Res. 54,
305-308.

Walton, J. S., Veenhuizen, L. P., and King, G. J. (1987) Relationships between
time of day, estrous behavior, and the preovulatory luteinizing hormone surge in
Holstein cows after treatment with cloprostenol. J. Dairy Sci. 70, 1652-1663.

Wang, H. F., Isobe, N., Kumamoto, K., Yamashiro, H., Yamashita, Y., and
Terada, T. (2006) Studies of the role of steroid hormone in the regulation of
oocyte maturation in cattle. Reprod Biol Endocrinol 4, 4. doi: 10.1186/1477-
7827-4-4.

Washburn, S. P., Silvia, W. J., Brown, C. H., McDaniel, B. T., and McAllister, A.
J. (2002) Trends in reproductive performance in Southeastern Holstein and Jersey
DHI herds. J. Dairy Sci. 85, 244-251.

Welt, C., Sidis, Y., Keutmann, H., and Schneyer, A. (2002) Activins, inhibins,
and follistatins: from endocrinology to signaling. A paradigm for the new
millennium. Exp Biol Med 227, 724-752.

West, J. W. (1994) Interactions of energy and bovine somatotropin with heat
stress. J. Dairy Sci. 77, 2091-2102.

West, J. W. (2003) Effects of heat-stress on production in dairy cattle. J. Dairy
Sci. 86, 2131-2144.

West, J. W., Mullinix, B. G., and Bernard, J. K. (2003) Effects of hot, humid
weather on milk temperature, dry matter intake, and milk yield of lactating dairy
cows. J. Dairy Sci. 86, 232-242.

White, F. J., Wettemann, R. P., Looper, M. L., Prado, T. M., and Morgan, G. L.
(2002) Seasonal effects on estrous behavior and time of ovulation in nonlactating
beef cows. J. Anim. Sci. 80, 3053-3059.

Wise, M. E., Armstrong, D. V., Huber, J. T., Hunter, R., and Wiersma, F. (1988)

Hormonal alterations in the lactating dairy cow in response to thermal stress. J.
Dairy Sci. 71, 2480-2485.

150



Wilson, S. J, Kirby, C. J., Koenigsfeld, D. H., Keisler, D. H., and Lucy, M. C.
(1998a) Effects of controlled heat stress on ovarian function of dairy cattle. 2.
Heifers. J. Dairy Sc. 81, 2132-2138.

Wilson, S. J., Marion, R. S., Spain, J. N., Spiers, D. E., Keisler, D. H., and Lucy,
M. C. (1998b) Effects of controlled heat stress on ovarian function of dairy cattle.
1. Lactating cows. J. Dairy Sci. 81, 2124-2131.

Willard, S., Gandy, S., Bowers, S., Graves, K., Elias, A., and Whisnant, C. (2003)
The effects of GnRH administration postinsemination on serum concentrations of
progesterone and pregnancy rates in dairy cattle exposed to mild summer heat
stress Theriogenology 59, 1799-1810.

Wolfenson, D., and Blum, O.. (1988) Embryonic development, conception rate,
ovarian function and structure in pregnant rabbits heat-stressed before or during
implantation. Anim. Reprod. Sci. 17, 259-270.

Wolfenson, D., Luft, O., Berman, A., and Meidan, R. (1993) Effect of season,
incubation temperature and cell age on progesterone and prostaglandin F,,
production in bovine luteal cells. Anim Reprod Sci 32, 27-40.

Wolfenson, D., Lew, B. J., Thatcher, W. W., Graber, Y., and Meidan, R. (1997)
Seasonal and acute heat stress effects on steroid production by dominant follicles
in cows. Anim Reprod Sci 47, 9-19.

Wolfenson, D., Roth, Z., and Meidan, R. (2000) Impaired reproduction in heat-
stressed cattle: basic and applied aspects. Anim Reprod Sci 60-61, 535-547.

Wolfenson, D., Thatcher, W. W., Badinga, L., Savio, J. D., Meidan, R., Lew, B.
J., Braw-Tal, R., and Berman, A. (1995) Effect of heat stress on follicular

development during the estrous cycle in lactating dairy cattle. Biol/ Reprod 52,
1106-1113.

Wong, W. Y., and Richards, J. S. (1992) Induction of prostaglandin H synthase in
rat preovulatory follicles by gonadotropin-releasing hormone. Endocrinology 130,
3512-3521.

Xu, Z., Garverick, H. A., Smith, G. W., Smith, M. F., Hamilton, S. A., and
Youngquist, R. S. (1995) Expression of follicle-stimulating hormone and
luteinizing hormone receptor messenger ribonucleic acids in bovine follicles
during the first follicular wave. Biol. Reprod. 53, 951-957.

Younas, M., Fuquay, J. W., Smith, A. E., and Moore, A. B. (1993) Estrous and

endocrine responses of lactating Holsteins to forced ventilation during summer. J.
Dairy Sci. 76, 430-436.

151



Zeron, Y., Ocheretny, A., Kedar, O., Borochov, A., Sklan, D., and Arav, A.
(2001) Seasonal changes in bovine fertility: relation to developmental competence
of oocytes, membrane properties and fatty acid composition of follicles.
Reproduction 121, 447-454.

152



VITA

Julio Omar Giordano was born January 20, 1982, in Balnearia, Cordoba,
Argentina. He attended Juan Bautista Alberdi High School until graduation in
1999. Julio enrolled at the Veterinary Science School of the Catholic University
of Coérdoba, Argentina in February 2000 and he graduated as a D.V.M. in
February 2005. Julio worked in the private veterinary practice from March 2005
until August 2005 when he began graduate school at the University of Tennessee,
Knoxville under the guidance of Dr. F. Neal Schrick and Dr. J. L. Edwards. In fall
semester 2007, Julio received a Master of Science degree in Animal Science with

concentration in Reproductive Physiology.

153



	Possible Strategies to Increase Ovulatory Follicle Size and Reduce Time to Ovulation in Lactating Dairy Cows
	Recommended Citation

	Microsoft Word - JulioGiordano's Thesis

