THE CHARACTERISTICS OF CORPORA LUTEA INDUCED BY

hCG IN CATTLE.

by

PHARAOH COLLINS SIANANGAMA

B.Sc. Agr. (Hons.), Alexandria University, Egypt, 1986

M.Sc., The University of British Columbia, Canada, 1990
A THESIS SUBMITTED IN PARTIAL FULFILMENT OF

THE REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY
in
THE FACULTY OF GRADUATE STUDIES

(Department of Animal Science)

We accept this thesis as conforming
to the reauired standard

THE UNIVERSITY OF BRITISH COLUMBIA
August 1994

© Pharaoh Collins Sianangama, 1994



in presenting this thesis in partial fulfilment of the requirements for an advanced
degree at the University of British Columbia, | agree that the Library shall make it
freely available for reference and study. | further agree that permission for extensive
copying of this thesis for scholarly purposes may be granted by the head of my
department or by his or her representatives. It is understood that copying or
publication of this thesis for financial gain shall not be allowed without my written
permission.

(Signature)

Department of ‘A\’\,\MR‘ 5LL.QV\Q9_

The University of British Columbia
Vancouver, Canada

Date %e;fﬂm\:% i%l '}ﬁ?l_‘_

DE-6 (2/88)



ABSTRACT

The function and morphometry of human chorionic gonadotropin (hCG)-induced corpora
lutea (CL) were examined. In experiment 1, ultrasonography and progesterone (P,) were used to
characterize the development and function of induced corpora lutea (CL). Between d 5 and 14,
spontaneous CL were larger (P < 0.01) than induced CL. Among cows with induced CL only,
P, concentration increased to reach peak concentrations on d 18 but was lower (P < 0.01)
throughout the study period than for the spontaneous CL. Intrauterine infusion with Indomethacin,
a prostaglandin synthase inhibitor, were examined in experiment 2. There were no differences (P
> 0.05) in 13,14-dihydro-15-keto-prostaglandin F,, (PGFM) concentrations. However, pulsatile
PGFM secretion was abolished in one indomethacin treated cow sampled at 6 h intervals. Plasma
P, and CL diameter were not different between indomethacin treated and control cows. In
experiment 3, the morphometry and functional characteristics were compared. Weight of induced
and spontaneous CL were not different (P > 0.05). Basal P, production was higher (P < 0.01)
among induced than spontaneous CL. Human CG increased (P < 0.01) P, production at low but
not at high concentrations. A higher (P < 0.02) number of large luteal cells (LLC) and a
concomitant reduction in the number of small luteal cells (SLC) was observed among induced
CL.

The effects of hCG on the morphometry and P, production ability of spontaneous CL
exposed to hCG were investigated in experiment 4. Basal P, production was lower (P < 0.01) in
hCG-exposed CL removed on d 12, than in the control CL. However, hCG-exposed CL removed
on d 15 secreted more (P < 0.01) P, than d 12 hCG-exposed and control CL. Treatment with
hCG was also associated with an increase (P < 0.01) in the number of LLC and a concomitant

reduction in the number of SLC in hCG-exposed CL. Administration of hCG on day 7 of the
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cycle was associated with alterations in follicular dynamics but did not affect cycle length
(experiment 5). In conclusion, in vivo studies show that the induced CL are inherently subnormal
in function. In vitro studies showed that P, production is significantly higher among hCG-induced
and d 15 hCG-exposed spontaneous CL. Such increases in P, are associated with an increased

differentiation of small into large luteal cells.
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CHAPTER 1

1.1. INTRODUCTION

The corpus luteum (CL) occupies a unique position among all known endocrine glands.
It is a transient gland formed following the rupture and luteinization of the graafian follicle at the
end of the follicular phase. Since its possible first identification and description by Vesalius in
1555 (Short, 1977), much attention has been paid to its role as an endocrine gland, particularly
its necessity in the establishment and maintenance of pregnancy. The indispensability of the CL
in the ontogeny of pregnancy has been known since early in the 20™ century (Short, 1977).

The length of the obligatory requirement for the CL in the progression of pregnancy
seems to vary from species to species. Among domestic ruminants, it has been shown in sheep
(Casida and Warwick, 1945) that the CL must be present for at least the first 50 d of gestation
after which time the placenta takes over the function of the CL. In the cow, on the other hand,
the CL is required for the first 200 d of gestation (Estergreen et al., 1967). Some farm animals
(e.g.. pig), however, require the presence and function of the CL for the entire duration of
gestation (du Mensil du Buison and Dauzier, 1957). The CL is required because of progesterone
(P.). a steroid hormone, which it secretes. Infusion of P, into the ewe, cow and sow following
luteectomy or surgical removal of the CL, is sufficient to prevent the loss of the pregnancy in
these animals (Tanabe et al., 1968; Bindon, 1971; Ellicott and Dzuik, 1973).

It is now widely accepted that inadequate CL function is one of the major causes of
infertility in domestic animals (Bulman and Lamming, 1978). Available data indicate that the
losses in pregnancy, most of which occur early in gestation (Sreenan and Diskin, 1985), range
from 20 to 85 % (Boyd et al., 1969; Roche et al., 1981). Such losses have been estimated to cost
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farmers in the UK's dairy and beef industry nearly £ 300 million (Flint et al., 1990) per annum.

Based on these observ'ations, it is apparent that measures designed to correct aberrant CL
function need to be formulated, perfected or both. The techniques that have been utilized thus far
include P, supplementation (Loy et al., 1960; Northey et al., 1985), or use of gonadotropin-
releasing hormone (GnRH) (Nakao ef al, 1983; Lewis et al, 1990) and the luteotropins
luteinizing hormone (LH) (Donaldson and Hansel, 1965) and human chorionic gonadotropin
(hCG) (Wiltbank et al., 1961; Wagner et al., 1973; Holness et al., 1982; Walton et al,, 1990).
These have been administered at various times relative to breeding but have largely been
characterized by considerable variability with regard to their effect on peripheral P, and
pregnancy rate. Our recent investigations (Sianangama and Rajamahendran, 1992) suggest that
hCG administration, especially when given on d 7 after breeding, increases pregnancy rates
consistently and at higher rates than previously reported. In concurrence with published reports
(Wiltbank et al., 1961; de Los Santos-Valadez et al., 1982), we observed that use of hCG is also
associated with extensions in estrous cycle length among cows returning to estrus (Sianangama
and Rajamahendran, 1992).

Clearly, there is need to examine the mechanisms underlying the hCG-induced increases
in pregnancy rates as well as to investigate the factors predisposing the extensions in estrous

cycle length among hCG-treated animals that return to estrus.



1.2. LITERATURE REVIEW

1.2.1. Corpus Luteum (CL) Formation

The CL is a transient endocrine gland that is formed from the cells of a ruptured follicle
at ovulation. The theca and granulosa cells of the graafian follicle undergo a series of
biochemical and morphological transformations induced by the LH surge at estrus. The process
whereby cells of the follicle wall are transformed into luteal cells of the CL, is designated
luteinization (Anderson and Little, 1985). It is now known that the CL consists of more than two
types of cells (Hild-Petito et al., 1987). On the basis of their capability to secrete steroids,
dissociated luteal cells can be separated into two sub-populations. The two sub-populations
include cells that secrete steroids when cultured in-vitro (steroidogenic or steroidogenically
competent cells) and those that do not (non-steroidogenic luteal cells).

The non-steroidogenic sub-population of luteal cells consists mainly of endothelial cells,
pericytes, smooth muscle cells, fibrocytes, macrophages, and formed blood cells. Cytochemical

techniques have also been used to demonstrate that steroidogenic luteal cells stain positive for

the presence of the enzyme(s) 3B8-hydroxy A’-steroid dehydrogenase (3BHSD) while non-

steroidogenic luteal cells do not. The 38HSD is part of an enzyme system (3B8HSD / A*>*-

isomerase) that catalyses the dehydrogenation of 38-hydroxy-5-ene-steroid and the subsequent
isomerization of 3-oxo-5-ene-steroid (Sasano et al., 1990). The product of these physiological
events is the synthesis of P, from its precursor pregnenolone. For this reason, localization and
demonstration of this enzyme has been a routine method for distinguishing and quantifying
steroidogenic luteal cells amidst other cells of the CL.

Based on size, steroidogenic cells comprise two cell populations variously referred to as



small (< 20-22 um) and large (> 20-22 ym) luteal (lutein) cells or sometimes as thecal and
granulosa luteal cells, respectively (Mossman and Duke, 1973). Generally, the origin of the large
and small luteal cells is believed to be the granulosa and thecal cells, respectively. However,
studies using monoclonal antibodies have suggested a cellular differentiation of small into large
luteal cells (Gamboni et al., 1984; Farin et al., 1988) under the stimulation of circulating LH/hCG
(Farin et al., 1988). The culturing of dissociated luteal cells in vitro has confirmed earlier reports
suggesting that the steroidogenic luteal cells are indeed the source of P, in the CL.

The steroidogenic luteal cells also differ in their ultrastructural characteristics. Large luteal
cells contain numerous mitochondria and have numerous smooth endoplasmic reticula
(Christensen and Gillim, 1969). The latter are mostly found at the periphery of the luteal cell. In
addition, large luteal cells contain an extensive Golgi complex and electron-dense secretory
granules bound to the membrane. Small luteal cells, on the other hand, contain an irregularly
shaped nucleus, a small number of mitochondria, and large amounts of smooth endoplasmic
reticulum. Small luteal cells are noted for not having any secretory granules and the Golgi
complex is not as pronounced as observed in large luteal cells. Furthermore, small luteal cells

also contain lipid droplets which have not been described in the large luteal cells.

1.2.2. Luteotropic Regulation Of CL Function

Steroidogenesis in luteal tissue of ruminant animals is directly regulated at least at three
levels, namely the anterior pituitary (through its secretion of LH), the uterus (prostaglandins of
uterine origin) and, during pregnancy, the conceptus elaborates luteotropic or antiluteolytic factors
that influence CL function. Kaltenbach et al. (1968a), and Denmur et al. (1973), demonstrated
that hypophysectomy on d 1 after a spontaneous or induced ovulation in sheep was associated
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with failure of the CL to develop. Additionally, these workers reported the regression of the CL
if hypophysectomy was performed 5 d after ovulation. These studies indicated the necessity for
the anterior pituitary not only for normal CL function but also during CL formation as well.
Thus, there is general agreement that an essential gonadotropin is LH but other products of the
anterior pituitary may be necessary for proper function and lifespan of the CL. Several lines of
evidence suggest a need for prolactin to ensure structural integrity of the CL (Denmur et dl.,
1973). Other workers, however, have argued that prolactin exerts its effect only in the presence
of an intact uterus (Kaltenbach et al., 1968b). The elucidation of the role for prolactin in the
function of the CL warrants further research.

Infusions of LH have been shown to enhance both the lifespan and function of the CL in
ewes (Karsch ez al., 1971) and cows (Wiltbank ef al,, 1961; Donaldson and Hansel, 1965). This
luteotropic role of LH was further confirmed by in situ experiments showing enhanced P,
secretion following infusions of LH (Karsch et al., 1971). Evidence from in vitro data provide
additional verification for the luteotropic influence of LH on CL function (Kaltenbach et al,
1967). These workers demonstrated that LH stimulated P, secretion in vitro. Furthermore, Hansel
et al. (1973) have shown that in the absence of LH, accomplished by administering daily
injections of antiserum to LH, the CL regresses in cattle.

The molecular basis for steroidogenesis in luteal cells is a complex phenomenon,
involving a number of possible pathways (Appendix 1 and 2). The synthesis and secretion of P,
falls under two categories. The first is a basal P, production by which the steroid hormone is
synthesized and secreted from luteal cells without external gonadotropic stimulation. Additionally,
however, P, secretion is influenced by a number of secretogogues. Under basal (unstimulated)
conditions, low density lipoproteins (LDL) serve as the primary substrate for P, synthesis in luteal
cells. The steroidogenic cascade begins when lipoproteins bind to their specific cell surface
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receptors. The LDL-LDL receptor complex is internalized by the process of endocytosis.
Cholesterol is liberated from the LDL following combining of the LDL-LDL receptor endocytotic
product with lysosomes. This reversible step of cholesterol acquisition is mediated by the enzyme
cholesterol esterase. Excess cholesterol is converted back to the esterified form by a process
catalyzed by cholesterol ester synthase. The free cholesterol is then either stored as lipid droplets,
esterified or used immediately for synthesis of other steroids.

An alternative, albeit not common, method of procuring cholesterol involves its de novo
synthesis from acetate. Whichever method is used to acquire cholesterol, the free steroid is
transported to the mitochondria wherein it is converted to pregnenolone by a process catalyzed
by the enzyme cholesterol side chain cleavage (cytochrome P-450,.). After secretion,
pregnenolone is transported to the smooth endoplasmic reticulum where it is converted to P,
through a process catalyzed by the enzyme complex 3B-hydroxysteroid dehydrogenase
(3BHSD)/A’— A* -isomerase. Progesterone is then secreted by either exocytosis or by diffusion
from the cell.

Luteinizing hormone, a glycoprotein, regulates steroidogenesis by interacting with its
specific receptor (Lee and Rilan, 1973) located in the cell plasma membrane of luteal cells. In
almost all species examined to date, the general agreement is that small luteal cells have the most
LH receptors. Large luteal cells have been reported to have a relatively fewer number of LH
receptors. It is presently not clear what role, if any, these receptors play in steroidogenesis in
large luteal cells. The binding of LH to its receptor activates the intramembrane enzyme
adenylate cyclase (Marsh, 1975) through a process mediated by regulatory protein complexes (G-
proteins) which are either stimulatory (G,) or inhibitory (G,). The G-proteins are heterotrimeric
(o, B, and y subunits) in structure but function as heterodimers due to the close association
between the B and y subunits. The activity of the G-proteins is guanine nucleotide binding-
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dependent which, in turn, is a magnesium (Mg)-dependent step. Once activated, by binding of
ligand (gonadotropin) to its receptor, GDP is released from the G-proteins. The release of GDP
from the G-proteins allows GTP to bind to the sites previously occupied by GDP. After GTP
binds to the G-protein, the a-subunit of the G, is released into the surrounding plasma membrane
where it activates the catalytic component of adenylate cyclase. An activated adenylate cyclase
catalytic subunit stimulates the conversion of adenosine triphosphate (ATP) into cyclic adenosine
monophosphate (cAMP).

After formation, cAMP binds to the regulatory subunit of the cAMP-dependent protein
kinase (PKA) (Flockhart and Corbin, 1982) and dissociates (or activates) the catalytic subunit
which, in turn, stimulates endogenous protein synthesis as well as activation of the synthesis of
cholesterol esterase and P-450,_, enzyme complex. Additionally, the activated catalytic subunit
of the PKA in the cytoplasm promotes the transport of’

a) cholesterol into mitochondria,

b) pregnenolone out of the mitochondria into the smooth endoplasmic reticulum and

c) LDL into the cytosol which would serve to increase the availability of cholesterol as

a substrate for pregnenolone synthesis.

The GTP bound to free a-subunit of G, is converted to GDP by a process catalyzed by an
intrinsic o-subunit-associated GTPase whose function appears to be a physiologically relevant
means of timing the duration of the activation. The o-subunit-GDP complex then reassociates
with the B and y subunits to form the inactive a-B-y trimer. Other signal transduction mechanisms
mediating the actions of gonadotropins have been described and reviewed by Leung and Steele,
(1992) and are shown in Appendix 2.

Human CG is a LH-like glycoprotein produced by the developing syncytiotrophoblast and
is first detected in the maternal circulation approximately 9 to 12 d after conception. There are
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suggestions, however, that it my be secreted at an earlier time (d 7 post conception) than
previously believed (Jones, 1976). The structure of hCG closely resembles that of LH but the
former contains an extra 32 amino acids which are associated with the carbohydrate moieties on
the hCG B-subunit. The a-subunits are essentially identical for the two hormones. Because of the
extensive degree of glycosylation in its molecule, hCG has a much longer half-life than LH.
Furthermore, it has been reported that once bound to the LH/hCG receptor, hCG is internalized
at approximately 50 times slower compared to LH (Niswender et al., 1985). Thus, hCG exerts
a more prolonged and intense stimulation of the cells.

The CL is under additional regulatory mechanisms during gestation. It is an established
fact that the CL must function beyond its normal lifespan if the pregnancy is to be maintained.
In animal species such as carnivores and marsupials gestation is as long as one estrous cycle. In
livestock animals, however, gestation periods are considerably longer than an estrous cycle
(Niswender and Nett, 1988). This necessitates that domestic animals develop mechanisms for
protecting the CL for it to last the duration of gestation or until the luteo-placental shift.
Alternatively, the luteal phase in these animals may be programmed for the duration of gestation
and, thereby, animals must device mechanisms for shortening the duration of the luteal phase
should pregnancy not ensue (hence the prevalence of luteolytic agents). Whichever the case may
be, domestic animals produce a number of substances that are either anti-luteolytic or luteo-
protective (or luteotropic). Vgrious methods by which a conceptus prevents luteal regression are
as follows:

a) synthesis of prostanglandin E, (PGE,) which is known to extend luteal lifespan and

function and suppresses the luteolytic effect of exogenous prostanglandin F,, (PGF,,.) or

estradiol 17-f (E,) in cows and ewes

b) synthesis of conjugated estrogens by the porcine conceptus (Robertson and King, 1974).
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1.2.3.

Conjugated estrogens have been demonstrated to be associated with the sequestration of
PGF,, within the uterine lumen during pregnancy starting from approximately d 12 and
peaking around d 25.

c) the synthesis of CG by the human syncytiotrophoblasts among women and non-human
primates as early as 6 d after fertilization (Saxena et al., 1974). Human CG is known for

its luteotropic role.

Luteolytic Regulation Of CL Function

It is now generally accepted that the main luteolytic agent in most livestock animals is

PGF,, of uterine origin. Evidence to this end was provided by experiments showing that

hysterectomy extends the lifespan of the CL beyond its normal duration or at least the duration

of one gestation period (Loeb, 1923). Furthermore, active or passive immunization against PGF,,

in some livestock species, such as the cow (Fairclough ef al., 1981) and ewe (Scaramuzzi and

Baird, 1976), prevents the spontaneous regression of the CL. This is in contrast with data from

thesus monkeys (Neill ef al., 1969) and humans (Doyle et al., 1971), species among which the

uterus is not required for luteal regression to occur. The mechanisms underlying the luteolytic

action of PGF,, include:

a) a rapid decrease in the blood supply to the ovary, consequently to the CL as well,
(Niswender et al., 1976; Nett et al., 1976)

b) a decrease in the number of LH receptors and the subsequent cAMP-dependent signal
transduction mechanism (Fletcher and Niswender, 1982)

¢) the uncoupling of the LH receptor from the adenylate cyclase system (Fletcher and

Niswender, 1982)



d) decreased utilization of lipoprotein for P, synthesis and suppression of luteal cholesterol

synthesis (Pate and Condon, 1989)

e) reduced activity of enzymes involved in steroidogenesis (Caffrey et al., 1979) and

f) changes in the membrane lipid composition and an increased membrane fluidity (Riley

and Carlson, 1985).

g) direct cytotoxic effects (Silvia ef al., 1984)

Because utero-ovarian levels of PGF,, increase before oxytocin pulses which occur
starting on d 15 (Moore et al., 1986), it has been suggested that uterine PGF,, initiates oxytocin
release from the CL. The PGF,,-induced oxytocin release is preceded by the E,-stimulated
induction of oxytocin receptor synthesis in the endometrium (McCracken et al, 1984).
Endogenous oxytocin then interacts with its endometrial receptor thereby stimulating PGF,,
secretion and initiating a positive feedback loop involving the ovarian oxytocin and uterine
PGF,,. Luteolysis is initiated because of the counter-current transfer of PGF,, between the
ovarian artery and uterine vein, which ensures that PGF,, reaches the ovary. McCracken and
Schramm (1983) demonstrated that five, but not four, pulses of PGF,, occurring over a 24 h
period induces irreversible structural as well as functional luteal regression.

At the cellular level, the PGF, -induced luteal regression has been shown to involve
phosphoinositide metabolism (Leung et al., 1986; West et al., 1986) and is initiated by PGF,,
binding to its specific receptor on the large (but not small) luteal cells (Powell et al., 1976). The
receptor mediated binding of PGF,, stimulates the hydrolysis of phosphatidylinositol 4,5-
biphosphate (PIP,) resulting in the formation of inositol 1,4,5-triphosphate (IP,) and diacylglycerol
(DAG). The release of the second messengers IP, and DAG causes the mobilization of calcium
[Ca™] from endoplasmic reticulum as well as activation of calcium-dependent protein kinase C
(PKC), respectively. The resultant effect of increased intracellular Ca*> and DAG concentration
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is an inhibition of the gonadotropin-sensitive adenylate cyclase response mechanism and
dephosphorylation of steroidogenic enzymes and, consequently, suppression of steroidogenesis

in luteal cells.

1.2.4. Inadequate CL Function

In cattle, as in man& other mammals, the establishment and maintenance of early
pregnancy depends on the continued secretion of P, by the CL. This process must continue
beyond the time when luteal regression normally occurs in non-fertile reproductive cycles
(Wiesak, 1989). There is ample evidence, however, suggesting that a significant portion of
embryo losses in most mammalian species, is attributable to inadequacies in maternal luteal
function (Lukaszewska and Hansel, 1980; Lamming et al., 1989). Inadequate CL function is
characterized by estrous (reproductive) cycles of normal duration but exhibit P, concentrations
that remain lower than threshold levels of approximately 1.0 to 1.5 ng/mL. A second type of
inadequate CL function is typified by normal secretory patterns occurring during a shorter than
normal estrous cycle (diZerega and Hodgen, 1981). In either case, it has been consistently shown
that animals, typified by these examples, invariably lose their pregnancies prior to term (Hanly,
1961, Boyd, 1965; Short, 1979). It is estimated that losses in embryos cost the dairy and beef

industry of the UK approximately £300 million per annum (Flint et al., 1990).

1.2.5. Measures For Correcting Inadequate CL Function
In order to reduce the incidence of early embryonic mortality, several corrective measures
have been suggested. These include the use of P, supplementation from an exogenous source
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(Frankel, 1903; Flint et al., 1990), uterine infusion of embryonic vesicles or products thereof
(Betteridge et al., 1980; Beal et al., 1981), or injection of luteotropic agents such as hCG
(Wiltbank et al., 1961; McDermott et al., 1986; Price and Webb, 1989; Sianangama and
Rajamahendran, 1992) or hypothalamic hormones eg. GnRH (Nakao et al., 1983).

The rationale for the use of these regimens is as follows;

a) P, is provided from an exogenous source to compensate for the deficient endogenous

P, production,

b) Preparations based on embryonic vesicles are infused into the uterus because

embryos have been shown to secrete anti-luteolytic agents,

c) GnRH is given when hypothalamic support of the pituitary gland is believed to be

inadequate

d) hCG is administered to provide a luteotropic agent in cases where luteal dysfunction

is attributable to lack of adequate pituitary support, and finally

A close evaluation of the measures proposed as solutions to the problem of inadequate
CL function reveals that they are characterized by inconsistent results with regard to their effect
on endogenous P, levels as well as on pregnancy rates. When exogenous P, supplementation was
used to correct the endogenous deficiency, some workers reported significant increases in
peripheral P, concentrations (Northey ef al., 1985; Robinson et al., 1989), while others failed to
show this effect (Zimbelman et al., 1959; Loy et al., 1960, Walton et al., 1990). Although uterine
infusions of embryonic vesicles, or products thereof, have been shown to extend the duration of
the luteal phase (Northey and French, 1980; Betteridge et al., 1980), the adaptation of such a
technique for practical farm use has its limitations and awaits further research. Similarly, the use
of GnRH or its analogues have produced variable results (Nakao et al., 1983; Lewis ef al., 1990).

A more viable method for augmenting the function of an inadequate CL has been the use
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of the luteotropin hCG. In the manner it has been utilized in the past, even this method has been
characterized by very inconsistent results. Significant increases in peripheral P, concentrations
were reported in certain cases (McDermott ef al., 1986; Bennett ef al., 1989) but not in others (de

Los Santos-Valadez et al., 1982).

1.2.6. Model Technique For Improving Pregnancy Rates

In our previous experiments (Rajamahendran and Sianangama, 1992; Sianangama and
Rajamahendran, 1992; Sianangama and Rajamahendran, 1992), we have described a model for
supplementing endogenous P4.production. These experiments considered administering hCG either
at the time of breeding by artificial insemination (AI) at estrus (d 0), or on d 7 or 14 after
breeding. The timing of giving the treatments was ascertained from earlier studies (Taylor and
Rajamahendran, 1990) that revealed dominant (ovulatory size) follicles to be present at these
specific times. The main objective was to attempt to ovulate (d 7 and 14) or ensure the ovulation
of the follicle (d 0).

The highest number of induced ovulations and resultant pregnancy rates was recorded
among animals receiving hCG on d 7 after breeding (Rajamahendran and Sianangama, 1992).
This study provided further understanding of the mechanism of action following administration
of hCG. This mechanism was found to be the induction of ovulation of the dominant follicle(s)
present at the time of administering hCG (Rajamahendran and Sianangama, 1992).

Undoubtedly due to the preciseness in the timing of the hCG injections with respect to
the developmental and physiological competence of the follicles, the resultant pregnancy rates
were much higher than any reported previously. The d 7 follicle is reported to possess more LH
receptors than other follicles that grow during the luteal phase (Ireland and Roche, 1983) and
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attain maximum diameter between d 7 to 8 (Taylor and Rajamahendran, 1990). Therefore, it is
more appropriate to inject hCG at a time when the follicle is at the confluence of physiological
and morphological development. Being an in vivo experiment, we could not determine the
functional status of hCG-induced CL. The ultrasonographic evidence (Rajamahendran and
Sianangama, 1992) on the emergence and development of the induced structures was the first
report on CL induced by treatment with hCG. That study revealed that the hCG-induced CL grew
to a size indistinguishable from spontaneously derived CL and were still detectable as late as d
90 of gestation. Other studies (de Los Santos-Valadez ef al., 1982; McDermott et al., 1986) allude
only to peripheral concentration of P,, which obviously does not permit one to separate the
function of the induced structures from that of spontaneous CL which were present at the time
of administering the treatments.

However, there is tendency for a delay in return to estrus among cows that either do not
conceive or that fail to maintain pregnancy following treatment with hCG. Evidence indicates that
as much as 60% (vs 24% in control cows) of cows treated with hCG exhibit extended estrous
cycles (de Los Santos-Valadez et al., 1982). It is estimated that the extensions in estrous cycle
length range from 6 to 15 d (Wiltbank et al., 1961; Morris et al., 1976). The main causes of such
extensions have never been investigated. Possible mechanisms by which estrous cycles are
extended include a direct effect of hCG on the spontaneous CL present at the time of hCG
administration (Wiltbank ez al., 1961; Donaldson and Hansel, 1965), or alterations in follicular
dynamics (Sianangama and Rajamahendran, 1991). Additionally, estrous cycles can be extended
by factors of embryonic origin (Northey and French, 1980). Clearly, extensions in estrous cycles
are undesirable when associated with a corrective measure intended to reduce production costs

incurred by farmers.
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1.2.7. Rationale For The Proposed Studies

Despite the observed increase in pregnancy rates following use of hCG at d 7 after
breeding, the precise mechanism by which this is achieved remains largely inconclusive. Possible
mechanisms include an increase in P, concentration due to 1) the stimulation of the spontaneous
CL, 2) formation of accessory CL by ovulating dominant follicles present at the time of hCG
administration, or 3) a combination of both mechanisms. Therefore, the objectives of the studies
reported herein are as follows:

a) use an in vivo experiment to evaluate the development and function of CL induced

by hCG given on d 7 of the estrous cycle in cows (Chapter 2).

b) to investigate what influence PGF,, has on the development and function of hCG-

induced CL (Chapter 3).

c) to use an in vitro system to characterize the function of both hCG-exposed spontaneous

CL and CL induced by hCG given on d 7 of the cycle (Chapter 4 & 5)

d) to investigate the cytological effects of hCG on spontaneous CL as well as on CL

induced by hCG given on d 7 of the cycle (Chapter 4 & 5).

Also, since the main objective of corrective measures is to increase the net income of
farmers by reducing losses incurred through reproductive inefficiency, it is important that the
causes of the extensions in estrous cycle length observed following use of hCG be determined.
Therefore an additional objective of this investigation was

e) to examine the effect of hCG given on d 7 on follicular dynamics in noninseminated

dairy cows (Chapter 6).
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CHAPTER 2
The Development And Function Of Corpora Lutea Induced By Human Cherionic

Gonadotropin Given On Day 7 Of The Cycle In Dairy Catde.

2.1. ABSTRACT

Ultrasonography and plasma progesterone (P,) were used to characterize the development
and function of corpora lutea (CL) induced by human chorionic gonadotropin (hCG) given on
d 7 of the bovine estrous cycle (estrus = d 0). Eighteen lactating and regularly cycling Holstein
cows were randomly assigned to serve as control (CONT, n = 6) or to receive hCG on d 7 with
(hCG-LUT, n = 6) or without (hCG-CONT, n = 6) surgical removal of the spontaneous CL on
d 12. Accessory CL were induced in all treated cows except one in the hCG-CONT group.
Spontaneous CL diameter in all treatment groups was not different (P > 0.05) prior to d 12.
Similarly, spontaneous CL diameter in CONT and hCG-CONT was similar (P > 0.05) during the
remainder of the cycle. The diameter of induced and spontaneous CL of similar age did not differ
between d 1 to 4, inclusive (P> 0.05). Atd 5, CONT CL (29.3 + 1.4 mm) were larger (P < 0.04)
than hCG-LUT (24.5 + 1.5 mm) or hCG-CONT (24.6 + 1.7 mm). Similarly, CL diameter for
hCG-LUT and hCG-CONT were smaller (P < 0.01) than CONT CL between d 10 to 14,
inclusive. On d 14 of the cycle, P, concentration among hCG-LUT cows decreased (P < 0.01)
to 1.1+ 0.9 ng/mL but had increased to 3.1 + 0.9 ng/mL by d 18. Corresponding values for hCG-
CONT and CONT were 5.8'+ 0.8 and 4.2 + 0.8 ng/mL and 4.5 + 0.8 and 5.5 + 0.8 ng/mL,
respectively. The onset of both functional and structural regression of CL as well as estrous cycle
length were similar (P > 0.05) for all treatment groups. These results demonstrate that hCG-
induced CL are functional but appear to be smaller and secrete less progesterone compared to

spontaneous CL of similar age.
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2.2. INTRODUCTION

A significant proportion of infertility in cattle has been attributed to an inadequate
function of the CL (Wiebold, 1988; Lamming ef al., 1989). Typically, inadequate CL function,
also called luteal phase insufficiency or luteal dysfunction, is characterized by an estrous cycle
of normal duration and low concentrations of peripheral progesterone (P,) (diZerega and Hodgen,
1981; Lamming et al., 1989) or a shorter estrous cycle, with only a transient increase in P,
concentration (Lamming et al., 1981). Henricks ef al. (1971) demonstrated that cows that were
bred by AI, but did not maintain their pregnancies, had lower peripheral P, concentrations
between d 10 and 16, inclusive, than pregnant cows during the same time period. Similarly,
Lamming et al. (1989) found lower milk P, concentrations during the same period among cows
that did not establish pregnaticies than for cows that established and maintained pregnancy.

Several measures have been developed to correct inadequate CL function, including the
use of P, supplements from various exogenous sources (Robinson e al., 1989) or GnRH (Nakao
et al., 1983) administered at various times following breeding. Results of those studies (Nakao
et al., 1983; Robinson ef al., 1989) remain inconsistent with regard to effect on pregnancy rates.
Another method designed to augment the function of an inadequate CL function in cattle has
been the use of gonadotropic hormones such as LH (Donaldson and Hansel, 1965) or hCG
(Wiltbank et al., 1961; Holness et al., 1982; Rajamahendran and Sianangama, 1992) at various
times following breeding. The use of hCG in cattle improved pregnancy rates in certain studies
(Wiltbank ez al., 1961, Holnqss et al., 1982; Sianangama and Rajamahendran, 1992), but not in
others (Wagner et al., 1973; de Los Santos-Valadez et al., 1982; McDermott et al., 1986).

Despite the observed improvement in pregnancy rates following use of hCG, the precise
mechanism by which such increases in pregnancy rates are realized remains largely inconclusive.
Possible mechanisms of increases in pregnancy rates include the increased P, concentrations
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resulting from the stimulation of the spontaneous CL (Donaldson and Hansel, 1965; Wiltbank ez
al., 1961), formation of accessory CL by ovulating the dominant follicle present at the time of
administering hCG (de Los Santos-Valadez et al., 1982; Price and Webb, 1989; Rajamahendran-
and Sianangama, 1992), or both.

The induction of ovulation and the subsequent formation of accessory CL has been
confirmed by several researchers using different techniques, namely rectal palpation (de Los
Santos-Valadez et al., 1982), rectal palpation and examination of caesarian section material at
term (Greve and Lehn-Jensen, 1982), laparoscopy (Price and Webb, 1989), and ultrasonographic
imaging (Rajamahendran and Sianangama, 1992). The main rationale for use of hCG in cattle is
to stimulate the spontaneous CL (Donaldson and Hansel, 1965; Wiltbank ez al., 1961), to induce
formation of accessory CL (Price and Webb, 1989; Rajamahendran and Sianangama, 1992), or
both. The overall effect of stimulating either a spontaneous CL or the development of accessory
CL is increased P, concentrations. Reports on the effect of hCG on systemic P, concentrations
vary considerably. Although several laboratories have reported significant increases in P,
concentrations (McDermott et al., 1986; Bennett et al., 1989; Walton et al., 1990), several other
researchers could not demonstrate a similar effect of hCG on P, concentrations (de Los Santos-
Valadez ez al., 1982; Sianangama and Rajamahendran, 1992). de Los Santos-Valadez et al. (1982)
found that cows that developed accessory CL did not have higher progesterone concentrations
compared with hCG-treated cows without accessory CL. Collectively, these data suggest that the
hCG-induced accessory CL are either nonfunctional or subnormal in function. The objectives of
this study, therefore, were to use an in vivo model to: 1) characterize the growth of accessory
corpora lutea induced by hCG given on d 7 of the estrous cycle and 2) establish their functional

characteristics.
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2.3. MATERIALS AND METHODS

2.3.1. Cows

Eighteen lactating and regularly cycling cows (2% to 5 yr old), approximately 60 to 90
d postpartum, were randomly selected from the dairy herd at the South Campus Teaching and
Research Facility of the University of British Columbia (Vancouver, BC, Canada). The
experiment was conducted between September 1992 and January 1993. During this period,
ambient temperature ranged from - 5 to 15 °C. All cows received a standard dairy mixed ration
consisting of lucerne cubes and barley and a Canola-based concentrate mixed in equal proportions
to yield a diet of approximately 16 % CP. Rations were adjusted to meet requirements of
individual cows according to production. The cows were milked twice daily between 0230 to
0530 and 1430 to 1730 h. Estrus observation was conducted at both milkings and for about 30
min midmorning. All observations were by experienced farm technicians. All animals used in this
experiment and those used in subsequent experiments, were cared for according to quidelines

outlined by the Canadian Council of Animal Care.

2.3.2. Treatments

At standing estrus (d 0), cows were assigned at random to serve as controls or to receive
the hCG treatment. Control cows (CONT.; n = 6) received no treatment, hCG (1000 IU, APL®;
Ayerst Laboratories, Montrea], PQ, Canada) was administered, intramuscularly, to the remainder
of the cows on d 7. These animals were allowed to carry the spontaneous CL for the duration

of the cycle (hCG-CONT; n = 6) or the spontaneous CL was removed surgically (luteectomized)

on d 12 (hCG-LUT; n = 6).
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2.3.3. Luteectomy
All cows in the hCG-LUT group were fasted for 12 to 16 h (starting on d 11 at 2130 h)
before surgery. On the day of surgery, cows were anaesthetized using Lidocaine® HCI 2%

(Langford Inc., Guelph, ON, Canada) to effect a paralumbar block. A flank incision was made,
and the CL was located. The spontaneous CL was enucleated using gentle pressure applied to the
area surrounding the gland. Care was taken to ensure that bleeding from the site of the enucleated
CL had stopped before the flank incision was sutured. A single i.m. injection of antibiotic (30

ml; Ethacilin®; Rogar/STB Inc., London, ON, Canada) was administered immediately after

surgery. Cows were then moved and housed in individual recovery free stalls, where they
remained under continuous observation during the first 12 h, and were kept in these individual
free stall pens for > 3 d. Thereafter, the cows were returned to the general herd in the closed free-

stall barns.

2.3.4. Ultrasonographic Examination

A real-time linear array ultrasound machine (Ultrasound scanner; model LS 300; Tokyo
Keiki Company Limited, Tokyo, Japan), equipped with a 5-MHz transrectal transducer, was used
to examine the ovaries as previously described (Rajamahendran and Taylor, 1990). Ultrasound
imaging was conducted daily; starting at observed estrus until the subsequent observed standing
estrus and ovulation signifying the end of the treatment cycle. Ovulations induced by hCG were
verified as described previously (Rajamahendran and Sianangama, 1992) and defined as an acute
disappearance of large follicles that were present at the time of hCG administration and the

subsequent emergence of a luteal structure on a site previously occupied by the disappeared
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follicles. Optimal scan images were frozen, and the diameter of the follicles, and spontaneous and
accessory (induced) CL, was determined by measurement of the structures at their widest poles
using a calibrated system of built-in electronic callipers. This system allowed for the measurement
of structures to the nearest 1.mm. Printed copies of frozen images of the ovary were produced
using a Mitsubishi Video copy processor (model P60U; Mitsubishi Electric Sales America Inc.,

Cypress, CA., USA) connected to the ultrasound machine.

2.3.5. Blood Samples And Radioimmunoassay

When ultrasound scanning was conducted, blood samples were collected via a coccygeal
artery or vein using heparinized Vacutainer tubes (Becton Dickinson, Vacutainer Systems,
Rutherford, NJ, USA). Blood samples were centrifuged at 4000 x g and plasma was separated
within 30 min of collection. Plasma samples were stored at -20 °C until analyzed for P,.
Quantification of P, was achiéved using a commercially available radioimmunoassay kit (Coat-A-

®

Count™; Progesterone kit; Diagnostic Products Corporation, Los Angeles, CA, USA) previously

validated to measure P, in bovine plasma samples (Rajamahendran and Taylor, 1990). The kit
had a sensitivity of 0.05 ng/mL while the intra- and inter-assay coefficients of variation were 7.89

and 10.3 %, respectively.
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2.3.6. Statistical Analyses

For statistical analyses, data for P, concentrations and induced CL diameter among hCG-
CONT and hCG-LUT groups were normalized such that the d of induced ovulation
(disappearance of large follicle) was defined as d 1. By this transformation, the development and
function of spontaneous and hCG-induced CL of similar age could be compared for all
treatments. Thus, d 1 of the induced CL (d 9 of the estrous cycle) among hCG-CONT and hCG-
LUT groups was compared with d 1 of the spontaneous CL among CONT cows. Spontaneous
CL were compared only on nonnormalized data.

Data for CL diameter and progesterone concentration were analyzed as a split-plot
experimental design with repeated measures. The model used to analyze these data included the
following effects: treatment, days after estrus, cows nested within treatment, and interaction of
treatment by d after estrus. The effect of cows nested within treatment was used as the error term
to test the main effect treatment. When main effects were significantly different using the General
Linear Models (GLM) of the Statistical Analysis System (SAS), the respective treatment means
were compared using least squares ANOVA. The data for inter-estrus interval were compared
using contingency tables in chi-square ()*). Unless stated otherwise, all data are presented as least
square means (£ SEM). The same statistical models and software were used to analyze data for
P, and CL for the nonnormalized (normal estrous cycle) data. Also, unless stated otherwise, all

statistical analyses in the text refers to nonnormalized data.
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24. RESULTS

2.4.1. Effect Of hCG On Dominant Follicles

Administration of hCG on d 7 resulted in the ovulation of large follicles (diameter = 20.0
+ 0.7 mm) in all cows in the hCG-LUT group. Ultrasound scanning conducted on d 9 after estrus
(2 d after the hCG injection) revealed that all cows in the hCG-LUT group had two CL each, one
having been induced by hCG. Similarly, in all but one cow in the hCG-CONT group, the large
follicle (diameter = 21.0 + 0.8 mm) that was present at the time of injection of hCG ovulated.
One cow in the hCG-CONT group had four CL, two being induced by hCG. Among cows in the

CONT group, none had spontaneous twin ovulations.

2.4.2. Effect Of hCG On Spontaneous CL

Treatment with hCG did not increase (P > 0.05) the diameter of spontaneous CL which
were present at the time of treatment (Figure 2.1). The diameter of CL showed a significant (P
< 0.01) increase over time and no interaction of treatment by time (P > 0.05) was detected. The
diameter of spontaneous CL among CONT, hCG-CONT and hCG-LUT groups during the first
12 d of the estrous cycle (i.e. prior to /uteectomy) showed no significant (P > 0.05) differences
among treatment groups. Similarly, the diameter of spontaneous CL among CONT and hCG-

CONT groups of cows did not differ (P > 0.05) during the experimental period.
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2.4.3. Development Of Induced (Accessory) CL

The emergence and development of spontaneous CL during the treatment cycle among
CONT and of induced CL among hCG-CONT and hCG-LUT groups are shown in Figure 2.2a
as well as in Plate 2. Also presented in Figure 2.2b are the same profiles, but normalized with
respect to the d of spontaneous or induced ovulation. Accessory CL induced by hCG given on
d 7 were detectable starting on d 9 (d 1 following induced ovulation) and were distinguishable
from spontaneous CL by their relatively smaller diameter and reduced echogenicity at this stage
of development. Spontaneous CL were characterized by a biphasic pattern of development during
the first 15 d following formation and grew at an increasing rate of growth from d 1, when they
measured 17.4 + 1.5 mm, to reach a point of reduced rate of growth starting on d 6 (31.9 + 1.8
mm). Minimal growth in diameter occurred between d 7 and 14 inclusive (32.6 £ 1.4 to 349
1.6 mm, respectively). The emergence and growth of hCG-induced CL were similar to that of
spontaneous CL during the first 6 d following induction of ovulation (Figure 2.2b). Induced CL
among hCG-CONT and hCG-LUT groups grew from 19.4 + 34 and 168 £+ 1.2 mmond 1 to
24.0 +1.1 and 27.8 + 1.4 mm on d 6, respectively. Moderate induced CL growth was exhibited
from d 7 to 9 among cows in hCG-CONT and hCG-LUT groups. Corresponding values during
this period were 25.0 + 1.5 and 26.3 + 1.0 mm to 24.8 + 1.0 and 28.2 + 1.4 mm, among cows
in hCG-CONT and hCG-LUT groups, respectively. After this time, all hCG-induced CL
regressed.

The surgical removal of the spontaneous CL (29.7 + 0.4 mm) appeared (P > 0.05) to
facilitate the continued growth, albeit brief, of hCG-induced CL among cows in the hCG-LUT
group (22.5 £ 0.4 mm). The corresponding average diameter of the CL among cows in the hCG-
CONT group was 21.6 + 0.5 mm. A significant (P < 0.01) interaction of time by treatment was

detected.
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Spontaneous CL among CONT cows were significantly larger (P < 0.01) than induced CL
among cows in hCG-CONT and hCG-LUT groups of cows and this difference was mainly
between d 9 to 14 following ovulation. During this period, induced CL among cows in hCG-

CONT and hCG-LUT groups were similar (> 0.05).

2.4.4. Progesterone Concentrations In Plasma

Concentrations of P, increased steadily from d 0 to 7 in all treatment groups (Figure 2.3a).
Analysis of the nonnormalized P, data revealed a significant (P < 0.01) interaction of time by
treatment. However, profiles of P, concentrations were similar in all treatment groups until d 12.
Following luteectomy, P, concentrations dropped (P < 0.01) from 8.1 + 1.3 ng/mL t0 2.6 + 1.5
ng/mL on d 13 among cows of the hCG-LUT group. Corresponding values for cows in the
CONT and hCG-CONT groups were 5.7 £ 1.1 and 5.8 + 0.5 to 6.7 + 1.4 and 5.1 £ 0.5 ng/mL
on d 12 and 13, respectively. Concentrations of P, in plasma remained high until d 18 among
cows in the CONT group (> 5.5 £+ 2.0 ng/mL) or d 17 among cows in the hCG-CONT group (>
4.5 = 1.8 ng/mL) and typically declined thereafter in both treatment groups. However, among
cows in the hCG-LUT group, P, concentrations increased from 1.1 + 0.9 ng/mL on d 14 and
attained peak values (3.1 + 0.9 ng/mL) on d 18, and P, concentrations in plasma declined
thereafter. Corresponding values for cows in the hCG-CONT and CONT groups during the same
period were 5.8 & 0.8 and 4.2 £ 0.8 ng/mL, and 4.5 + 0.8 and 5.5 + 0.8 ng/mL, respectively.

When data for P, were normalized (Figure 2.3b) such that d 1 of the natural cycle among
CONT cows was compared with d 9 among cows in the hCG-CONT and hCG-LUT groups,
concentrations of P, were much higher (P < 0.01) among cows in the hCG-CONT and hCG-LUT
groups between d 1 and 4. Starting at d 5, however, P, concentrations dropped significantly (P
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< 0.01) among cows in the hCG-LUT group. Although the interaction between time and treatment
was significant (P < 0.01), P, concentrations clearly were much lower (P < 0.01) among cows
in the hCG-LUT group than those in the CONT group between d 7 and 11, inclusive, following
ovulation (spontaneous or induced). Concentrations of P, declined after this period among cows

in the hCG-CONT and hCG-LUT groups

2.4.5. The Functional And Structural Regression Of The CL

Regression of the CL in all treatment groups was defined as having started (onset) when
the decrease in diameter, on a given d, was followed by two consecutive d showing a similar
trend. Similarly, this process was considered to be complete when the decline in diameter
(structural regression) ceased and was more often associated with concentrations of P, < 0.05
ng/mL. In cows in the CONT group, the onset of structural regression of the CL was detected
on d 18.9 + 0.6 after estrus. The hCG-induced CL among hCG-LUT group were regressing by
d 17.7 + 0.6 after estrus. Among cows in the hCG-CONT group, for which the spontaneous CL
were left in situ until the end of the cycle, induced and spontaneous CL were regressing by d
18.2 £ 1.0 and 18.2 % 0.6 d after estrus, respectively. Luteal regression was completed by d 22.1
+ .07, 21.6 £ 0.9 and 21.5 + 0.6 in cows in the CONT, hCG-CONT and hCG-LUT groups,
respectively. The spontaneous CL among cows in the hCG-CONT group were completely
regressed by d 21.3 + 1.0 d after estrus. Time to the onset and completion of luteal (structural)
regression was not significantly different (P > 0.05) among treatment groups.

The onset of functional regression among cows in the CONT group was evident by d 18.0
* 0.4 after estrus. Corresponding values for the onset of functional regression among cows in the
hCG-CONT and hCG-LUT groups were 17.3 + 0.9 and 17.8 £ 0.6 d after estrus, respectively.

26



Although cows in the CONT group exhibited behavioral signs of estrus by d 21.4 + 0.3, those
in the hCG-CONT and hCG-LUT groups were observed in estrus on d 21.7 + 0.8 and 21.0 + 1.0,
respectively, after the initial estrus at the beginning of the experiment. Analysis of the data on
the onset and completion of functional regression among the treatment groups revealed no

significant (P > 0.05) differences.

25. DISCUSSION

Clearly, CL induced by hCG given on d 7 of the estrous cycle are functional but appear
not only to be smaller, but also seem to secrete less P, than spontaneously developed CL of
similar age. Such a finding is in contrast with results reported by Rusbridge et al. (1992), who
found no difference in the P, content of CL induced by GnRH administered on d 6 of the estrous
cycle. The small size and subnormal function of hCG-induced CL could be attributed to an
inadequate development of preovulatory follicles (diZerega and Hodgen, 1981; Ireland and Roche,
1983). Final maturation and development of follicles occurs during the follicular phase, a period
that is characterized by low P, and increasing concentrations of estradiol (Ireland and Roche,
1983). This period is also characterized by a rise in concentration of FSH (d 17 to 19) and LH
(after d 19) occurring several d before the LH surge. The increase in systemic concentrations of
the gonadotropins is a phenomenon that may play an important role in the growth and
differentiation of a preovulatory follicle (Ireland and Roche, 1983). Because none of these events
has been described in cows treated with hCG or GnRH, the lack of a transient increase in
gonadotropins immediately preceding ovulation could explain the smaller diameter among hCG-
induced CL compared with spontaneous CL of similar age. Available data seem to suggest a need
for the removal of high concentrations of P, in the circulatory system and an increase in
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gonadotropin following luteolysis for normal follicular development to ensue. This hypothesis is
supported by evidence showing that ovulation of first wave dominant follicles in heifers or cows
after administration of PGF,, early in the luteal phase (d 5 to 8) results in the formation of a CL
of normal lifespan and function (Savio et al., 1990).

Because a CL is only a continuation of follicle development, the subnormal function of
hCG-induced CL may be attributed to the influence of hCG on the newly developing luteal
tissue. Evidence indicates that hCG influences the relative proportions of steroidogenic luteal cells
constituting the CL (Farin et al., 1988; Wiesak, 1989). In studies conducted in sheep (Farin ez
al., 1988) and in pigs (Wiesak, 1989), hCG increased the number of large luteal cells and
concurrently reduced the number of small luteal cells. Because small luteal cells possess the
majority of LH/hCG receptc;rs and are more responsive to luteotropic stimuli (Rodgers and
O'Shea, 1982), reductions in the number of small luteal cells could explain the subnormal
function of hCG-induced CL in the present study. Although unverified, reductions in small luteal
cells lend the CL to diminished responsiveness to luteotropic stimulation in hCG-induced CL.
The subnormal function in hCG-induced CL in the present experiment might also be due to the
heterologous desensitization of the LH/hCG-stimulated adenylate cyclase activity (Jena and
Abramowitz, 1989).

In the present study, hCG-induced CL also exhibited a compromised (shorter) lifespan,
lasting about 11 to 13 d (regression occurred approximately on d 20 to 23). The hCG- induced
CL were thus similar to the short-lived CL described in the first ovulatory estrus in prepubertal
heifers (Berardinelli et al., 1979), postpartum cows (Corah et al., 1974), to the CL forming after
early weaning in cattle (Odde et al., 1980), or to the CL induced during early postpartum using
GnRH (Lishman et al., 1979) or hCG (Pratt et al., 1982). An explanation for the phenomenon
observed in the current study might be the increase in large luteal cells (Farin et al., 1988;
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Wiesak, 1989) which possess the high affinity receptors to the luteolysin PGF,, (Fitz et dl.,
1982). Other researchers have presented evidence in vivo (Howard and Britt, 1990;
Rajamahendran and Calder, 1993) and in vitro (Rusbridge et al., 1992) suggesting that hCG- or
GnRH-induced CL have a luteolytic mechanism capable of responding to a luteolysin when
spontaneously derived CL do not respond.

Furthermore, in previous experiments (Rajamahendran and Sianangama, 1992), we
demonstrated that accessory (induced) CL, developed similarly, persisted at least until d 80 of
pregnancy, when the release of the uterine luteolytic mechanism was suppressed by the
establishment of pregnancy in fertile insemination. Collectively, the present and previous findings
suggest a role for a uterine luteolytic mechanism as a contributing factor in the subnormal

function and early demise of hCG-induced CL (see review by Hunter, (1991)).

2.6. CONCLUSIONS

Luteal structures induced by hCG given on d 7 of the cycle are smaller and are associated
with lower systemic P, concentrations than spontaneously derived CL of similar age. Such
subnormal function may be attributed to preovulatory and postovulatory causes. Questions
regarding the contribution of postovulatory causes of the described subnormal luteal function

should be addressed. These include the contribution of the luetolysin PGF,,.
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Figure 2.1. Least square means (+ SEM) of spontaneous corpus luteum (CL) diameter among
control ((J) and cows treated with human chorionic gonadotropin (hCG) on d 7 and i) allowed

to carry the spontaneous CL for the duration of the estrous cycle (Q), or ii) had the spontaneous
CL removed on d 12 of the estrous cycle (H).
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Figure 2.2. a) Least square means (= SEM) of spontaneous CL diameter among control (0) and
induced CL diameter in cows treated with human chorionic gonadotropin (hCG) on d 7 followed
by removal of the spontaneous CL on d 12 of the estrous cycle (M) or allowed to carry the
spontaneous CL for the duration of the estrous cycle (¢). b) Least square means (+ SEM) of CL
diameter when normalized to the d of ovulation (spontaneous or induced) such that, among hCG-
treated cows, d 9 of the estrous cycle = d 1 of the normal (spontaneous) cycle among cows in
the CONT group.
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Figure 2.3. a) Least square means (+ SEM) of progesterone (P,) concentrations in control cows
(O) and in cows treated with human chorionic gonadotropin (hCG) on d 7 and either allowed to
carry the spontaneous corpus luteum (CL) for the duration of the cycle (¢) or removal of the
spontaneous CL on d 12 of the cycle (l). b) Least square means (+ SEM) of plasma
progesterone when normalized to the d of ovulation (spontaneous or induced) such that, among
hCG-treated cows, d 9 of the estrous cycle = d 1 of the normal (spontaneous) cycle among cows
in the CONT group.
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Plate 2.1. Ultrasound images of the left A) and right B) ovaries in a cow treated with human
chorionic gonadotropin (hCG) on d 7 after estrus. The dominant follicle (C) present on d 7
ovulated by d 9 on which d the corpus haemorragicum was visible (D). Subordinate follicles (E),
which were present when hCG was given, resumed growth following ovulation of the dominant

follicle. The spontaneous CL is visible on the right ovary until d 12 (F) when luteectomy was
conducted.
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Plate 2.2. Ultrasound images of the left A) and right B) ovaries in a cow treated with human
chorionic gonadotropin (hCG) on d 7 after estrus. Note the site of the enucleated spontaneous CL
is identifiable on d 13 (**). The hCG-induced CL (G) was completely regressed by d 19 when
a fresh pool of follicles (H) could be identified on the left ovary. Notice the continued growth
of the first-wave subordinate follicle until its ovulation on d 20 (I).
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CHAPTER 3

The Influence of Prostaglandins On The Function Of Corpora Lutea Induced By

Human Chorionic Gonadotropin Given On Day 7 Of The Cycle In Dairy Cattle.

3.1. ABSTRACT

The effects of intrauterine infusions of indomethacin, an inhibitor of prostaglandin
synthase, on the function and lifespan of corpora lutea (CL) induced by human chorionic
gonadotropin (hCG) given on d 7 (estrus = d 0) of the cycle, were examined in 10 cyclic Holstein
cows. Animals were examined by ultrasonography once daily to characterize CL and follicular
dynamics. Blood samples for hormone assays were collected daily between d 9 and 23. In
addition, a second sample was collected from each animal between d 13 and 18. Spontaneous CL
were enucleated following ﬂz;.nk laparotomy on d 12. Starting 24 h after surgical removal of the
spontaneous CL, cows received either indomethacin (40 mg uterine/horn twice a d; INDOMETH,
n = 5) or vehicle (CONTROL, n = 5). There were no differences (P > 0.05) in 13,14 dihydro-15
keto Prostaglandin F,, (PGFM) concentrations between INDOMETH and CONTROL cows.
However, a pulsatile PGFM secretory pattern was abolished in one INDOMETH cow sampled
at 6 h intervals. Although CL development during the study period was different (P < 0.01), no
effect of treatment (P = 0.47) or the interaction between time and treatment (P = 0.96) was
detected. Plasma P, was similar (P = 0.2) between CONTROL and INDOMETH cows. However,
a significant (P = 0.01) treatment by time interaction was detected. Both physiological and
structural regression of CL were similar (P > 0.05) between INDOMETH and CONTROL cows.
In summary, these results provide no evidence to support the hypothesis that PGF,, causes the
subnormal function and compromised lifespan of induced corpora lutea.
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3.2. INTRODUCTION

It has been frequently suggested that inadequate corpus luteum (CL) function may
predispose the demise of many embryos early in gestation (Lamming et al., 1989). Consequently,
such aberrant function has been challenged, inter alia, by gonadotropins given during the luteal
phase to stimulate the function of spontaneous CL. Donaldson and Hansel, (1965) demonstrated
that the lifespan of the CL could be extended and progesterone (P,) concentrations increased with
a single intramuscular injection of luteinizing hormone (LH) given during the luteal phase. Other
workers have shown, also, that human chorionic gonadotropin (hCG), a hormone that not only
shares a common receptor and signal transduction pathway but also mimics the effects of LH
(Lee and Ryan, 1973), could be used to the same end. Wiltbank and co-workers, (1961) extended
CL lifespan with a series of hCG injections given daily between d 14 to 34, inclusive, of the
estrous cycle.

Evidence from studies based on ultrasonography (Rajamahendran and Sianangama, 1992),
laparoscopy (Price and Webb, 1989) and rectal palpation (de Los Santos-Valadez et al., 1982)
or examination of the ovaries in animals delivering by caesarian section at term (Greve and Lehn-
Jensen, 1982), clearly testifies to the induction of ovulation of follicles present at the time of
administering hCG to animals. While investigating the development and functional characteristics
of CL induced by hCG given on d 7 of the estrous cycle in cows, we (Sianangama et al., 1994a)
reported that these structures were smaller, appeared to secrete less P, and were short-lived
compared to spontaneously derived CL of similar age. Howard and Britt, (1990) as well as
Rajamahendran and Calder, (1993) have presented evidence showing that CL induced by hCG
are capable of responding to a luteolytic dose of prostaglandin F,, (PGF,,) at a time when
spontaneously derived CL remain unresponsive. Further, Rusbridge and co-workers, (1992)
reported that CL induced by GnRH given on d 6 contained as much intracellular oxytocin as
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spontaneously derived CL, suggesting that components of the luteolytic mechanism are already
established in these GnRH or hCG induced CL. However, the precise underlying mechanisms
responsible for the subnormal function and shorter lifespan of CL induced by hCG have never
been investigated. Collectively, our data (Sianangama et al., 1994a) and that of others (Howard
and Britt, 1990; Rusbridge et al., 1992; Rajamahendran and Calder, 1993) enable us to propose
that the diminished function and compromised lifespan of CL induced by hCG could be primarily
due to the prostanoid PGF,,.

Indomethacin [1-(p-chlorobenzoyl)-5-methoxy-2-methylindole-3-aceticacid] isaninhibitor
of prostaglandin synthesis (by inhibiting prostaglandin synthase) and has been shown to prevent
estrogen-induced luteal regression in cows (Lewis and Warren, Jr, 1974). Furthermore, several
workers have used indomethacin to either enhance CL function (Troxel et al., 1984) or prevent
normal luteal regression (Lewis and Warren, Jr, 1977) in animals expected to have short luteal
phases. Therefore, the objectives of this experiment were to:

a) use indomethacin to suppress PGF,, production and to examine the consequences of

this on (b) the development, function and lifespan of CL induced by hCG given on d 7

of the estrous cycle.

3.3. MATERIALS AND METHODS

3.3.1. Cows

Ten cyclic and nonlactating Holstein cows, ranging in age from 2% to 5 yrs and which
were approximately 60 to 90 d postpartum, were randomly selected from the dairy herd at the
South Campus Teaching and Research Facility of the University of British Columbia (Vancouver,
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BC, Canada). The experiments were performed between September 1992 and December 1993
when ambient temperature ranged from -5 to 15°C. All cows received a standard dairy mixed
ration consisting of lucerne cubes and barley as well as a Canola-based concentrate mixed in
equal proportions to yield a diet of approximately 16 % CP. The cows were observed for estrus
daily between 0230 and 0530 as well as between 1430 and 1700 h. Additionally, estrus
observation was conducted for approximately 30 min during midmorning by farm technicians

trained in estrus detection.

3.3.2. Treatments
The cows used in this study were selected from the general herd as they came into estrus
(d 0). All cows received the hCG treatment (1000 IU APL®; Ayerst Laboratories, Montreal, PQ,

Canada) as a single intramuscular injection given on d 7 after estrus.

3.3.4. Luteectomy

All cows in the INDOMETH group were exposed to a 12 to 16 h fasting period (starting
on d 11 at 2130 h) prior to surgery. On the d of surgery, the cows were administered with
Lidocaine® HCl2 % (Langfc;rd Inc., Guelph, ON, Canada) to effect a paralumbar block. A flank
incision was made and the spontaneous CL was located. The spontaneous CL was enucleated

using gentle pressure applied to the area immediately surrounding the gland. Care was taken to

ensure bleeding from the site of the enucleated CL had stopped before the flank incision was

sutured. A single intramuscular injection of antibiotic ﬂithacilin®; Rogar/STB Inc., London, ON,
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Canada) was administered immediately following surgery. Cows were then moved and housed
in individual recovery free stalls, where they remained under continuous observation for the first
12 h. They were kept in these individual free stalls for < 4 d. Thereafter, the cows were returned

to the general herd in the closed free-stall barns.

3.3.5. Ultrasonograhic Examination

A real-time linear array ultrasound scanning machine (Ultrasound scanner; model LS 300;
Tokyo Keiki Company Limited, Tokyo, Japan), equipped with a 5-MHz transrectal transducer,
was used to examine the ovaries as previously described (Rajamahendran and Taylor, 1990).
Ultrasound imaging was conducted daily, starting at observed estrus until the subsequent observed
standing estrus and ovulation which signified the end of the treatment cycle. Ovulations induced
by hCG were verified as described previously (Rajamahendran and Sianangama, 1992) and
defined as an acute disappearance of large follicles that were present at the time of administering
hCG and the subsequent emergence of luteal tissue on a site which was previously occupied by
the disappeared follicles. Optimal scan images were frozen, and the diameters of the follicles,
spontaneous and induced (accessory) CL, were determined by measurement of the structures at
their widest poles using a calibrated system of built-in electronic callipers. This system of
callipers allowed for the measurement of structures to the nearest 1 mm. Printed copies of frozen
images were made using a Mitsubitshi Video copy processor (model P60U; Mitsubishi Electric

Sales America Inc., Cypress, CA, USA) connected to the ultrasound machine.
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3.3.6. Blood Sample Collection

Each cow was bled via the coccygeal vein or artery using Vacutainer tubes (Vacutainer
Systems, Becton and Dickinson, Rutherford, NJ, USA) as described under section 2.3.5 once
daily between d 9 and 23, inclusive, or until the next observed estrus and ovulation. In addition,
a second blood sample was collected daily from each cow between d 13 and 18, inclusive. The
two blood samples were colfected approximately 12 h apart. The sampling frequency from one
animal in each treatment group was increased to four samples collected 6 h apart between d 13
and 18, inclusive. Plasma samples were stored frozen at -20°C until required. Progesterone was
determined only in the morning sample from each animal. Concentrations of 13,14 dihydro-15
keto prostaglandin F,, (PGFM), a stable metabolite of PGF,,, were determined in all samples

collected between d 10 and 19, inclusive.

3.3.7. Intrauterine Infusion With Indomethacin

Forty (40) mg of indomethacin (Sigma Chemical Co., St. Louis, MO) was dissolved in
400 pL of acetone and then diluted with 4.6 mL of buffer (0.2M phosphate buffer at pH 7.2) to
bring the total volume to 5 mL, as previously described (Lewis and Warren, Jr, 1977).
Indomethacin (40 mg) was infused twice daily (12 h apart) into each uterine horn (INDOMETH,
n = 5) using an 18G Rusch catheter (Minitube of America, Inc., Madison, WI, USA). The
infusions were conducted for 6 d starting on d 13 (24 h after luteectomy). Control cows received
intrauterine infusion of the indomethacin solvent (acetone) and buffer (CONTROL, n = 5) as
described for the indomethacin-infused cows. Each infusion, in both groups of cows, was
followed by an additional 5 mL of buffer infused into each uterine horn to flush the initial
treatment (indomethacin or acetone + buffer) completely through the Rusch catheter.
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3.3.8. Hormone Analyses
®

A commercially available radioimmunoassay kit (Coat-A-Count-, Progesterone kit,

Diagnostic Products Corporation [DPC] Los Angeles, CA, USA) was used to quantify P, as
described under section 2.3.5: The intra- and interassay coefficients of variation (CV) were 7.89
and 10.3 %, respectively. The kit had a sensitivity of 0.05 ng/mL. Analysis for PGFM
concentrations in individual plasma samples was performed as described in a previous protocol
(Eley et al., 1981) at Dr W. W. Thatcher's Laboratory at the University of Florida. Pooled PGFM
plasma samples were used to calculate inter- and intraassay coefficients of variation (CV). The
intraassay CV for the assays were 7.2 and 7.3 % for low (95.7 pg/mL) and high (260.5 pg/mL)
pool samples, respectively. The interassay CV, for the low and high pools of samples were 1.6

and 8.7 %, respectively. The sensitivity of the assay was 25 pg PGFM/mL plasma.

3.3.9. Statistical Analyses

Duplicate estimates of plasma PGFM concentration were averaged before subjecting the
data to statistical analysis. To reduce heterogeneity of variance, all data were exposed to
logarithmic transformation prior to analysis. However, the data presented herein are not
transformed. Due to the varying frequency of sample collection for PGFM data, the two sampling
periods (morning [AM] and afternoon [PM]) were analyzed separately. Data for CL diameter,
plasma P, (one sample per d) and PGFM concentrations were evaluated using ANOVA as a split-
plot (in time) design for repeated measurements. The following effects were included in the
model, viz: treatment (indomethacin vs acetone + buffer), cows nested within treatment, day of

the cycle (i.e. repeated effect) and the interaction between treatment and day. In all instances,
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cow nested within treatment was used as the error term to test the main effect treatment. All data
analyses were done using the General Linear Models (GLM) option in the Statistical Analysis
System (SAS). Differences between means, where applicable, were ascertained using least squares
analysis in the GLM option of SAS. A statistical probability (P) of equal to or less than 0.05 was
considered significant. Differences between means for all categorical data (Table 3.1 and 3.2)
were ascertained using contingency tables in Chi-square (x?) analysis (GLM., SAS). A pulse was
defined as a single value that was at least two standard deviations greater than the overall mean
of PGFM concentration and ;Lbove the preceding nadir for each sampling period (AM or PM).
The peak was defined as the maximum value of each pulse and was accompanied by at least two
other consecutive decreasing PGFM concentrations. The pulse frequency was the sum of all

pulses occurring during a 24 h period.

34. RESULTS

3.4.1. Effect Of Indomethacin On Plasma PGFM

The effect of intrauterine infusions of indomethacin on systemic PGFM concentrations
(mean + SEM) in samples collected in the morning are presented in Figure 3.1a. There were no
significant differences (P = 0.31) between indomethacin treated and control animals in PGFM
concentrations in samples collected in the morning. Similarly, time (P = 0.22) and the interaction
(P = 0.93) between d and treatment were also not significantly different.

Analysis of samples collected in the afternoon detected a slight but nonsignificant
difference (P = 0.15; Figure 3.1b) between indomethacin infused animals compared to the control
contemporaries. No differences were detected in PGFM concentrations during the period of
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experimentation (P = 0.25) and the interaction between d and treatment was also not different (P
= 0.41). In the two animals from which samples were collected every 6 h, the control cow
(Figure 3.2a) showed several pulses of PGFM, the last one being at luteolytic concentrations.
These pulses were abolished in the indomethacin-infused cow which exhibited only two pulses
at luteolysis (Figure 3.2a). Interestingly, in another cow, the first PGFM peak occurred prior to
the initiation of indomethacin infusions. This PGFM peak was associated with regression of CL
and decrease in P, concentrations before d 17 of the cycle (Figure 3.2b).

An examination of the.following characteristics (Table 3.1) found no significant (P > 0.05)
difference between the two treatment groups, viz: the number of PGFM pulses occurring between
d 11 to 18, inclusive, the PGFM pulse amplitude during d 11 to 12 (pre-infusion phase), d 13 to
18 (infusion phase), as well as the lowest concentrations of PGFM throughout the period of

experimentation.

3.4.2. Effect Of Indomethacin On CL Growth

Profiles of CL diameter among control cows and cows infused with indomethacin are
presented in Figure 3.3a. The intrauterine infusion with indomethacin did not (P = 0.47) enhance
the emergence, growth or continued development of CL induced by hCG given on d 7. There
was, however, a significant effect of d (P < 0.01). This effect appeared to be due to the delay in
the initiation of luteal structural regression among cows infused with indomethacin. The
interaction between treatment (indomethacin vs control) and d was not significant (P = 0.96),
presumably due to the consistency in responsiveness to the effect of PGF,, on CL development

among cows which were infused with indomethacin.
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3.4.3. Effect Of Indomethacin On Plasma Progesterone

The profiles of systemic P, concentrations among control cows and cows that received
intrauterine infusion with indomethacin are presented in Figure 3.3b. Profiles of P, concentrations
were similar (P = 0.2) between controls and cows infused with indomethacin. The increases in
P, concentrations during the experimental period were significant (P < 0.01). However, a
significant (P = 0.01) treatment by d interaction was also detected. This could have been due to
the slight extension in the dur.ation of P, secretion as well as higher P, amplitude attained among
cows infused with indomethacin compared to control cows (Figure 3.3b). The average peak
concentrations of P, (Table 3.1) attained during the period of experimentation were not different

(P > 0.05) between the two treatment groups.

3.4.4. Effect Of Indomethacin On Cycle Length

The initiation of physiological regression as well as the structural regression of the CL
were delayed among cows infused with indomethacin, but not significantly different (P > 0.05)
from that observed in control cows (Table 3.2). A similar trend (P > 0.05) was observed for the

completion of both structural and physiological regression in the two treatment groups.

3.5. DISCUSSION

The infusion with indomethacin was expected to extend the lifespan and, consequently,
the function of hCG-induced CL. The finding that the hCG-induced CL regressed despite the
infusion of indomethacin was both surprising and unexpected. Although there was considerable
variability in PGFM concentrations among cows, the intrauterine infusions of indomethacin failed
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to suppress basal PGFM secretion. Concentrations of PGFM in the current experiment were lower
among animals infused with indomethacin but not significantly different from those observed in
control animals. Such a finding is in conformity with results reported by Troxel et al. (1984). In
the second experiment of their study, both control and indomethacin-infused beef cows exhibited
concomitant increases in systemic PGFM concentrations.

Although such a finding might be suggestive of lack of any inhibitory effect of
indomethacin on PGF,, secretion, evidence from two cows in our study which were bled at 6-h
intervals shows that the treatment did abolish the pulsatile secretory pattern of PGFM occurring
during the period of indomethacin infusion. Based on this observation, it is probable, therefore,
that the lack of detecting significant differences in PGFM concentrations could have been due
to several factors. Among these could be an inadequate sampling frequency employed in our
study, as suggested by the profiles of PGFM in the more frequently sampled cow compared to
the rest of the cows. Results previously reported by others (Kindahl et al., 1981; Thatcher et al.,
1984) tend to support this inference. It is noteworthy, however, that in these studies, it was
imperative to detect acute resi)onsiveness of the uterine endometrium, via its secretion of PGF,,,
to exogenous challenge with estradiol-17B (E,). Interestingly, evidence from previous studies
wherein samples were collected at 3-d (Troxel et al., 1984) or daily intervals (Lewis and Warren,
Jr, 1977) tends to argue against an absolute requirement for a high sampling frequency in order
to detect significant differences in PGFM profiles.

A second possibility might be that the dose of indomethacin infused, the timing of the
infusion, or both, were inadequate to suppress uterine PGF,, secretion as has been previously
suggested (Troxel et al, 1984). It is plausible that this inadequacy might be due to the
suppression of only endometrial but not myometrial PGF,, secretion. Differentially regulated
PGF,, secretory profiles have been described in cattle. While both endometrium and myometrium
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contribute towards PGF,, concentrations, only the former is reported to be under oxytocin
regulation (Fuchs ez al., 1990). Furthermore, the contribution of the CL towards total PGF,,
concentration cannot be ruled out. Milvae and Hansel, (1983) suggested a role for locally
produced PGF,, in the regression of the CL. The precise mechanism by which indomethacin is
modulating PGF,,, secretion remains unclear. Based on profiles from the cows sampled at 6-h
intervals, it is, nonetheless, safe to assume that the change in the secretory pattern of PGFM was
adequate in effecting our intended objective, namely suppressing (or altering) PGF,, secretion.

The indomethacin-induced alteration in the PGF,, secretion delayed the onset as well as
completion of luteal regression. This effect of indomethacin on PGF,, secretion was supported
by the extended P, secretory profiles observed in cows infused with indomethacin. Although
modest average peak P, concentrations were observed, some cows had profiles characteristic of
d 7 (growing; ~7 ng/mL) CL suggesting that induced CL may be capable of secreting more P, than
is observed in the average cow with hCG-induced CL. It is presently not clear why the induced
CL appear to secrete less P, compared to their spontaneously derived contemporaries. Such a
finding is consistent with our results reported recently (Sianangama et al., 1994a). In this finding,
our results differ from the in vitro data reported by Rusbridge et al. (1992) who found that CL
derived in a similar manner but using GnRH, contained nearly equal amounts of luteal P, as did
spontaneously derived CL.

The apparent inadequacy in secreting P, among hCG-induced CL could be due to a
number of reasons. We have utilized hCG to induce the ovulation of large follicles present during
the luteal phase (Rajamahendran and Sianangama, 1992). 1t is likely that the long half-life, and
therefore long occupancy of the LH/hCG receptor, and the slow dissociation of ligand from the
hormone-receptor complex (Lee and Ryan, 1973) causes refractoriness to further gonadotropic
stimulation. Furthermore, the single ovulatory dose of hCG used to induce ovulations might
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potentially cause the inactivation of the gonadotropin-activated adenylate cyclase. The inactivation
of adenylate cyclase has been reported in rats (Kirchick et al., 1983) and rabbits (Kirchick and
Birnbaumer, 1981) following use of gonadotropins. This inference is supported by the finding in
this study that the size and lifespan were maintained and not different, respectively, from those
of spontaneously derived CI; (Sianangama et al.,, 1994a) as well as results from the current
experiment wherein use of indomethacin failed to improve the function of the hCG-induced CL.

Both the subnormal function and our finding that hCG-induced CL are also short lived
might be indicative of inadequacies in the development of the ovulated follicle during the peri-
ovulatory period (Ireland and Roche, 1983). Additionally, it is plausible that hCG-induced CL
exhibit a shorter than normal lifespan (~ 11-13 d) due to alterations in luteal cell subpopulations.
Such alterations have been reported to include a reduction in the number of small luteal cells and
a concurrent increase in the number of large luteal cells (Farin er al., 1988; Wiesak, 1989).
Increases in the number of large luteal cells could predispose an increased sensitivity to the

luteolysin PGF,, (Niswender et al., 1985).

3.6. CONCLUSIONS

In summary, there is no evidence in this study to support the hypothesis that the luteolysin
PGF,, causes the subnormal function and compromised lifespan exhibited by hCG-induced CL.
These inadequacies may be due to factors intrinsic to the hCG-induced CL, thus in vitro

investigations need to be conducted in order to elucidate the steroidogenic characteristics of

induced CL.
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Figure 3.1. Least square means of 13, 14-dihyro-15-keto-prostaglandin F,, (PGFM) concentrations
in samples collected either in the a) morning or b) afternoon from cows infused with either

indomethacin (4) or vehicle (A) between d 13 and 18, inclusive. The infusions were conducted
twice daily, 12 h apart. See Materials and Methods for sampling schedule.
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Figure 3.2. Individual profiles of plasma PGFM concentrations a) of two cows infused either with
indomethacin (a) or vehicle (A) at 12 h interval between d 13 to 18, inclusive. Note the absence
of pulsatility in the pattern of PGFM secretion in the indomethacin infused cow () compared
to the cow infused with vehicle only (A). b) In one cow infused with indomethacin, PGFM
peaks were observed prior to or coincident with the first indomethacin infusion and these were
associated with regression of the CL and concomitant drop in progesterone concentrations.
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Table 3.1. Effects of intrauterine infusion with indomethacin on the number of pulses, peak pulse
amplitude prior to (d 11-12), and during (d 13-18) infusion, and the lowest (basal) PGFM
concentrations as well as the highest progesterone concentrations attained during the period of

infusion.
Treatment?
Parameter INDOMETHACIN CONTROL
Number of cows 5 5
Number of pulses 3.60 £ 0.51 4.75 + 0.63
(d 13-18)
PGFM pulse amplitude
(pg/mL)
d 11-12 110.02 + 47.76 54.65 + 15.57
d 13-18 87.80 + 18.65 146.85 + 51.69
basal level 32.38 + 4.13 46.43 + 12.59
Peak progesterone 3.91 + 1.08 3.48 + 0.58

(ng/mL)

“For all parameters examined, indomethacin vs control P > 0.05
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Table 3.2. Effects of intrauterine infusion with indomethacin on the structural and physiological
regression of the hCG-induced corpora lutea (CL) in dairy cows.

Treatment
Parameter INDOMETH CONTROL

Number of cows 5 S
Physiological Regression*

Initiation® (d) 17.0 £ 0.9 15.8 £ 0.9

completionY (d) 21.8 £ 1.5 18.8 + 1.5
Structural regression*

Initiation* (d) 17.3 + 0.8 15.5 £ 0.8

completion” (d) 22.0 + 1.4 19.0 =+ 1.4

’P = 0.38 for indomethacin vs control cows

YP = 0.2 for indomethacin vs control cows

*P = 0.15 for indomethacin vs control cows

*P = 0.17 for indomethacin vs control cows

*Regression with respect to the previous estrus at the beginning of the experiment.
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CHAPTER 4

The Morphometry And Function Of Corpora Lutea Induced By Human Chorionic

Gonadotropin Given On Day 7 Of The Cycle In Dairy Catde.

4.1. ABSTRACT

The cause of the subnormal function and shortened lifespan of human chorionic
gonadotropin (hCG)-induced corpora lutea (CL) were examined in this study. Cows were injected
with hCG on d 7 after estrus (INDUCED, n = 6) or served as control (SPONT, n =6). On d 7
after induced or spontaneous ovulation, CL were surgically removed and processed for
morphometric evaluation or cell culture. Mixed luteal cells were cultured in the presence of hCG
(0 - 5 TU/mL) for 12 or 24 h. Additionally, the maximum stimulatory dose of hCG (1 IU/mL)
was used in cultures with forskolin (0 - 1 mM), dbcAMP (0 - 2 mM), cholesterol (0 - 1.25 mM)
or pregnenolone (0 - 2.5 mM) for 12 h. The weight of INDUCED (4.21 + 0.61 g) and SPONT
CL (4.27 + 0.86 g) were similar. Baseline progesterone (P,) production was higher (P < 0.01)
among INDUCED (280.3 + 26 ng/mL) compared to SPONT CL (90.6 + 25.8 ng/mL). However,
significant CL-type by dose (P < 0.01) and CL-type by period of incubation (P < 0.01)
interactions were detected. Progesterone production was dose dependently increased (P < 0.13)
by forskolin among INDUCED but reduced among SPONT CL. Similarly, significant (P < 0.01)
CL-type by dose interactions were detected when dbcAMP was used. Cholesterol and
pregnenolone influenced (P < 0.01) P, production among INDUCED and SPONT CL in a dose-
dependent manner. A significantly higher (P < 0.01) number of large luteal cells (LLC) and a
concomitant reduction in the number of small luteal cells (SLC) were observed among INDUCED
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CL. These results demonstrate that hCG-induced CL secrete more P, in vitro than do
spontaneously derived CL of similar age and are associated with an increased frequency of LLC.
Additionally, the data suggest an adenylate cyclase-receptor complex mediated locale for the in

vivo subnormal function reported previously.

42. INTRODUCTION

Previous studies have provided evidence showing that follicular growth during each
estrous cycle in cattle occurs in a wave-like pattern (Rajakoski, 1960). Use of ultrasonography
confirmed the wave-like pattern and characterized either two or three successive waves of
follicular growth (Rajamahendran and Walton, 1988; Savio ef al., 1988; Sirois and Fortune,
1988). Typically, a wave of follicular growth is characterized by the emergence and growth of
a pool of small follicles. One or two of these follicles continue growing while the rest undergo
the process of atresia. The largest (dominant) follicle reaches its maximum size (diameter)
between d 6-8 and maintains this size until the onset of atresia during midcycle (Ginther et al.,
1989). That these follicles are capable of ovulating in response to exogenous human chorionic
gonadotropin (hCG) has been a subject of a number of investigations (Price and Webb, 1989;
Walton et al, 1989; Rajamahendran and Sianangama, 1992). Collectively, these results
demonstrate the potential use of hCG to ovulate dominant follicles present during the luteal
phase. Our own data indicate that maximal ovulations occur when hCG is given on d 7 after
breeding (Rajamahendran and Sianangama, 1992). Such a technique could be a viable tool for
supplementing progesterone (P,) concentrations and, consequently, increasing pregnancy rates in
cattle (Sianangama and Rajamahendran, 1992).

Indeed, hCG has been used to augment the function of deficient corpora lutea (CL) and
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results in cattle indicate improvements in pregnancy rates in some studies (Wiltbank et al., 1961;
Sianangama and Rajamahendran, 1992,) but not in others (Wagner et al., 1973; de Los Santos-
Valadez ef al., 1982). It has been postulated that the possible mechanisms by which such
increases in pregnancy rates are achieved include the stimulation of the spontaneous CL
(Wiltbank er al., 1961; Donaldson and Hansel, 1965), ovulation of dominant follicles to produce
accessory CL (Price and Webb, 1989; Walton et al., 1990; Rajamahendran and Sianangama,
1992) or both.

The overall effect of either stimulating a spontaneous CL or the development of accessory
CL would be an increase in P, concentrations. However, examination of published reports on
the effect of hCG on P, concentrations reveals considerable variability. While several laboratories
have reported significant increases in P, concentrations (McDermott et al., 1986; Bennett ef al.,
1989; Walton et al., 1990), several other laboratories could not demonstrate a similar effect of
hCG on P, concentrations (de Los Santos-Valadez et al., 1982; Sianangama and Rajamahendran
1992). Furthermore, de Los Santos-Valadez and co-workers, (1982) found no difference in P,
concentrations between animals developing induced CL compared to those failing to do so,
suggesting that either indu(éed CL were non-functional or merely subnormal in function.
Recently, we (Sianangama et al., 1994a) demonstrated that induced CL are functional. This study
also revealed that induced CL are smaller in size and appeared to secrete less P, than spontaneous
CL of similar age.

It is plausible that the observed subnormal function exhibited by hCG-induced CL could
be due to the influence of luteolysin prostaglandin F,, (PGF,,). In a more recent study
(Sianangama et al., 1994b), we found that reducing the concentration of PGF,, or altering the
pattern of PGF,, secretion from the uterus by infusing indomethacin, a prostaglandin synthase
inhibitor, could neither extend the lifespan nor effect any substantial improvement in the
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development and function of hCG-induced CL. Since PGF,, secretion was not completely
eliminated in that study, the teported anomalous function in hCG-induced CL could be due to
either an increased sensitivity to luteolysins or some inherent deficiency. The objective of this
study, therefore, was to use an in-vitro model to establish the morphometry and steroidogenic

characteristics of CL induced by hCG given on d 7 of the cycle.

4.3. MATERIALS AND METHODS

4.3.1. Materials

For cell culture experiments, Dulbecco's modified Eagle's medium (DMEM), Ca**-Mg**-
free Hanks balanced salt soiution (HBSS), fetal bovine serum (FBS), collagenase type IV,
deoxyribonuclease (DNAase), Hepes, L-glutamine, NaHCO,, antibiotic solution (Pen-Strep®)
comprising Penicillin (100 IU/mL) and Streptomycin (100 pg/mL), bovine serum albumin (BSA,
fraction V), N°2'-dibutryl 3':5'-cyclic adenosinemonophosphate (dbcAMP), forskolin, 25-
hydroxycholestrol and S-pregnen-3B-ol-20-one (pregenenolone), were purchased from Sigma
Chemical Company (St. Louis, MO). Human chorionic gonadotropin (hCG, APL) was purchased

from Ayerst (Montreal, PQ, Canada). Culture plates (3 mL, 24-well) were purchased from Falcon

Plastics (Los Angeles, CA). Ethacilin® was bought from Rogar/STB Inc.,, (London, Ont,
Canada). Lidocaine® HCI 2% was purchased from Langford Inc., (Guelph, Ont, Canada). All

solutions were filter sterilized immediately before use for in cell culture experiments.
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4.3.2. Cows

Twelve lactating and regularly cycling cows (2% to 5 yrs old), approximately 60 to 90
d postpartum, were randomly selected from the dairy herd at the South Campus Teaching and
Research Facility of the University of British Columbia. All animals received a standard dairy
mixed ration consisting of lucerne cubes and barley, and a Canola based concentrate mixed in
equal proportions to yield a diet of approximately 16 % crude protein. Rations were adjusted to
meet requirements for individual animals according to production level. The cows were milked
twice daily, between 0230 and 0530 and between 1430 and 1730 h. Estrus observations were

conducted at milking and for about 30 min during mid-moming by experienced farm technicians.

4.3.3. Treatments And Surgery

At standing estrus (d 0), animals were assigned at random to serve either as untreated
controls (SPONT, n = 6) or to receive an intramuscular (i.m.) injection of hCG (1000 IU, APL®,
INDUCED, n = 6) on d 7 after estrus. Ovulations were confirmed as previously described
(Rajamahendran and Sianangama, 1992). Invariably, ovulations had occurred between 36 - 48 h
after administration of hCG. All animals were exposed to a 12 to 16 h fasting period (starting
on d 6 (CONT) or 14 (INDUCED) at 2130 h) before surgery. On d 7 (CONT) or 15 (INDUCED)
of the estrous cycle, animals were anaesthetized using Lidocaine® (2 % HCI) to effect a
paralumbar block. A flank incision was made and the CL located. The CL was enucleated using

gentle pressure applied to the area surrounding the gland. Care was taken to ensure that bleeding

from the site of the enucleated CL had stopped before suturing the flank incision. A single i.m.

injection of antibiotic (30 ml; Ethacilin®) was administered immediately after surgery. Animals
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were then moved to individual recovery stalls where they remained under observation during the
first 12 h. They were housed in these stalls for at least 3 d. Thereafter, the cows were returned

to the general herd in a closed free-stall barn.

4.3.4. Dissociation Of Luteal Cells

Enucleated CL were transported to the laboratory within 5 min of collection in HBSS
supplemented with antibiotics (HBSS-AB; 100 IU/mL penicillin and 100 jg/mL streptomycin)
and Hepes (20 mM), NaHCO, (0.35g/L), and BSA (1 %). In the lab, CL were washed twice in
fresh HBSS-AB, trimmed of' the connective tissue capsule, weighed and then divided into 3 g
portions. Each 3 g portion of luteal tissue was minced into small (< 2 mm) pieces using a pair
of scissors, and then rinsed in HBSS-AB at least twice to remove erythrocytes and remnant
connective tissue. Each minced portion was transferred to a 25 ml Erlenmeyer flask, gassed with
a5 % CO,-balanced air, tightly capped and then placed in a humid incubator (also at 5 % CO,).
A luteal cell suspension was prepared by three sequential dissociations of the minced tissue. Each
dissociation procedure was conducted for approximately 45 min at 37°C in 10 ml dissociation
mixture containing collagenase (0.25 %) and DNAase (0.02 %) dissolved in HBSS supplemented
with BSA (1 %).

Liberated cells were filtered through a 100 ym wire sieve and sterile gauze fitted to a cell
dissociation grinder cup (Sigma Chemical Company, St Louis, MO), washed thrice in HBSS-AB
and stored in 1 ml of DMEM culture media on ice until required for further use. After the third
dissociation, the cells were pooled and filtered through a sterile 80-ym nylon mesh and 100 ym
wire sieve fitted to the tissue grinder cup. The cell suspension was centrifuged at 2-300 x g for
5 min and the pellet resuspended in culture media. The culture medium (DMEM) was
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supplemented with antibiotics (50 IU/mL penicillin and 50 yg/mL streptomycin), L-glutamine
(0.584 g/L), NaHCO, (0.35 g/L) and fetal calf serum (10 %).

The viability of resuspended cells was estimated using the trypan blue (0.04 %) exclusion
test. The pre- and post-incubation viability estimates ranged from 83 - 90 % and 75 - 84 %,

respectively. The number of luteal cells was estimated using a haemocytometer.

4.3.5. Cell Culture And Treatments

Mixed steroidogenic luteal cells (approx. 8 x 10° to 1 x 10° per cow /well) were plated
in triplicate in 24-well culture plates in 1 mL of incubation medium at 37°C in a humidified
atmosphere with 5 % CO, and 95 % air. Mixed luteal cells were cultured for 12 or 24 h (hCG
experiments). All treatments to the cell cultures were applied at the start of the incubation period.
To investigate the responsiveness of the LH/hCG receptor to further gonadotropic stimulation in
vitro, luteal cells were treated with hCG (hCG; 0 - 5 IU/mL). Forskolin (FORS; 0 - 1 mM) was
used to investigate the physiological status of the adenylate cyclase generating system. Additional
cell culture experiments were conducted using dbcAMP (0 - 2 mM) to determine whether or not
the reported subnormal function was due to inadequate second messenger (cAMP) production.
Also, 25-hydroxycholesterol (CHOLE; 0 - 1.25 mM) and 5-pregnen-3p-o0l-20-one (PREGN; 0 -
2.5 mM) were used in separate cell culture experiments to determine whether the anomaly in P,
production among INDUCED CL was mediated by inadequacies in enzymes involved in the de
novo acquisition of cholesterol (P-450,,) or conversion of pregnenolone to P, (3BHSD/a**
isomerase), respectively. All FORS, cAMP, CHOLE, and PREGN experiments were conducted

in the presence of the maximal stimulatory dose of hCG (1 IU/mL), as ascertained from previous
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experiments, and were allowed to run for 12 h. Concentrations of treatments quoted above were
the final concentration per well containing 1 mL of culture media and cell suspension. After

incubation the media was removed, centrifuged at 1000 x g and the supernatant stored at -20°C

®

until assayed for P, using a solid phase radioimmunoassay kit (Coat-a-Count~, Diagnostics

Products Corporation, Los Angeles, CA).

4.3.6. Morphometric Analyses

A representative section from each CL (approx. 2-3 mm slice) was placed in 10 %
phosphate buffered formalin. The tissues were embedded in paraffin wax, sectioned into thin
slices (~5-6 um) which were stained with haematoxylin and counter-stained with eosin. A video-
active microcomputer planar morphometry system (Kontron, SEM-Image Processing System
[IPS], Kontron Electronics Group, Munich, Germany) was used to determine the relative size
(maximum and minimum diameter) as well as the area of each luteal cell type. This involved
tracing the outline of each cell and the video-active system automatically calculated the cell area
and diameter. Small (10.00-20.00 um) and large (20.01- 65.00 pm) luteal cells were differentiated
from each other based on their morphometric characteristics. Approximately 200 cells were
counted in a total of 10 randomly selected sites on each CL at x 100 objective and oil. Only cells

larger than 10 pm in diameter were included in the data analysis.
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4.3.7. Statistical Analyses

Due to the heterogeneity of variance, P, data were exposed to log transformation prior to
analysis using the General Linear Models (GLM) procedures in the Statistical Analysis System
(SAS, Cary, NC.). The data for P, concentration in the culture medium were analyzed by
ANOVA as a split-plot experimental design and included the following effect, viz; type of CL
(INDUCED vs SPONT), cow nested within treatment, the dose used, and replicate as well as
their higher level interaction terms. For all in vitro experiments with hCG, the model included
the effect of period of incubation (12 vs 24 h). All morphometric data (i.e. cell area, minimum
and maximum diameter of luteal cells) were analyzed by ANOVA after log transformation, to
see if there were any differences between induced and spontaneously formed CL. Where main
effects were indicated to be significantly (P < 0.05) different, appropriate means were compared
using least squares analysis in the GLM procedure. Additionally, categorical data (frequency
distribution of luteal cells) were analyzed using contingency tables in Chi-square (*) under the

PROC Frequency procedure in SAS.

44. RESULTS

There was no difference (P > 0.05) with regard to the weight of INDUCED (4.21 + 0.61
g) compared to SPONT CL (4.27+ 0.86 g). Baseline P, accumulation in culture media was
significantly (P < 0.01, Figure 4.1a) higher among mixed luteal cells from INDUCED compared
to SPONT CL. Incubation of luteal cells for 24 h was associated with a significantly (P < 0.01;
Figure 4.1a) lower P, concentration among SPONT luteal cells compared to either SPONT luteal
cells cultured for 12 h or INDUCED luteal cells cultured for either 12 or 24 h. Treatment with
hCG maximally stimulated P, production by luteal cells from INDUCED CL at a dose of 1.5
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TU/mL for the 12 h incubation period (Figure 4.1b; dose by period P = 0.02), INDUCED luteal
cells cultured for 24 h were maximally stimulated at 0.5 TU hCG/mL of incubation medium
(Figure 4.1c). A dose dependent response (P < 0.01) was observed in both types of CL.
However, a significant (P < 0.01) dose of hCG by type of CL interaction was detected.
Progesterone production was stimulated at lower concentrations of hCG (0.5 - 2 IU/mL) among
INDUCED but not in SPONT CL. Addition of hCG (> 2 IU/mL) in vitro, dose dependently
suppressed P, production among SPONT CL. Similarly among INDUCED CL, a dose dependent
suppression of P, production was observed at concentrations of hCG higher than 2 IU/mL.

Treatment of mixed populations of luteal cells with FORS revealed no difference (P >
0.05) in the responsiveness of either INDUCED and SPONT luteal cells. Increasing the
concentration of FORS did not affect (P > 0.05) the accumulation of P, in the culture medium
from either luteal cell type. However, a significant type of CL by dose of FORS interaction was
detected (P < 0.01 Figure 4.ﬁa). Progesterone production was linearly increased by increasing
doses of FORS among INDUCED CL. Among SPONT CL, a dose dependent suppression of P,
production was observed.

When cells were challenged with dbcAMP, there was no difference (P > 0.05) between
INDUCED and SPONT luteal cells either in their capacity to respond to low concentrations of
the second messenger or to increments in the concentration of dbcAMP. A significant type of CL
by dose of dbcAMP was observed (P < 0.01, Figure 4.2b). Progesterone concentration was
initially suppressed at concentrations of dbcAMP lower than 0.02 mM but was increased at 0.2
mM.

There was no difference (P = 0.09, Figure 4.3a) in the accumulation of P, in media from
INDUCED compared to SPONT CL following use of CHOLE as a substrate for P, synthesis. A
significant dose dependent responsiveness (P = 0.01) was detected. In both types of CL, P,
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production was stimulated at lower (0.0125 mM) but not at higher concentration (0.125 mM) of
CHOLE. Increasing the dose of CHOLE (1.25 mM) stimulated P, production to almost double
the baseline level. Furthermore, treatment of the mixed luteal cells with PREGN caused no
difference (P > 0.05, Figure 4.3b) between INDUCED compared to SPONT luteal cells. However,
a significant (P < 0.01) effect of the dose of PREGN used was detected. In both types of CL, P,
production was significantly increased in comparison to the baseline concentration for all
concentrations of PREGN studied.

When the frequency distribution of luteal cell subpopulations was examined, INDUCED
CL had significantly (P < 0.01, Figure 4.4a, Plate 4.1) more large luteal cells (LLC) than SPONT
CL (52.43 vs 44.89 %). This effect was also associated with a concomitant reduction in the
proportion of small luteal cells (SLC) among INDUCED (47.57 %) compared to SPONT CL
(55.11 %). There were fewer SLC measuring 10 - 15 pm in diameter and more LLC in the 20 -
25 im among INDUCED CL compared to SPONT CL. The average diameter of SLC was 16.56
+0.24 and 16.12 + 0.23 ym among INDUCED and SPONT, respectively. Large LC, on the other
hand, measured 26.69 + 0.23 and 27.13 + 0.25 ym among INDUCED and SPONT CL,
respectively. The average minimum diameter of LLC (16.83 £0.18 vs 17.21  0.20 ym) and SLC
(11.78 £ 0.19 vs 11.29 % 0.19 pm) was similar between INDUCED and SPONT CL, respectively.
There was no difference (P > 0.05; Figure 4.4b) with regard to the area of SLC (186.85 + 8.63
vs 177.13 + 8.48 ym?®) and LLC (438.25 + 8.22 vs 450.39 £ 9.18 jim?) between INDUCED and

SPONT CL, respectively.
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4.5. DISCUSSION

The use of hCG to augment the function of aberrant CL has been shown to consistently
result in the induction of accessory CL (de Los Santos-Valadez et al., 1982; Rajamahendran and
Sianangama, 1992) and to increase the frequency of luteal cells > 20 ym in diameter in
spontaneously derived CL present when hCG was administered (Wiesak, 1989). More often,
however, hCG treatment is also associated with inconsistencies with regard to peripheral
concentrations of P, (de Los Santos-Valadez et al., 1982; Rajamahendran and Sianangama, 1992;
Sianangama and Rajamahendran, 1992). More recent studies suggest that hCG-induced CL might
be inherently subnormal in function (Sianangama et al., 1994a & b).

Morphometric evaluation of cells from spontaneous and hCG-induced CL in this study
provide evidence supporting the postulate that LH induces the differentiation of small into large
luteal cells in spontaneous CL (Donaldson and Hansel, 1965). The results show a bimodal
distribution based on the size of luteal cells. Such a finding is consistent with previous reports
in sheep (O'Shea et al., 1979) but differ from studies recently conducted in cattle by Parkinson
et al. (1994). The distribution into small and large luteal cells, in our study, was evident but more
so only when the size grouping approached very narrow demarcations (categories) especially
close to 20 um. Interestingly, the data of Parkinson et al. (1994) did show a bimodal distribution
but only for cows approximately 19 d into gestation.

The administration of hCG in the current study was associated with a significant increase
in the number of large (> 20 pm) luteal cells as well as a concomitant reduction in the number
of small (< 20 uim) luteal cells. This finding is consistent with available evidence both in pigs
(Wiesak, 1989) and sheep (Farin et al., 1988) following exposure of spontaneous CL to hCG
during the luteal phase. However, the results reported herein are the first to document the increase
in frequency of luteal cells > 20 ym in diameter among CL induced by hCG given during the
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luteal phase, specifically d 7 after estrus in cattle.

The P, values obtained in the current study are consistent with those reported previously
for dispersed luteal cells or 100 mg explants of luteal tissue (Kineman et al., 1987; Fricke et al.,
1993). These results provide evidence that mean basal P, accumulation from mixed luteal cells
was significantly higher among hCG-induced compared to spontaneously derived CL. Such a
finding is in accordance with results reported by Rusbridge ef al. (1994) for gonadotropin
releasing hormone (GnRH)-induced CL of similar age. The data obtained in our current study was
surprising because our recent in vivo data appeared to suggest synthesis and(or) secretory profiles
being typically subnormal among hCG-induced CL (Sianangama et al., 1994a). Hypothesizing
that PGs are, in part, involved in suppressing the function of hCG-induced CL, our attempt at
eliminating the confounding influence of ecosanoids could not improve both the lifespan and
function of hCG-induced CL (Sianangama et al., 1994b) suggesting an intrinsic source for the
subnormal function. It seems reasonable, however, to suggest that ecosanoids, specifically the
luteolysin PGF,,, may have contributed to the observed subnormal function among hCG-induced
CL. The use of indomethacin, a PG synthase inhibitor, suppressed but did not eliminate PGF,,
secretion from the uterus (Sianangama et al., 1994b). The finding that the function of GnRH-
induced CL in hysterectomized ewes (Keisler and Keisler, 1989) was subnormal is in keeping
with this interpretation of our in vivo data on hCG-induced CL (Sianangama et al., 1994a & b).
Additionally, bovine CL have been reported to secrete PGF,, (Milvae and Hansel, 1983) which
is known to de-activate the LH-sensitive adenylate cyclase (Fletcher and Niswender, 1982),
thereby reducing the synthesis and secretion of P,. Such sources of PGs might explain the
premature demise and function of hCG-induced CL in our previous studies and the apparent
difference between our in vivo data and the results being reported in the current in vitro study.
The results from our P, studies being reported herein are also in contrast to those reported by
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Fricke et al. (1993) who used 100 mg pieces of luteal explants from 6 d-old hCG-induced CL
from cows and those reported by Rusbridge ez al. (1992) whose GnRH-induced CL showed a
tissue content of P, similar to spontaneously-derived CL in heifers. The cause of this dichotomy
is presently not clear.

One plausible explanation for the increased basal concentrations of P, observed in our
study could be the increase in number of large luteal cells accompanied by a concomitant
decrease in the number of small luteal cells observed among hCG-induced CL. Recent evidence
indicates that steroidogenesis in large luteal cells is regulated by the continuous transcription of
mRNA for P-450,., enzyme which becomes constitutive (Oonk e al., 1989) thereby supporting
steroidogenesis without a requirement for further gonadotropic stimulation. Such an interpretation
is consistent with reports showing that on a per cell basis, large luteal cells secrete as much as
20 times more unstimulated P, (Rodgers et al., 1983) than do small luteal cells.

In an attempt to investigate the responsiveness of the LH/hCG receptor among hCG-
induced and spontaneously derived CL, we treated cells with increasing doses of hCG. Our
observation that hCG applied in virtro revealed a capacity to respond only among hCG-induced
CL, is probably an indication that spontaneously derived CL are maximally stimulated as they
approach midcycle. Such secretory characteristics further indicate that the subnormal function of
hCG-induced CL exhibited in vivo, is most probably not due to the uncoupling of the LH
receptor from the post-receptor signalling mechanism which is reported to occur in superovulated
rats treated with an ovulatory dose of hCG (Kirchick e# al., 1983). Furthermore, Garverick and
co-workers, (1988) demonstrated that subnormal CL were not due to inadequacy in gonadotropic
support. In keeping with both interpretations, apparently subnormal CL in sheep and cattle do not
differ with respect to the concentration of unoccupied and occupied LH receptors (McNeilly ez
al., 1981; Smith e al., 1986).
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These results taken together support our hypothesis that the subnormal function in vivo
is most probably mediated by PGF,,. The increasing PGF,, concentrations observed after d 12
of the cycle in cattle (Flint and Sheldrick, 1983) may have prevented induced CL from reaching
their maximal peak P, secretory potential. The possibility exists that this effect of PGF,, was
mediated by specific receptors which are abundant on large luteal cells (Wiltbank et al., 1989)
resulting in the subsequent activation of post-receptor mediators (phosphoinositol metabolism,
Ca’" mobilization and protein kinase C) and a concomitant uncoupling of the LH receptor from
adenylate cyclase (Fletcher and Niswender, 1982; see review by Leung and Steele, 1992). It is
noteworthy that large luteal cells have not been shown to possess an inherent mechanism for
regulating an influx of Ca®* and once initiated, such influx leads to functional luteolysis
(Wiltbank et al., 1989). The apparent decrease in P, secreted in vitro in the presence of increasing
doses of hCG is probably an indication of the down regulation of the LH/hCG receptor (Schwall
and Erickson, 1984) induced in vitro and mediated by increases in intracellular cAMP levels.

Anticipating an anomaly in the in vivo subnormal function of hCG-induced CL to reside
at a site distal to the LH/hCG receptor, the influence of forskolin, dbcAMP, cholesterol and
pregnenolone on the steroidogenic characteristics of hCG-induced and spontaneous CL was
investigated. Forskolin revealed a dose dependent stimulation of P, secretion which increased
linearly among hCG-induced CL. Increasing the dose of forskolin was associated with decreased
P, secretion among spontaneously derived CL. Such a finding suggests the presence of a
stimulable adenylate cyclase system among hCG-induced but not among the already maximally
stimulated spontaneous CL. Forskolin is known to activate the gonadotropin-sensitive adenylate
cyclase (Seamon and Daly, 1981) and increases gene expression and(or) stabilization of the
message (MRNA) for the enzyme P-450,  (Lauber ef al., 1991). We propose, therefore, that the
rate limiting step among the subnormally functioning hCG-induced CL in vivo, resides at sites
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proximal to the adenylate cyclase stage of P, biosynthesis. This suggestion is further supported
by our previous finding (Sianangama ez al., 1994b) that infusion of indomethacin could not
improve the function and lifespan of hCG-induced CL. It is not possible, however, from this
study to determine whether this anomaly involves the stimulatory/inhibitory guanine nucleotide
binding (G-) protein complex. Jena and Abramowitz, (1989) reported that the hCG-induced
heterologous desensitization of the LH/hCG receptor function included alterations in G-protein
function. We do not exclude the possibility that other mechanisms may be involved in the
apparent subnormal function of hCG-induced CL as determined from in vivo experiments in our
studies (Sianangama et al., 1994a & b) as well as in those of other workers (Keisler and Keisler,
1989).

Addition of increasing doses of dbcAMP, to bypass the requirement for both the receptor
and gonadotropin-dependent adenylate cyclase, failed to increase P, secretion in both types of CL.
In fact, increasing the dose of dbcAMP appeared to suppress P, synthesis. Qur findings on the
effect of dbcAMP on P, secretory capacity of d 7 luteal cells differs from those reported by
Rusbridge ef al. (1994) who found significant stimulation of P, secretion in response to 0.5
mg/mL dbcAMP in the culture medium. They found a significant response among spontaneous
but not GnRH-induced luteal cells. The lack of significant increases in P, secretion following use
of dbcAMP may be a confirmation of previous reports suggesting that the effect of cAMP on
luteal cells depends on the cell type being investigated. Large, but not small, luteal cells are
reported to require an initial trigger of cAMP to induce the expression of mitochondrial
steroidogenic enzymes following which the expression of the enzyme (P-450,.) becomes
constitutive (Oonk ef al., 1989). Small luteal cells require a continuous generation and, therefore,
the presence of cAMP to induce enzyme expression. This hypothesis is consistent with our
present observations that the number of large luteal cells were increased among hCG-induced CL.
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Provision of luteal cells with cholesterol as a metabolizable substrate for P, biosynthesis
in vitro was also associated with a mild increase in P, synthesis at lower concentrations.
Increasing the concentration of cholesterol in the medium was accompanied by decreases in P,
synthesis, although a further increase in cholesterol in the culture medium appeared to reverse
this trend. The reason for the increase in P, synthesis observed at the higher concentration of
dbcAMP and cholesterol is presently uncertain. The finding that, fundamentally, there was no
difference in the response to both dbcAMP and cholesterol suggests that the second messenger
and substrate, respectively, are normally not rate limiting in the function of the two types of CL.
Relatively, much higher concentrations of P, were recorded among cells treated with cholesterol,
presumably due to the ease with which this substrate is able to diffuse across the cellular and
mitochondrial membranes (Mason et al., 1978). Interestingly, however, the difference between
the two types of CL (higher basal P, secretion among hCG-induced compared to spontaneous CL)
was overcome with the provision of pregnenolone. Comparison with published reports with regard
to the responsiveness of hCG- or GnRH-induced CL to the secretogogues forskolin, cholesterol
and pregnenolone is presently not possible as none seem to have been conducted and reported

as yet.

4.6. CONCLUSIONS

Alterations in the frequency distribution of luteal cell types were detected among hCG-
induced CL but not in spontaneously derived CL. There was an increase in the proportion of
large and a concomitant reduction in the fraction of small luteal cells. Corpora lutea induced by
hCG secreted significantly more basal P, concentrations.Treatment with hCG in vitro was
associated with increased P, secretion only among hCG-induced CL. Forskolin dose-dependently
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increased among hCG-induced but decreased P, secretion among spontaneous CL. Cyclic AMP
and cholesterol did not increase P, secretion in both types of CL. While basal P, concentrations
were lower among spontaneous CL, provision of pregnenolone increased P, secretion among

spontaneous CL to concentrations equal to those observed among hCG-induced CL.
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Figure 4.1. Baseline progesterone concentration after the first 12 or full 24 h of incubation a)

and the effect of human chorionic gonadotropin (hCG) on in vitro progesterone production during
12 b) or 24 h ¢) of incubation among mixed luteal cells from INDUCED (£88) and SPONT CL

). Values are least square means (+ SEM) of triplicate samples per treatment (n = 6 cows
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Plate 4.1. The effect of human chorionic gonadotropin (hCG) on luteal cell distribution among
hCG-induced corpora lutea (CL). Note the prevalence of large luteal cells among hCG-induced
CL (B, D) compared to spontaneous CL of similar age (A, C). The pictures were taken at a
magnification of x 100 (A, B) or x 200 (C, D) from a representative area of the same slide.
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CHAPTER §

The Morphometry And Function Of Corpora Lutea Previously Exposed To hCG

Given On Day 7 Of The Cycle In Cows.

5.1. ABSTRACT

The objective of this experiment was to evaluate the morphometry and steroidogenic
characteristics of luteal cells from spontaneous corpora lutea (CL) previously exposed to hCG in
vivo. Cows were treated w1th 1000 IU of human chorionic gonadotropin (hCG) on d 7 (estrus
= d 0) and the spontaneous CL were excised surgically on d 12 (hCG-12, n = 5) or 15 (hCG-15;
n = 5). Six additional cows which did not receive the hCG treatment served as controls (CONT).
Enucleated CL were weighed and processed for morphometric evaluation or cell culture.
Dispersed, mixed luteal cells were cultured in the presence of hCG (0-10 ng/mL) for either 12
or 24 h. After incubation, luteal cells were separated by centrifugation and the supernatant was
frozen at - 20°C until assayed for progesterone (P,). There were no differences (P > 0.05) in the
weight of CL among hCG-12 (6.03 + 0.65 g), hCG-15 (7.76 + 0.77 g) compared to CONT cows
(5.96 + 0.86 g). Baseline P, levels were lower (P < 0.01) among hCG-12 (23.55 + 2.86 ng/mL)
compared to CONT (32.12 + 1.73 ng/mL) after 12 h of incubation. However, P, accumulation
was significantly higher (P < 0.01) among hCG-15 (674.40 + 48.91 ng/mL) compared to both
hCG-12 and CONT cows. Although there was no effect of in vitro hCG (P > 0.12), control luteal
cells tended to be more responsive to hCG stimulation when compared to hCG-12. The
refractoriness in response to hCG was not observed among hCG-15. Treatment with hCG was
associated with an increase in the number of large and a concomitant reduction in the number
of small luteal cells (P < 0.01). However, there was no difference with regard to luteal cell area
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and diameter of each luteal cell type. These results suggest that treatment with hCG during the
luteal phase induces diminution in the responsiveness of luteal cells previously exposed to hCG.
However, the refractoriness does not seem to persist until d 7 after the hCG treatment. The results
also confirm that hCG is associated with an increased differentiation of small into large luteal

cells.

5.2. INTRODUCTION

Infertility in cattle represents a major source of reproductive inefficiency and contributes
substantially towards economic losses experienced in the animal production industry. It has been
known for a long time that subnormal luteal function is a cause of infertility in cattle (Odde et
al., 1980; Pratt et al., 1982). Typically, subnormal corpus luteum (CL) function, which is
alternately called luteal phase insufficiency or luteal dysfunction, is characterized either by a
normal estrous cycle length with low peripheral progesterone (P,) concentrations (diZerega and
Hodgen, 1981; Lamming et al., 1989) or a shorter than normal lifespan of the CL showing only
a transient increase in P, secretion (Lamming et al., 1981). Consequently, several measures aimed
at correcting inadequate CL function have been developed, including the use of P, supplements
from various types of exogenous sources (Robinson et al., 1989), gonadotrophin releasing
hormone (GnRH) or analogues of GnRH (Nakao et al., 1983) administered at various times in
relation to the time of breeding. Results obtained from these studies remain inconsistent with
regard to their effect on pregnancy rates.

An alternate method designed to augment the function of an inadequate CL function in
cattle has been the use of gonadotropins such as luteinizing hormone (LH) (Donaldson and
Hansel, 1965) or human chorionic gonadotrophin (hCG) (Wiltbank et al., 1961; Sianangama and
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Rajamahendran, 1992) administered at various times relative to breeding. Although a number of
researchers could not find any improvement following use of hCG (Wagner ef al.,1973; de Los
Santos-Valadez et al., 1982; McDermott et al,, 1986), it has been shown that hCG improves
pregnancy rates in cattle (Wiltbank et al., 1961; Wagner et al., 1973; Diskin and Sreenan, 1985;
Sianangama and Rajamahendran, 1992). The precise mechanism by which pregnancy rates are
improved in cattle remains unknown. It has, however, been postulated that the mechanisms by
which increases in pregnancy rates are achieved include the stimulation of the spontaneous CL
(Wiltbank et al., 1961; Donaldson and Hansel, 1965). Sufficient evidence is now available clearly
showing that hCG induces the ovulation of dominant follicles present at the time of its
administration (de Los Santos-Valadez et al., 1982; Price and Webb, 1989; Walton et al., 1990;
Rajamahendran and Sianangama, 1992).

The overall effect of e%ther stimulating a spontaneous CL or developing induced CL would
be an increase in P, concentrations. Examination of published data on the effect of hCG on P,
concentrations reveals considerable variability. While several researchers have reported significant
increases in P, concentrations (McDermott ef al., 1986; Bennett ez al., 1989; Walton et dl., 1990),
a number of other researchers could not demonstrate a similar effect of hCG on P, concentrations
(de Los Santos-Valadez et al., 1982; Sianangama and Rajamahendran, 1992). de Los Santos-
Valadez et al., (1982) compared P, profiles of hCG-treated cows that developed induced CL to
those that did not. In that study, there was no difference in P, concentrations between cows
carrying induced CL compared to those that did not develop induced CL. Recently, we
(Sianangama et al., 1994a) reported that CL induced by hCG given on d 7 of the estrous cycle
were smaller and secreted less P, compared to spontaneous CL of similar age. This difference
between induced and spontaneous CL was even more profound 7 d after either induced or
spontaneous ovulation. At this time, induced CL were invariably regressing. Reasoning that the
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observed subnormal function and the shorter than normal lifespan of induced CL. were caused
by endogenous prostanoids, specifically prostaglandin F,, (PGF,,), we used indomethacin
(Sianangama et al, 1994b), a prostaglandin synthase inhibitor, but could not improve the
development and function of hCG-induced CL. This suggested that the increase in P,
concentrations observed immediately following the administration of hCG could be a result of
stimulation of the spontaneous CL. The objective of this study, therefore, was to use an in-vitro
model to establish the steroidogenic characteristics of spontaneous CL previously exposed to

hCG.

5.3. MATERIALS AND METHODS

5.3.1. Materials And Management Of Cows

All materials used in this study were procured from the sources noted under section 4.3.1
of chapter 4. Sixteen lactatin_g and regularly cycling cows (2! to § yrs old), approximately 60
to 90 d postpartum, were randomly selected from the dairy herd at the South Campus Teaching
and Research Facility of the University of British Columbia. The cows were managed as
described under section 4.3.2. The surgical procedure was also conducted as outlined previously

with the following changes; surgery was conducted either on d 12 or 15 after estrus.
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5.3.2. Treatments And Surgery
At standing estrus (d 0), animals were assigned at random to receive an intramuscular

(i.m.) injection with hCG (1000 IU, APL®) on d 7 after estrus and enucleation of the hCG

exposed CL conducted either on d 12 (hCG-12, n = §) or 15 (hCG-15, n = 5). An additional six
cows which did not receive the hCG treatment served as control (CONT) and had the CL
enucleated on d 12 of the cycie. All animals were exposed to a 12 to 16 h fasting period (starting
on d 11 or 14 at 2130 h) before surgery. All other procedures were conducted as described under

section 4.3.3.

5.3.3. Processing Of Luteal Cells And In Vitro Culture

Enucleated luteal tissue was handled as described under sections 4.3.4 and 4.3.5 with the
modifications noted below. Mixed steroidogenic luteal cells (approx. 8 x 10° to 1 x 10° per cow
/well) were placed in 24-well culture plates in 1 mL incubation medium at 37°C in a humidified
atmosphere with 5 % CO, and 95 % air. All cultures from each of the 16 cows in the experiment
were done in triplicate and allowed to run for either 12 or 24 h. All treatments to the cells were
applied at the start of each incubation period. To investigate the responsiveness of the LH/hCG
receptor to further gonadotropic stimulation in vitro, luteal cells were treated with hCG (hCG;
0 - 10 IU/mL). After incubation the media was removed, centrifuged at 1000 x g and the
supernatant stored at -20°C until required for P, assays using a solid phase radioimmunoassay kit.
Sections of the enucleated CL were processed for morphometric evaluation as previously

described under section 4.3.6.
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5.3.4. Statistical Analyses

Due to the heterogeneity of variance, P, data were log-transformation prior to analysis
using the General Linear Models (GLM) procedures in the Statistical Analysis System (SAS,
Cary, NC). The data were analyzed by ANOVA as a split-plot experimental design which
included the following effects, viz; type of CL (hCG-12, hCG-15 vs CONT), cow nested within
treatment, the dose used, period of incubation (12 vs 24 h), and replicate as well as their higher
level interactions. Morphometric data (i.e. cell area and diameter) were also analyzed by
ANOVA, after log transformation. Where main effects were indicated to be significantly different
(P < 0.05) by ANOVA, the respective treatment means were compared using least squares
analysis in the GLM. Categorical data were analyzed using contingency tables in %2 analysis
(Proc Frequency, SAS) and were considered different if P < 0.05. Data are presented as least

square mean = standard error.

54. RESULTS

5.4.1. Effect Of hCG On In Vitro Progesterone Production

There was no difference (P > 0.05) with regard to the weight of the CL in all treatment
groups. There was a tendency, however, for hCG-exposed CL to be heavier. The weights for
CONT, hCG-12 and hCG-15 were 5.95 + 0.86 g, 6.03 = 0.65 g and 7.76 + 0.77 g, respectively.
Baseline P, production was significantly lower (P = 0001; Figure 5.1a) among hCG-12 luteal
cells (23.55 £ 2.86 ng/mL) compared to CONT (32.12 + 1.73 ng/mL). Baseline P, concentrations
were much higher (P < 0.01) among hCG-15 (674.40 + 48.91 ng/mL) compared to both hCG-12
and CONT luteal cells. However, significant (P = 0.03) interactions between type of CL by
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period of incubation by dose of hCG applied were detected. While no effect of hCG dose was
detected for hCG-12 CL, hCG significantly increased P, production among both CONT and hCG-
15 CL. Increasing the dose of hCG applied was associated with a dose dependent suppression
of P, production. This effect of hCG was observed for both the 12 h (B) and 24 h (C) incubation

periods.

5.4.2. Effect Of hCG On Luteal Cell Size

Treatment of cows with hCG was associated with a significant (P < 0.01; Figure 5.2a)
increase in the number of large luteal cells (LLC) among hCG-12 (59.35 %) and hCG-15 (65.68
%) compared to CONT cows (31.32 %). This increase in the number of LLC occurred
concomitantly with a reduction in the number of small luteal cells (SLC). The number of SLC
among CONT, hCG-12 and hCG-15 were 68.68, 40.65, and 34.32 %, respectively.

There was no difference with regard to the absolute size of each luteal cell type. The
maximum diameter for LLC among CONT, hCG-12 and hCG-15 was 27.36 + 0.37 um, 28.49
£+ 0.27 um and 28.48 + 0.21' um, respectively. The SLC, on the other hand, measured 16.32 +
0.25 um, 17.10 £0.33 um, 17.42 £ 0.28 pm for CONT, hCG-12 and hCG-15, respectively. A
significant (P < 0.01; Figure 5.2a) treatment by type of CL interaction was detected. The area of
LLC among CONT (500.76 + 13.75 um?), hCG-12 (480.35 £ 9.76 jim?) and hCG-15 (470.02
+ 7.58 pm?) was also not different. Similarly, no difference was detected in the area of SLC
among CONT (177.92 + 9.32 um?), hCG-12 (186.81 % 12.00 ym?) and hCG-15 (186.70 % 10.40

pm?). Significant (P < 0.01; Figure 5.2b) type of CL by treatment interactions were detected.
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5.5. DISCUSSION

Recently, we (Sianangama et al., 1994a) reported that CL induced by hCG given on d 7
of the estrous cycle are functional but appear not only to be smaller but also secrete less P,
compared to spontaneously developed CL of similar age. This finding suggests that the
spontaneous CL are the main source of the increased P, concentrations observed among hCG-
treated cows. However, resu.lts obtained in this study only partially support this hypothesis.
Compared to control, both basal and hCG-stimulated P, production was less among 12 d-old
luteal cells previously exposed to hCG. Such a finding is in agreement with a recent study
(Fricke et al., 1993) in which 100 mg slices of spontaneous luteal tissue from 13 d-old CL were
used. In that study, cows were treated with hCG on d 6. Therefore, the data being reported herein
does support their data but only for the 12 d old CL. More importantly, however, our data clearly
show that the refractoriness to further gonadotropic stimulation in vitro does not last until d 7
after the hCG treatment.

The subnormal function exhibited by 12 d-old hCG-exposed luteal cells in the present
experiment might be due to the heterologous desensitization of the gonadotropin (LH/hCG)
responsive adenylate cyclase activity, or down regulation of the LH/hCG receptor induced by the
hCG administered in vivo. This interpretation of our data is in keeping with previously reported
results from experiments conducted in the rat (Kirchick et al., 1983) and rabbit (Kirchick and
Bimbaumer, 1981). It is noteworthy, that the observed refractoriness was negated by 7 d after the
hCG treatment was administered. Human CG is known to bind to the LH/hCG receptor from
which it dissociates very slowly (Lee and Ryan, 1973). It is conceivable, therefore, that the initial
(d 12) refractoriness may indeed represent a desensitization of the adenylate cyclase generating
system and/or down regulation of the LH/hCG receptor. Additionally, the subsequent
resensitization and up regulation of the adenylate cyclase system and receptor, respectively, are
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supported by the rebound in the function observed among the 15 d-old CL previously exposed
to hCG. It is not clear from this experiment whether actual numbers of either total or the
unoccupied and occupied LH/hCG receptors were down regulated and if so, to what extent.
Previous work designed to elucidate the cause of subnormal CL function found no evidence to
support the hypothesis that gonadotropin levels or the receptor dynamics predispose the
subnormal function. Garverick and co-workers, (1988) found no difference in gonadotropin
concentrations in animals with CL destined to be short lived compared to normal CL.
Furthermore, there is evidence suggesting that even the number of unoccupied and occupied
LH/hCG receptors are similar in animals exhibiting normal compared to those presenting
subnormal CL function (McNeilly et al., 1981; Smith et al., 1986). Collectively, our data as well
as those of others (McNeilly ez al., 1981; Smith ez al., 1986) suggest that the subnormal function
may be mediated by events o;:curring at a site distal to the LH/hCG receptor. Our finding in this
study, that increasing the dose of hCG applied in vitro actually decreased P, production, is
suggestive of an in vitro induced down regulation of the LH/hCG receptor. This is a
physiologically relevant mechanism by which luteal cells that are already maximally stimulated
(d 10 - 15) are able to regulate their own function. This explanation, however, does not exclude
the possibility that the lack of a stimulatory effect of hCG in vifro on P, production was related
to the observed increase in the number of large luteal cells which are reportedly unresponsive to
low doses of LH or hCG (Niswender et al., 1985).

Several lines of evidence indicate that hCG influences the relative proportions of
steroidogenic luteal cells constituting the CL (Farin et al., 1988; Wiesak, 1989). In these studies
conducted in sheep (Farin ef al., 1988) and pigs (Wiesak, 1989), hCG was reported to increase
the number of large luteal cells while concurrently reducing the number of small luteal cells.
Since small luteal cells possess the majority of LH/hCG receptors and are more responsive to
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luteotropic stimuli (Rodgers and O'Shea, 1982), reductions in the number of small luteal cells
might, in part, explain the subnormal function of 12 d-old hCG exposed-CL reported in the
present study. This study also found a bimodal frequency distribution of luteal cells. This is
consistent with previous studies in the bovine (Webley er al, 1990) showing that the
steroidogenic luteal cells consist of two populations. It is noteworthy, however, that Hild-Petito
et al. (1987) and more recently Parkinson et al. (1994) failed to confirm the bimodal distribution
as described both in our present study and in studies reported by others (Webley et al., 1990).
This difference may be due to the classification used to sort luteal cells into size groups prior to
analysis. A narrower classification scheme as used in our study as well as that employed by
Webley et al. (1990) appears to be a prerequisite in demonstrating the bimodal distribution.

It is paradoxical, however, that 15 d-old CL exposed to hCG in vivo and shown to also
have been cytologically affected by hCG to the same magnitude, actually produced more P, in
vitro. This discrepancy can })e explained by our finding in this study that the 15 d-old CL
previously exposed to hCG had significantly more large luteal cells. The large, unlike the small,
luteal cell has been demonstrated to secrete steroids independent of gonadotropic support. Oonk
et al. (1989) ascribed this phenomenon to the fact that the expression of steroidogenic enzymes
in large luteal cells becomes a constitutive phenomenon after the first trigger. Specifically, they
demonstrated that steroidogenesis in large luteal cells is driven by the continuous transcription
of mRNA for cytochrome P-450,, enzyme which becomes constitutive, thereby supporting
steroidogenesis without requirement for further gonadotropic stimulation (Oonk et al., 1989).
Furthermore, the large luteal cell is known to secrete as much as 20 times more P, under basal
conditions (Rodgers et al., 1983). Therefore, barring the effects of hCG on the receptor and the
intracellular responsive and/of signalling mechanism as discussed above, it is reasonable to expect
higher P, production from spontaneous CL previously exposed to hCG in vivo.
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From a production as well as physiological stand point, it is significant that the
refractoriness to gonadotropic support is negated by d 15 of the cycle (7 d after hCG treatment)
and that P, production is sign%ficantly higher among these hCG-exposed CL. In cattle, it has been
shown by us (Sianangama and Rajamahendran, 1992) as well as others (Wiltbank et al., 1961;
Holness et al., 1982) that hCG increases pregnancy rates in cattle. The establishment and
maintenance of these pregnancies relies, in a large number of cases, on the adequate function of
CL (Lamming et al., 1989). Any increase in P, occurring at or around d 15 after estrus would
ensure that an otherwise developmentally lagging embryo is not lost for failing to signal its
presence at d 16 at which time maternal recognition of pregnancy is known to occur in cattle.
The increased P, would "buy the embryo time" until it is able to signal its presence and,

therefore, become an established pregnancy.

5.6. CONCLUSIONS

Corpora lutea exposed to hCG given on d 7 of the cycle secrete less P, in vitro and appear
to lose responsiveness to further gonadotropic stimulation. This refractoriness appears to last until
d 15 of the cycle after which time hCG-exposed CL secrete even more P, than do control CL.
Such subnormal function may be attributed to both receptor desensitization and cytological
alterations in CL exposed to hCG in vivo. The increased P, production of 15 d old CL previously
exposed to hCG may be due to the increase in the number of large luteal cells whose function
is driven by constitutive mechanisms that are independent of tropic stimulation. Treatment with
hCG is associated with increased differentiation of small into large luteal cells. These cytological

alterations have profound implications on the subsequent function and lifespan of CL.
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Figure 5.1. Baseline secretion of P, production among mixed luteal cells perviously exposed to
hCG and enucleated either on d 12 (lll) or 15 ([) as well as among 12 d-old control luteal
cells (7)) both during the first 12 h and 24 h (a) period of incubation. Progesterone production
was influenced by the type of CL, dose of hCG applied in vitro as well as the period of
incubation. Data are presented as least square means of P, production during the first 12 h (b)

and total P, production during a 24-h (c) period of incubation.
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CHAPTER 6

Effects Of Human Chorionic’ Gonadotropin Given On Day 7 Of The Cycle On

Follicular Dynamics In Noninseminated Postpartum Dairy Cows.

6.1. ABSTRACT

The objective of this experiment was to determine whether the increase in estrous cycle
length observed in hCG-treated cows that fail to maintain their pregnancies is due to changes in
follicular dynamics. Twelve nonbred cows were randomly assigned to receive hCGond 7 (n =
6) or serve as control (n = 6). Ultrasound scanning was conducted daily from d 0 until the onset
of the next ovulation, to monitor follicular and CL dynamics. Ovulation of the d 7 follicle
occurred in six hCG-treated cows. There was no difference (P > 0.05) with regard to the d of
emergence of the second wave of follicular growth between hCG treated (d 10.8 + 0.3) and
control cows (d 12.7 £ 1.4). More follicles were observed on the ipsilateral than on the
contralateral side to the spontaneous or induced CL . The dominant follicle from wave two was
maintained longer (13.0 + 1.8 vs 9.7 £ 2.1 d), had a slower growth rate (0.83 vs 1.31 mm/d), but
was larger (19.6 + 3.4 vs 15.7 + 4.8 mm) among hCG-treated cows. The second wave dominant
follicle was the ovulatory follicle in five control cows, but only in three hCG treated cows.
Corpus luteum lifespan was not affected by hCG treatment (19.3 + 2.7 vs 18.8 + 1.2 d). The
dominant follicle from the third wave ovulated in one control and three hCG treated cows. These
results suggest altered follicular dynamics and delayed ovulation are probable causes for

extensions in cycle length.
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6.1. INTRODUCTION

In cattle, fertilization rates range from 85 to almost 100 % (Roche et al, 1981). In
contrast, pregnancy diagnosis conducted 60 d post breeding indicate that only 60 % of these
embryos are maintained. One factor that contributes to the loss of embryos is subnormal corpus
luteum (CL) function (Bulman and Lamming, 1978). Consequently, gonadotropic substances
such as human chorionic gonadotropin (hCG), have been used to augment the function of
inadequate CL in cattle (Wiltbank et al., 1961; Morris et al., 1976; Eduvie and Seguin, 1982).
Although it has been demonstrated that hCG increases pregnancy rates, results have been very
variable. Some reports suggest increases in pregnancy rate (Wagner et al., 1973; de Los Santos-
Valadez et al., 1982). It is noteworthy that the percent change in pregnancy rates in these studies
ranged from a net loss of 11 % to a net gain of 13 % (Diskin and Sreenan, 1985). In a recent
study, we demonstrated that the greatest increase in pregnancy rates occurred if hCG was
administered on d 7 after breeding (Sianangama and Rajamahendran, 1992). In that study, we
showed that treatment with hCG on d 0, 7 or 14 was associated with 8, 49 and 35 percent point
increase in pregnancy over the untreated control cows at the first of two farms. Similarly, a repeat
of the same experiment at a second farm resulted in an even higher response to hCG given on
0, 7 or 14 after breeding. The corresponding percent increases at the second farm were 24, 57
and 40 for cows treated on d 0, 7 or 14, respectively.

Notably, however, the use of hCG has been associated with extensions in estrous cycle
length among cows that either do not conceive or fail to maintain their pregnancies (Wiltbank
et al., 1961; Morris et al., 1976; Sianangama and Rajamahendran, 1992). Recently, we
(Sianangama and Rajamahendran, 1992) investigated the effect of hCG on milk P, and pregnancy
rates. Among animals that did not conceive, we observed extensions in the cycle length.
Interestingly, the extensions were influenced by the timing of hCG treatment in relation to the
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luteal phase. The frequency of extended cycles was higher and the duration of the extension
longer among cows treated with hCG on d 14 compared to either d 0 or 7 after breeding. de Los
Santos-Valadez and co-workers, (1982) reported that up to 60 % of the nonpregnant cows had
extended cycles lasting more than 24.5 d compared to 24 % in cows not receiving the hCG
treatment. The extensions in cycle length, which range from 6 to 15 d, are consistent with
previous reports (Wiltbank et al., 1961; Morris et al., 1976; de Los Santos-Valadez et al, 1982).

It has been suggested that CL exposed to hCG function beyond their normal lifespan
(Wiltbank et al., 1961) and this has been the premise for the use of hCG to augment the function
of subnormal CL in cattle. We noted from our studies (Sianangama and Rajamahendran, 1992)
that there was no difference with regard to the number of d to the physiological and structural
regression of CL between animals treated with hCG compared with untreated control
contemporaries. Furthermore, among cows with hCG-induced CL, both the induced and
spontaneous CL regressed simultaneously. This suggested that among animals that either do not
conceive or fail to maintain their pregnancies, the extensions were not mediated by CL since both
induced and spontaneous CL regressed simultaneously and on schedule (d 21 - 24). Notable, too,
was the observation that estrus expression among hCG treated animals was markedly suppressed
(Sianangama, 1990, unpublished observations).

A retrospective evaluation of a recent study (Sianangama and Rajamahendran, 1991)
suggested that alterations in follicular turnover among hCG-treated cows, which were inseminated
approximately 12 h after standing estrus, might predispose the observed extensions in cycle
length. However, cycles in animals that were inseminated at estrus and treated with hCG at
specific times relative to estrus, can be extended by a number of factors. These include the effect
of antiluteolytic factors elaborated by the conceptus during early pregnancy. The removal of the
bovine conceptuses from the uterus on d 17 extends the cycle to d 25 + 1.2 compared to a control
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cycle of 21 d (Northey and French, 1980). Proof that the conceptus predisposes the observed
extension is provided by gvidence showing that the intrauterine infusion of embryonic
homogenates between d 15 - 17 extends both the interestrus interval and the lifespan of the CL
(Northey and French, 1980). Taken together, both our results (Sianangama and Rajamahendran,
1991) as well as that presented by others (Northey and French, 1980) suggest that the observed
extensions in cycle length could be attributable to either alterations in follicular dynamics or
factors of embryonic origin.

The objective of this study was to investigate the effect of hCG administered 7 d post

estrus on follicular dynamics in lactating dairy cows which are not inseminated.

6.3. MATERIALS AND METHODS

6.3.1. Animals And Materials

Regularly cycling postpartum cows ranging from 3 to 6 yrs of age, were randomly
selected from the dairy herd at the University of British Columbia. They were housed in a closed
free stall barn and received a standard dairy ration of alfalfa cubes and a barley/Canola based

concentrate adjusted to meet requirements for milk production. Human chorionic gonadotropin
(hCG, APL®) was purchased from Ayerst Laboratories (Montreal, PQ., Canada). Heparinized
Vacutainer tubes were purchased from Becton Dickinson (Vacutainer Systems, Rutherford, NJ,
USA). Progesterone (P,) kit (Coat-A-Count®) was purchased from Diagnostic Products

Corporation (Los Angeles., CA, USA).
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6.3.2. Treatments And Blood Sample Collection

At standing estrus (d 0), 12 lactating and cycling cows were randomly assigned to either
serve as untreated control (n = 6) or receive a single intramuscular hCG (1000 IU) injection on
d 7 post estrus (n = 6). Blood samples were collected into 8 ml heparinized vacutainer tubes and
plasma was harvested within 30 min of collection. Plasma samples were stored at -20°C until
assayed for P, concentration as described under section 2.3.5. The intraassay and interassay

coefficient of variation ranged from 2 to 6 and 9.86 to 11.0 %, respectively.

6.3.3. Ultrasonography

A real time linear-array ultrasound scanning device (model LS 300, Tokyo Keiki
Company Limited, Tokyo, Japan) equipped with a 5-MHz transducer was used to characterize
follicular and CL dynamics. Ultrasonography was conducted as previously described (section
2.3.4) modified for this experiment as noted below. Ultrasound scanning was conducted daily,
starting at observed estrus until the subsequent ovulation was detected. The ovaries were located
and uterine tone determined by rectal palpation prior to insertion of the transducer. The ovaries
were scanned in several planes and follicles equal to or greater than 4 mm in diameter were
individually identified daily at each ultrasound scanning. Optimum images were frozen and size
of CL and follicle (antral diameter) was measured at the widest poles of each structure using a
system of built-in calibrated callipers. Permanent copies of frozen images were made using the

Mitsubishi video copy processor.
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6.3.4. Statistical Analyses

Data for follicle and c;)rpus luteum diameter and P, concentration were analyzed as a split
plot experimental design. The least squares analysis of variance in the General Linear Model
Procedure (SAS, version 6.09) was used to test for differences between control and hCG-treated
cows. The model used included the following effects; treatment, cows nested within treatment,
d after estrus and the interaction between treatment and d after estrus. The cow (treatment) mean
square was used to test treatment mean square, the rest were tested using the residual error mean

square. Categorical data were analyzed using contingency tables in Chi-square (%?) analysis.

6.4. RESULTS

The size of the first wave dominant follicle was similar between hCG and CONT cows
(P > 0.05). Treatment with hCG was associated with a significant increase (x*> = 12, df = 2, P
< 0.01) in the number of CL among hCG (n = 2.33 + 0.23; range 1 - 4) when compared to
CONT cows in which all cows ovulated only the single dominant follicle at estrus. Among hCG
cows, five of six cows ovulated a single follicle in response to the hCG treatment. The sixth cow
ovulated both the dominant and second largest follicle of the first wave present when hCG was
administered. No difference (P > 0.05) was detected between control and hCG-treated cows with
respect to the CL (Figure 6.1a) as well as P, concentrations (Figure 6.1b).

Profiles of the dominant follicle among control cows and cows treated with hCG are
presented in Figures 6.2 and 6.3. Although the emergence of the second wave was advanced
among hCG cows, the number of follicles observed on the ovary was significantly higher (x* =
8.53, df = 2, P = 0.01) on the ipsilateral (n = 1.94 + 0.06) compared to the contralateral side (n
= 1.50 = 0.08) relative to the CL in both treatment groups. While 60 % of follicles emerged on
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the ipsilateral side among hCG cows, this number corresponded to 57.14 % among CONT cows.
Single follicles (> 10 mm) present on the ovary were more often detected on the contralateral
side. As the number of follicles detected increased, there was a tendency for these to be located
ipsilateral to the CL. The frequency of follicles located ipsilateral to the CL, when occurring as
single, 2 or 3 follicles were 41.18, 63.77 and 100 %, respectively. Among hCG-treated cows,
these percentages corresponded with 13.33, 75.56 and 11.11, respectively. In control cows, there
were 44.44 and 55.56 percent of follicles occurring as one or two present on the ovary. No
control cows had more than two follicles on the CL-bearing ovary. After the hCG treatment, there
were more follicles (x? = 16.71, df = 2, P < 0.01) greater than 10 mm which remained visible
during the study period among hCG compared to CONT cows.

There was no difference (P > 0.05, Table 1) with regard to the d of emergence of the
second wave between hCG (d 10.8 + 0.3) and CONT cows (d 12.7 + 1.4). This follicle was
maintained for a longer period (13.0 + 1.8 vs 9.7 £ 2.1 d) and was larger_(19.6 +£34vs157%
4.8 mm) in hCG treated cows. The second wave dominant follicle had a slower growth rate (0.83
vs 1.31 mm/d) among cows treated with hCG compared to control. However, the same follicle
was the ovulatory follicle in § control cows, but only in 3 cows treated with hCG. The ovulatory
follicle among hCG-treated cows took longer to ovulate (36 h) compared to CONT cows (10 h)
after P, concentrations reached a nadir of 0.05 ng/mL. The dominant follicle from the third wave
ovulated in one control and three hCG treated cows.

There was no effect (y*> = 4.46, df = 6, P = 0.62) of hCG with regard to the number of
d to regression of the CL between hCG (d 18.8 + 1.2) and to CONT cows (d 19.3 + 2.7).
Similarly, there was no diffex:ence (x* = 3.09, df = 6, P = 0.8) with regard to the number of d to

ovulation between hCG and CONT cows (Table 6.1).
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6.5. DISCUSSION

The classical explanation for extensions in estrous cycle length following use of hCG,
administered either at estrus or during the luteal phase, has been that the functional status of the
CL is maintained beyond its normal duration. In a recent study, we (Sianangama and
Rajamahendran, 1992), demonstrated that both spontaneous and induced CL regress
simultaneously and at the normal time. That study showed also that the physiological (drop of
P, concentration to < 1.0 ng/mL) and structural (decline in size of the CL) regression occurred
coincident with control cows that did not receive the hCG treatment. Additionally, we
(Sianangama and Rajamahendran, 1991) showed that such extensions in cycle length are probably
due to persistence or maintenance of follicles. Such follicles were broadly classified under two
categories, namely follicles that were exposed to hCG and failed to ovulate or follicles that
emerge after the induced ovulation and are exposed to the high P, milieu. Both classes of follicles
failed to ovulate following luteolysis. Such an effect was more pronounced when hCG was
administered late (d 14) but not early (d 7) in the luteal phase. That study, however, could not
exclude the effect of pregnancy as a predisposing factor causing extensions in estrous cycle
length.

The present experiment evaluated the effect of hCG in non-bred cows and found no
difference in the persistence of spontaneous versus induced CL. This finding is consistent with
our previous results (Rajamahendran and Sianangama, 1992). Similarly, the decline of P,
concentration to less than 1.0 ng/mL was also not different between the two treatment groups.
However, a trend was observed for a more rapid and earlier decline in P, concentrations among
hCG-treated compared to control cows. This is in contrast to P, concentration observed among
cows which were inseminated and treated with hCG either at or after insemination (Sianangama
and Rajamahendran, 1992). The earlier onset of physiological regression might be due to several
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factors. It has been suggested previously that hCG treatment is associated with increase in the
number of large luteal cells and a concomitant reduction in the number of small luteal cells in
spontaneous CL (Wiesak, 1989; Farin et al., 1988) previously exposed to hCG treatment in vivo.
Furthermore, large (but not small) luteal cells are reported to possess receptors to the luteolysin
PGF,, (Niswender et al., 1985). Therefore, increasing the frequency of large luteal cells further
increases the potential of the CL to be more responsive to PGF,, and might suggest higher
sensitivity of hCG-exposed CL to the effect of luteolysins in a nonbred estrous cycle. This
increase in the number of large luteal cells and, therefore, potential increase in the sensitivity to
PGF,,, would explain the premature regression of hCG-induced CL as well as the earlier
regression of spontaneous €L in hCG-treated cows. Furthermore, it has previously been
demonstrated that if spontaneously formed CL are exposed to hCG during the period of formation
(d 0 - 3), estrous cycles and the lifespan of the CL were shorter than normal (Battista er al.,
1984). Thus, our observation in this study that treatment of cows with hCG was associated with
reduced cycle length is to be expected.

Although not statistically different, the time of emergence of the second wave of follicular
growth was advanced in cows developing induced CL. Such a finding is in agreement with the
hypothesis that (physiologically) dominant follicles suppress the emergence of new waves of
follicular growth (Adams et al., 1993). These authors demonstrated that the removal of the
dominant follicle is followed by the resurgence of the subordinate follicle(s) which would have
otherwise been lost to the prc;cess of atresia. Removal of the suppressive effect of the dominant
follicle, by way of induced ovulations, created a permissive environment, thus allowing a new
wave of follicles to emerge. The dominant follicle from the second wave, among hCG-treated
cows, took longer to ovulate following regression of the CL and decline of peripheral P,
concentrations to < 1.0 ng/mL. The maintenance of the wave two dominant follicle, which
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emerged after the hCG-induced ovulation of the first wave dominant follicle, could be ascribed
to the carry-over effects of hCG on the second wave dominant follicle and possible luteinization
of the same follicle in three of the cows.

During the normal cycle, LH secretory profiles at the end of the cycle (follicular or
proestrus phase) have been described as being typically of high LH pulse frequency, low LH
pulse amplitude (Schallenberger et al., 1985). It is not clear from this study how LH profiles
during the follicular phase were influenced by the hCG treatment given on d 7 and by the
resultant P, concentrations during the luteal phase. The fact that the dominant follicle emerging
after the induced ovulation teok longer to ovulate following the regression of the CL suggests
an altered biochemical environment in these follicles. The plausible explanations for this delay
in attaining ovulation might relate to an altered P,estradiol 17-f (E,) ratio. These steroids have
been shown to act in concert to regulate gonadotropin secretion in the cow (Beck et al., 1976).
In fact, recent evidence indicates that P, acts by inhibiting or reducing LHRH-induced LH
release. However, the ability to reduce the tonic release of LH from the pituitary is an E,
dependent phenomenon (Baratta et al.,, 1994). Although half of the cows ovulated the second
wave dominant follicle, our observation that this follicle regressed in the other three cows
suggests that the maintained follicles may have become atretic. A prerequisite for this is a decline
in LH levels brought about by low pulse amplitude profiles characteristic of the diestrus phase
(Schallenberger et al., 1985).‘Such a decline in LH concentrations might be due to the effect of
high P, during the luteal phase. After luteolysis, however, the LH pulse frequency might have
increased to reach the follicular phase secretory characteristics. This inference is consistent with
the hypothesis that high LH pulse frequency causes the maintenance of the dominant follicle
(Roberson et al., 1989).

Due to the onset of atresia in the second wave dominant follicles, a third wave was
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required to provide an ovulatory follicle, hence the observed trend toward more cows exhibiting
three waves of follicular growth among hCG treated cows. The 24 h extension in time to
ovulation observed in this stu;iy is consistent with previous reports suggesting that approximately
4 - 6 d are necessary for a new wave of follicles to occur (Sirois and Fortune, 1988) and attain
physiological maturity. This need for a third wave may explain the extension in the estrous cycle
length and is in agreement with previous reports (Ginther et al., 1989) that have demonstrated
that three-wave cycles are associated with longer luteal phases. Nonetheless, such a delay in the
expression of estrus is less than what has been reported when hCG was given later in the luteal
phase of the cycle (Wiltbank et al., 1961; Morris et al., 1976; Sianangama and Rajamahendran,
1992). Fewer antral follicles larger than 10 mm in diameter underwent atresia following treatment
with hCG.

Follicles observed in this study were more often located on the CL-bearing ovary and the
frequency of this phenomenon was higher among cows treated with hCG. One plausible
explanation for the preferential orientation of follicles, with respect to the location of the CL, is
the increase in the blood supply to the ovary bearing the CL (Ford and Chenault, 1981). This
observation is further supported by our finding that there were more follicles developing among
hCG-treated cows. The precise mechanism by which this preference of follicular development for
the ipsilateral ovary still remains to be elucidated. It could, however, be due to the readily

available precursors for steroidogenesis in the blood supply to the CL-bearing ovary.
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6.6. CONCLUSIONS

The current study found alterations in follicular dynamics among cows treated with hCG.
The emergence of the second wave was advanced among hCG-treated cows compared to control
cows. The treatment was associated with increased follicular development, more so on the ovary
bearing the CL. There was no difference in cycle length, although there was a trend towards
earlier luteal regression amox;g hCG-treated cows. The interval to ovulation following luteolysis
was delayed among cows treated with hCG. These changes might be predisposed by alterations
in the LH secretory pattern caused by increases in P, concentrations following treatment with
hCG. Further studies are needed to examine the physiological status of the second wave dominant
follicle as well as the temporal association between P, profiles and LH following treatment with

hCG.
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Table 6.1. The effect of human chorionic gonadotropin (hCG) on the incidence of accessory
corpus luteum formation, characteristics of follicular waves and cycle length among lactating

Holstein cows.

Treatment

Characteristics hCG CONT
(n = 06) (n = 6)

Cows with accessory CL (n) 6 O**
Number of CL (range) 1 -4 1
Number of waves (n) 2.50 + 0.23 2.14 + 0.14
Emergence of second wave (d) 10.80 + 0.26 12.70 £ 1.44
Time to ovulation from

emergence of wave-2 (d) 13.01 £ 1.80 9.71 £ 2.11
Time to low P, conc.

(< 0.1 ng/ml) 21.83 = 0.54 23.29 £ 1.04
Time to ovulation (d) 23.33 £ 1.45 23.71 £ 1.21%**
Cows ovulating

wave-2 follicle (n) 3 5

** 42 =12; df = 2; P < 0.01
**k 42 =309, df =6, P =08

101



40

34

28

22

16

10

Diameter of CL (mm)

Plasma progesterone (ng/mL)

Number of days after estrus

Figure 6.1. Least square means (+ SEM) of spontaneous corpus luteum diameter (a) among
control cows (@) and cows treated with hCG on d 7 (O) as well as well as the diameter of

induced CL among hCG-treated cows (4). Profiles of least square means for progesterone
concentration among control (@) and hCG-treated cows (O) are also presented in panel b.
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Figure 6.2. Least square means (+ SEM) of the diameter of the dominant follicle of the first (@)
and second (O) wave among the five control cows that presented a two-wave pattern of follicular
growth (a). One control cow had three waves of follicular growth (b).
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Figure 6.3. Treatment of cows with hCG given on d 7 after estrus resulted in the ovulation of the
first-wave dominant follicle. A new wave emerged following ovulation of the dominant follicle.
The dominant follicle from the new (second) wave was ovulatory follicle in three cows (a). A
third wave emerged to provide the ovulatory follicle in the remainder of the cows (b).
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CHAPTER 7

7.1. GENERAL DISCUSSION

The mechanism by which hCG increases pregnancy rates is not clearly understood.
Previous studies have clearly demonstrated that administration of hCG induces the development
of accessory CL by ovulating the ovulatory-size follicle(s) present at the time of giving the hCG
treatment (de Los Santos-Valadez et al., 1982; Price and Webb, 1989). More recent data suggest
that the optimum time to administer hCG is 7 d after breeding (Rajamahendran and Sianangama,
1992). These studies revealed that induced ovulations and resultant pregnancy rates are maximal
when hCG is given at this time. Available data are, however, inconclusive on the functional
status of hCG-induced CL. de Los Santos-Valadez and co-workers, (1982) found no difference
in the P, concentrations between hCG-treated cows which ovulated the dominant follicle
compared to those that did not. Other researchers reported similar results (Sianangama and
Rajamahendran, 1992; Rajamahendran and Sianangama, 1992). These results when taken together,
raises questions as to whether or not hCG-induced CL are functional and if so at what level in
comparison to spontaneous CL of similar age. There is no question, however, that the CL induced
by hCG given during the luteal phase remains in situ for the duration of pregnancy (Greve and
Lehn-Jensen, 1982). Our own studies (Rajamahendran and Sianangama, 1992) demonstrated that
these structures are visible as late as 80 d after breeding. Also, the increased pregnancy rates
following hCG would have increased P, production from spontaneous CL.

The series of experiménts outlined in this thesis attempted to answer these questions along
with investigating whether extensions in estrous cycle length observed in hCG-treated cows are
due to alterations in follicular dynamics. Clearly hCG-induced CL secreted less P, under in vivo
conditions. Additionally the lifespan of hCG-induced CL (13-15 d) was considerably shorter than
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the normal lifespan of spontaneous CL (22-24 d; Sianangama et al., 1994a). This finding is
probably to be expected because the secretory profiles of the luteolysin PGF,, are typically
luteolytic (Moore e al., 1986). This inference is supported by the finding that in at least one cow,
the hCG-induced CL regressed within 2 d of surgical removal of the spontaneous CL. Such a
finding is not surprising be;:ause the regression of the CL in this particular cow occurred
coincident with two peaks of PGFM concentrations, both at luteolytic levels. Thus, it is
reasonable to suggest that the subnormal function observed in the in vivo experiments was
predisposed by PGF,, production which has been reported (Moore et al., 1986) to be increasing
at the time the hCG-induced CL were evaluated in the studies outlined in this thesis.
However, during pregnancy luteal sensitivity to PGF,, is significantly lower than observed
in nonpregnant cows. The decreased sensitivity to the luteolysin is believed to be due to a
mechanism that includes a reduction in the number of high affinity luteal receptors to PGF,, as
well as a reduction in the peripheral concentration of PGF,, (Moeljono et al., 1977; Silvia and
Niswender, 1986; Gadsby et al., 1993). Such a decreased sensitivity to PGF,, serves to protect
the CL from regressing and thus ensures a continued secretion and availability of P, which is
essential for the maintenance of pregnancy. The failure to show any improvement in the function
of hCG-induced CL following intrauterine infusion with indomethacin may simply reflect the fact
that basal concentrations of PGFM were not significantly reduced. Interestingly, some studies
suggest that basal PGF,, is actually increased during early pregnancy (Williams et al., 1983;
Thatcher et al., 1984), despite the absence of the high-amplitude surges of PGF,, commonly
observed at luteolysis in nonpregnant animals (Kindahl et al., 1976). Clearly, the mechanism by
which the CL is protected during pregnancy still remains poorly defined. However, the
observation in this thesis that the hCG-induced CL regressed prematurely in response to the
endogenous PGF,, when take:n together with reports suggesting increased PGF,, concentrations
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during pregnancy, further confirms the hypothesis that the CL of pregnancy is rescued by factors,
some of which are of embryonic origin. Evidence clearly shows that developing conceptuses
rescue the CL by either reducing PGF,, synthesis as well as by changing the mode of secretion
from being characteristically endocrine to being exocrine in nature (Bazer and Thatcher, 1977).
Furthermore, data are now accumulating in support of a direct role for the conceptus in the
rescue of the CL, specifically developing blastocysts secrete interferons (INFs) of the -oy; or -0
subfamily (Flint ez al., 1991). The infusion of embryonic homogenates (Northey and French,
1980), or secretory proteins c.)btained from the in vitro culture of embryos (Martal et al., 1979)
improved luteal function and extended luteal lifespan. Thus, the CL is destined to regress if
challenged with the luteolysin PGF,, at an appropriate time during the luteal phase. This effect
of PGF,, is negated if a conceptus is present in utero. Because the cows used in these
experiments were not inseminated, it seems reasonable to suggest that the subnormal function
exhibited by hCG-induced CL was due to the luteolytic effect of PGF,,.

That the subnormal function observed in vivo can be ascribed to the luteolysin is further
supported by the finding that the same hCG-induced CL secreted more P, in vitro, once removed
from the unconducive endogenous environment. Additionally, the finding that hCG dose-
dependently increased P, production is not in agreement with studies suggesting a down-
regulation of the hCG receptor (Kirchick ef al., 1983) but is consistent with others who found no
difference with regard to the number of LH receptors in animals with subnormal CL function
(McNeilly et al., 1981; Smith ez al., 1986). That forskolin, and not dbcAMP or cholesterol, dose-
dependently increased P, production only among hCG-induced CL is an indication that the
endogenous subnormal function could have been mediated at a site proximal to the LH/hCG-
sensitive adenylate cyclase and cAMP-dependent signal transduction (Fletcher and Niswender,
1982). Other workers have reported that PGF,, induces functional regression by either decreasing
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the utilization of lipoprotein for P, as well as luteal cholesterol synthesis (Pate and Condon,
1989). Furthermore, Caffrey et al. (1979) reported that PGF,, may suppress P, production by
reducing the activity of enzyl;les involved in steroidogenesis. In addition, studies reported in this
thesis found alterations in the frequency distribution of luteal cells. This is the first report citing
a differentiation of SLC into LLC among hCG-induced CL in the bovine. Such alterations could
explain the higher basal P, production observed in this study.

Although the main focus of this study was to evaluate the morphometry and function of
hCG-induced CL, the thesis includes data on similar parameters among spontaneous CL exposed
to hCG in vivo. When these studies were initiated, it was not clear whether the increase in
systemic P, concentrations following hCG was due to the stimulation of the spontaneous CL or
synthesis and secretion by the hCG-induced CL. The finding in the in vivo studies that most
increases in systemic P, concentrations were observed only at specific times (d 15 - 18) is
consistent with the observation that systemic P, concentrations from spontaneous CL is low (<
0.1 ng/mL) during the first 4 d after ovulation. The times for increased P, concentrations reported
herein coincide with ds when P, begins to increase and reach concentrations > 0.1 ng/mL among
newly formed CL. It is reasonable, therefore, to assume that any increase occurring prior to d 15
of the cycle is primarily due to stimulation of the spontaneous CL. Such a view is consistent
with the observation that baseline P, production was approximately double among d 15 CL
compared to d 7 CL induced by hCG. Furthermore, this increased P, production is also in
keeping with the observation that d 15 CL had more LLC compared to d 7 CL induced by hCG.
Large LC are known to secrete as much as 20 times more P,, on a per cell basis, compared to
SLC (Rodgers et al., 1983). '

When we (Sianangama and Rajamahendran, 1992) reported that hCG increases pregnancy
rates when administered as a single intramuscular injection given at specific times during the
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luteal phase, there was a concern that a number of animals failing to conceive did not return to
estrus on schedule. This proportion of animals was more prevalent when hCG was given on d
14 than on either d 0 or 7 after breeding. Any animals not returning to estrus on schedule not
only deny the farmer an opportunity to re-inseminate the animal, but also represents increased
costs through the increased interestrual interval. This is clearly an undesirable trait in any
remedial technique intended .to assist farmers in reducing losses incurred due to reproductive
inefficiency. Because the administration of hCG on d 7 leads to nearly 90 % increase in
pregnancy rates and because we have encouraged the use of hCG to be restricted to d 7 after
breeding, this thesis attempted to investigate whether the extension in estrous cycle length was
caused by alterations in follicular dynamics. This was undertaken in order to exclude the effect
of conceptus derived products which are also known to extend the cycle if present in utero up
to and including d 16 in cattle.

Following the ovulation of the dominant follicle(s) with hCG given on d 7, a fresh pool
of follicles emerged earlier than in the untreated control animals. Since the new wave wasn't
necessarily a fresh pool of follicles recruited to continue growing, this finding is in keeping with
data presented by Adams et al. (1993). These workers found that the removal of the suppressive
factors from the dominant follicle leads to the resurgence in the growth of the subordinate
follicle(s). Such a view is also consistent with the long held hypothesis that the large follicle
exerts dominance over its subordinates thereby preventing their continued growth (Ireland and
Roche, 1987). Other investigations also revealed that removal of the dominant follicle, by
cauterization, delays the regression of the subordinate follicle(s) (Ko et al., 1991). It is perhaps
more important to note that the use of hCG to induce ovulation leads to alterations in follicle
turnover (earlier emergence of wave-two and an increase in the number of follicles growing on
the CL-bearing ovary), although these changes did not increase the cycle length appreciably. In
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fact, the delay to the next ovulation was just 24 h. This is a positive finding if hCG
administration at d 7 after estrus is to be encouraged for adoption as a tool for increasing

pregnancy rates in cattle.

7.2. GENERAL CONCLUSIONS
Some answers to the initial questions emerged from these studies on the function and
morphometry of both hCG-induced and spontaneous CL which were exposed to hCG in vivo, as
well as to the effect of hCG.on follicular dynamics in non-inseminated cows. The conclusions
from these studies are that;
1) the in vivo data suggest that hCG-induced CL are inherently subnormal in function.
2) the in vitro studies showed that P, production is significantly higher among hCG-
induced as well as hCG-exposed CL.
3) hCG administration is associated with increased differentiation of SLC into LLC both
among hCG-induced and spontaneous CL exposed to hCG on d 7 and removed on d 15
after estrus.
4) the apparent hCG-induced diminution in responsiveness of hCG-exposed spontaneous
CL to further gonadotropic stimulation is evident up to d 5 but not 7 d after
administering hCG.
5) hCG given on d 7 is associated with alterations in follicular dynamics but does not

extend cycle length.
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7.3. FUTURE CONSIDERATIONS
Some of these observations have not been previously reported and therefore will require
confirmation by other laboratories. So far only basal as well as cAMP stimulated P, production
has been reported by others. Specifically arising from these studies include;
1) where in the steroidogenic pathway is PGF,, influencing the function of hCG-induced
CL in vivo?
2) can hCG-induced CL alone maintain pregnancy to term among pregnant cows?
3) what are the LH/hCG and PGF,, receptor dynamics among hCG-induced CL as well
as spontaneous CL exposed to hCG.
4) does the switch from a predominantly two- to a three-wave cycle represent a direct
effect of hCG on follicular tumover? Too few animals were used in this study to warrant
a general conclusion (.m this observation.
5) Does increased P, concentration following hCG administration lead to amplification

of the embryonic signal at maternal recognition of pregnancy?

111



CHAPTER 8 LITERATURE CITED

Adams GP, K Kot, CA Smith, and OJ Ginther (1993). Effect of the dominant follicle on
regression of its subordinates in heifers. Can. J. Anim. Sci. 73:267-275.

Anderson E and B Little (1985). The ontogeny of the rat granulosa cell. In: Proceedings of the
Jifth workshop, eds. Toft DO, and RJ Ryan, pp 203-225. Ovarian workshops, Champaign, IL.

Baratta M, F Graselli, and C Tamanini (1994). Effects of gonadal steroids on tonic luteinizing
hormone (L.H) release and luteinizing hormone-releasing hormone-induced LH release from
bovine pituitary cells cultured in vitro. Biol. Reprod. 50:1320-1327.

Battista PJ, CE Rexroad, Jr, and WF Williams (1984). Effects of progesterone administered to
dairy heifers on sensitivity of corpora lutea to PGF,, and on plasma LH concentrations.
Theriogenology 22:47-58.

Bazer FW and WW Thatcher (1977). Theory of maternal recognition of pregnancy in swine based
on estrogen controlled endocrine versus exocrine secretion of prostaglandin F,, by the uterine
endometrium. Prostaglandins 14:397-399.

Beal WE, JH Lukaszewska, and W Hansel (1981). Luteotropic effects of bovine blastocysts. J.
Anim. Sci. 52:567-574.

Beck TW, VG Smith, BE Seguin, and EM Convey (1976). Bovine serum LH, GH and prolactin
following chronic implantation of ovarian steroids and subsequent ovariectomy. J. Anim. Sci.
42:461-468.

Bennett WA, LV Gonzalez, MJ Stuart, and JW Fuquay (1989). Effects of human chorionic
gonadotropin pretreatment on endocrine, cytological and prostaglandin F,, receptor patterns of

the bovine corpus luteum. Anim. Reprod. Sci. 19:179-189.

Berardinelli JG, RA Dailey, RL Butcher, and EK Inskeep (1979). Source of progesterone prior
to puberty in beef heifers. J. Anim. Sci. 49: 1276-1280

Betteridge KJ, MD Eaglesome, GCB Randal, and D Mitchell (1980). Collection, description and
transfer of embryos from cattle. J. Reprod. Fertil. 59:205-216.

Bindon BM (1971). The role of progesterone in implantation in the sheep. Aust. J. Biol. Sci.
24:149-158.

Boyd H (1965). Embryonic death in cattle, sheep and pigs. Vet. Bull. 35:251-266.

Boyd H, P Bacisch, A Young, and JA McCracken (1969). Fertilization and embryonic losses in
dairy cattle. Brit. Vet. J. 125:87-97.

Bulman DC and GE Lamming (1978). Milk progesterone levels in relation to conception, repeat
breeding and factors influencing acyclicity in dairy cows. J. Reprod. Fertil. 54:447-458.

112



Caffrey JL, PW Fletcher, MA Dickman, PL O'Callaghan, and GD Niswender (1979). The activity
of ovine luteal cholesterol esterase during several experimental conditions. Biol. Reprod. 21:601-
608.

Casida LE and EJ Warwick (1945). The necessity of the corpus luteum for maintenance of
pregnancy in the ewe. J. Anim. Sci. 4:34-36.

Christensen AK and SW Gillim (1969). The correlation of fine structure and function in steroid-
secreting cells, with emphasis on those in the gonads. In: The Gonads, ed McKerns KW, pp. 415-
488. Appleton-Century-Crofts, New York.

Corah LR, AP Quealy TG Dunn, and CC Kaltenbach (1974). Prepartum and postpartum levels
of progesterone and oestradiol in beef heifers fed two levels of energy. J. Anim. Sci. 39:380-385

de Los Santos-Valadez S, GE Seidel, Jr, and RP Elsden (1982). Effect of hCG on pregnancy rates
in embryo transfer recipients. Theriogenology 17:85 Abstr.

Denmur R, J Martinet, and RV Short (1973). Pituitary control of the ovine corpus luteum. J.
Reprod. Fertil. 32:207-220.

Diskin MG, and JM Sreenan (1985). Progesterone and embryo survival in the cow. In: Embryonic
mortality in farm animals, Diskin MG and JM Sreenan, eds. Martinus Nijhoff Publishers,
Dordtrecht, Netherlands, pp 142-158.

diZerega GS and GD Hodgen (1981). Luteal phase dysfunction infertility: A sequel to aberrant
folliculogenesis. Fertil. Steril. 35:489-499.

Donaldson LE and W Hansel (1965). Prolongation of life span of the bovine corpus luteum by
single injection of bovine luteinizing hormone. J. Anim. Sci. 48:903-904.

Doyle LL, DL Barclay, GW Duncan, and KT Kirton (1971). Human luteal function following
hysterectomy as assessed by plasma progestin. Anim. J. Obstet. Gynecol. 110:92-97.

du Mensil du Buisson F, and L Dauzier (1957). Influence de l'ovariectomie chez la truie pendant
la gestation. CR. Soc. Biol. 151:311-313.

Eduvie LO and BE Seguin, (1982). Corpus luteum function and pregnancy rates in lactating dairy
cows given human chorionic gonadotropin at middiestrus. Theriogenology 17:415-422.

Eley DS, WW Thatcher, HH Head, RJ Collier, CJ Wilcox, and EP Call (1981). Periparturient and
postpartum endocrine changes of conceptus and maternal units in Jersey cows bred for milk yield.
J. Dairy Sci. 64:312-320.

Ellicott AR and PJ Dzuik (1973). Minimum daily dose of progesterone and plasma concentration
for maintenance of pregnancy in ovariectomized gilts. Biol. Reprod. 9:300-304,

113



Estergreen V, OL Frost, W Games, RE Ebb, and J Bollard (1967). Effect of ovariectomy on
pregnancy maintenance and parturition in dairy cows. J. Dairy Sci. 50:1293-1295.

Fairclough RJ, J Smith, and L McGowan (1981). Prolongation of the estrous cycle in cows and
ewes after passive immunization with PGF antibodies. J. Reprod. Fertil. 62:213-219.

Farin CE, CL Moeller, H Mayan, F Gamboni, HR Sawyer, and GD Niswender (1988). Effects
of luteinizing hormone and human chorionic gonadotropin on cell populations in the ovine corpus
luteum. Biol. Reprod. 38:413-421.

Fitz TA, MH Mayan, HR Sawyer, and GD Niswender (1982). Characterization of two
steroidogenic cell types in the ovine corpus luteum. Biol. Reprod. 27:703-711.

Fletcher PW and GD Niswender (1982). Effect of PGF,, on progesterone secretion and
adenylate cyclase activity in ovine luteal tissue. Prostaglandins 20:803-818.

Flint AFP and EL Sheldrick (1983). Evidence of a systemic role for ovarian oxytocin in luteal
regression in sheep. J. Reprod. Fertil 67:215-225.

Flint APF, JP Hearn, and AE Michael (1990). The maternal recognition of pregnancy in
mammals. J. Zool. (Lon.) 221:327-341.

Flint APF, TJ Parkinson, HJ Stewart, JL Vallet, and GE Lamming (1991). Molecular biology of
trophoblast interferons and studies of their effects in vivo. J. Reprod. Fertil. Suppl. 43:13-25.

Flockhart DA and JD Corbin (1982). Regulatory mechanisms in the control of protein kinases.
CRC Crit. Rev. Biochem. 12:133-186.

Ford SP and JR Chenault (1981). Blood flow to the corpus luteum-bearing ovary and ipsilateral
uterine hormn of cows during the estrous cycle and early pregnancy. J. Reprod. Fertil. 62:555-

Frankel L (1903). Die function des corpus luteum. Arch. Gynaekol. 68:438-443

Fricke PM, Reynolds PL, and DA Redmer (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.

Fuchs AR, O Behrens, J Helmer, C-H Liu, CM Barros, and MJ Fields (1990). Oxytocin and
vasopressin receptors in bovine endometrium and myometrium during the estrous cycle and early
pregnancy. Endocrinology 127:629-636.

Gadsby JE, JA Lovdal, JH Britt, and TA Fitz (1993). Prostaglandin F,, receptor concentrations
in corpora lutea of cycling, pregnant, and pseudopregnant pigs. Biol. Reprod. 49:604-608.

Gamboni F, TA Fitz, PB Hoyer, ME Wise, MH Mayan, and GD Niswender (1984). Effect of

hCG on induced ovine corpora lutea during the anestrous season. Dom. Anim. Endocrinol. 1:79-
88.

114



Garverick HA, JR Parfet, CN Lee, JP Copelin, RS Youngquist, and MF Smith (1988).
Relationship of pre- and post-ovulatory gonadotropin concentrations to subnormal luteal function
in postpartum beef cattle. J Anim. Sci. 66:104-111.

Ginther OJ, L Knopf, and JP Kastelic (1989). Temporal association among ovarian events in
cattle during estrous cycles with two and three follicular waves. J. Reprod. Fertil. 87:223-230.

Glencross RG (1987). Effect of pulsatile infusion of gonadotropin-releasing hormone on plasma
estradiol 17-B concentrations and follicular development during naturally and artificially
maintained high levels of plasma progesterone in heifers. J. Endocrinology 112:77-85.

Greve T and H Lehn-Jensen (1982). The effect of hCG administration on pregnancy rate
following non-surgical transfer of viable bovine embryos. Theriogenology 17:91 (Abstract).

Hanly S (1961). Prenatal mortality in farm animals. J. Reprod. Fertil. 2:182-194.

Hansel W, PW Concannon, and JH Lukaszewska (1973). Corpora lutea of the large domestic
animals. Biol. Reprod. 8:222-245.

Henricks DM, DR Lamond, JR Hill, and J Dickey (1971). Plasma progesterone concentrations
before mating and in early pregnancy in the beef heifer. J. Anim. Sci. 33: 450-454

Hild-Petito S, AC Ottobre, and PB Hoyer (1987). Comparison of subpopulations of luteal cells
obtained from cyclic and superovulated ewes. J. Reprod. Fertil. 80:537-544.

Holness DH, CT McCabe, and GW Sprowson (1982). Observations on the use of human
chorionic gonadotropin (hCG) during the post-insemination period on the conception rates in
synchronized beef cows with sub-optimal reproductive performances. Theriogenology 117:133-
140.

Howard HJ and JH Britt (1990). Prostaglandin F,, causes regression of an hCG-induced corpus
luteum before day 5 of its lifespan in cattle J. Reprod. Fertil. 90:245-253

Hunter MG (1991) Characteristics and causes of the inadequate corpus luteum. J. Reprod. Fertil.
43: 91-99

Ireland JJ and J Roche (1983). Growth and differentiation of large antral follicles after
spontaneous luteolysis in heifers: Changes in concentrations of hormones in follicular fluid and
specific binding of gonadotropins in follicles. J. Anim. Sci. 57:157-167

Ireland JJ and J Roche (1987). Hypothesis regarding development of dominant follicle during the
bovine estrous cycles. In Follicular growth and ovulation rate in farm animals. pp 1 - 17 Eds
Roche J and D O'Callaghan. Martinus Nijhoff Publishers. The Hague.

Jena BP and J Abramowitz (1989). Human chorionic gonadotropin-induced heterologous
desensitization of rabbit luteal adenylyl cyclase is associated with altered receptor and G-protein

function. Endocrinology 124:1932-1941.

115



Jones GS (1976). The luteal phase defect. Fertil. Steril. 27:351-356.

Kaltenbach CC, B Cook, GD Niswender, and AV Nalbandov (1967). Effect of pituitary hormones
on progesterone synthesis by ovine luteal tissue in vitro. Endocrinology 81:1407-1409.

Kaltenbach CC, JW Graber, GD Niswender, and AV Nalbandov (1968a). Effect of
hypophysectomy on the formation and maintenance of corpora lutea in the ewe. Endocrinology
82:753-759.

Kaltenbach CC, JW Graber, GD Niswender, and AV Nalbandov (1968b). Luteotrophic properties
of some pituitary hormones in nonpregnant or hypophysectomized ewes. Endocrinology 82:818-
824,

Karsch FJ, J Roche, JW Noveroske, DL Foster, HW Norton, and AV Nalbandov (1971).
Prolonged maintenance of the corpus luteum of the ewe by continuous infusion of luteinizing
hormone. Biol. Reprod. 4:129-136.

Keisler DH and LW Keisler (1989). Formation and function of GnRH-induced subnormal corpora
lutea in cyclic ewes. J. Reprod. Fertil. 87:265-273.

Kindahl H, LE Edqvist, A Bane, and E Gransom (1976). Blood levels of progesterone and 15-
keto-13,14-dihydro-prostaglandin F,, during the normal estrous cycle and early pregnancy in
heifers. Acta Endocrinol. 82:134-149.

Kindahl H, JO Lindell, and LE Edqvist (1981). Release of prostaglandin F,, during the estrous
cycle. Acta vet. Scand., Suppl. 77:143-158.

Kineman RD, GB Rampacek, RR Kraeling, NA Fiorello-Stocks, and RL Wilson (1987).
Comparison of induced corpora lutea from prepuberal gilts and spontaneous corpora lutea from
mature gilts: in vitro progesterone production. J. Anim. Sci. 64:526-532.

Kirchick HJ and L Birnbaumer (1981). Prostaglandins do not appear to play a role in hCG-
induced regression or desensitization of rabbit corpora lutea. Biol. Reprod. 24:1006-1012.

Kirchick HJ, R Iyengar, and L. Bimbaumer (1983). Human chorionic gonadotropin-induced
heterologous desensitization of adenylyl cyclase from highly luteinized rat ovaries: attenuation
of regulatory N component activity. Endocrinology 113:1638-1646.

Ko JCH, JP Kastelic, MR Del Campo and OJ Ginther (1991). Effects of a dominant follicle on
ovarian follicular dynamics during the estrous cycle in heifers. J. Reprod. Fertil. 91:511-519.

Lamming GE, DC Wathes, and AR Peters (1981). Endocrine patterns of the postpartum cow.
J. Reprod. Fertil. Suppl. 30:155-170.

Lamming GE, AO Darwash, and HL Back (1989). Corpus luteum function in dairy cows and
embryo mortality. J. Reprod. Fertil. Suppl. 37:245-252.

116



Lauber ME, Waterman MR, ER Simpson (1991). Expression of genes encoding steroidogenic
enzymes in the bovine corpus luteum. J. Reprod. Fertil. Suppl. 43:57-64.

Lee CY and RJ Ryan (1973). Interaction of ovarian receptors with human luteinizing hormone
and human chorionic gonadotropin. Biochem. 12:4609-4615.

Leung PCK, T Minegishi, F Ma, F Zhou, B Ho-Yuen (1986). Induction of polyphosphoinositide
breakdown in rat corpus luteum by prostaglandin F,,. Endocrinol. 119:12-18.

Leung PCK, and GL Steele (1992). Intracellular signalling in the gonads. Endocrine Rev. 13:476-
498.

Lewis, PE and JE Warren, Jr, (1974). Indomethacin inhibits estrogen-induced luteolysis in heifers.
J. Anim. Sci. 39:992 (Abstr).

Lewis, PE and JE Warren, Jr, (1977). Effect of indomethacin on luteal function in ewes and
heifers. J. Anim. Sci. 46:763-767.

Lewis GS, DW Caldwell, CE Rexroad, Jr, HH Dowlen, and JR Owen (1990). Effects of
gonadotropin-releasing hormone and human chorionic gonadotropin on pregnancy rate in dairy
cattle. J. Dairy Sci. 73:66-72.

Lishman AW, SMJ Allisson, RL Fogwell, RL Butcher, and EK Inskeep (1979). Follicular
development and function of induced corpora lutea in underfed postpartum anoestrous beef cows

J. Anim. Sci. 48: 867-875

Loeb L (1923). The effect of extirpation of the uterus on the life and function of the corpus
luteum in the guinea pig. Proc. Soc. Exp. Biol. Med. 20:441-464.

Loy RG, RG Zimbelman, and LE Casida (1960). Effect of injected ovarian hormones on the
corpus luteum of the estrual cycle in cattle. J. Anim. Sci. 19:175-182.

Lukaszewska J and W Hansel (1980). Corpus luteum maintenance during early pregnancy in the
cow. J. Reprod. Fertil. 59:485-493,

Marsh, J (1975). The role of cAMP in gonadal function. Adv. Cyclic Nucleotide Res. 6:137-199.

Martal J, M-C Lacroix, C Loudes, M Saunier, and S Winternberger-Torres (1979). Trophoblastin,
an anti-luteolytic protein present in early pregnancy in sheep. J. Reprod. Fertil. 56:63-73.

Mason JL, JR Arthur, and GS Boyd (1978). Control of sterol metabolism in rat adrenal
mitochondria. Biochem. J 173:1045-1051.

Matton P, V Adelakoun, Y Couture, and JJ Dufour (1981). Growth and replacement of the bovine
ovarian follicles during the the estrous cycle. J. Anim. Sci. 52:813-820.

117



McCracken JA, and W Schramm (1983). Prostaglandin and corpus luteum regression. In: Curtis-
Prior PB ed. A handbook of prostaglandin related compounds. Edinburgh: Churchill-Livingstone,
pp- 1-104.

McCracken JA, W Schramm, and WC Okulicz (1984). Hormone receptor control of pulsatile
secretion of prostaglandin F,, from the ovine uterus during luteolysis and its abrogation in early
pregnancy. Anim. Reprod. Sci. 7:31-55.

McDermott JM, WW Thatcher, M Drost, JM Martin, and DJ Putney (1986). Effect of hCG on

cycle length, response to PGF,, and pregnancy rate in dairy cattle. J. Anim. Sci. 63 Suppl. 1
Abstr 354.

McNeilly AS, M Hunter, RB Land, and HM Fraser (1981). Inadequate corpus luteum function
after the induction of ovulation in anestrous ewes by LH-RH or an LH-RH agonist. J Reprod.
Fertil. 63:137-144

Milvae RA and W Hansel (1983). Prostacyclin, prostaglandin F,, and progesterone production
by bovine luteal cells during the estrous cycle. Biol. Reprod. 29:1063-1068.

Moeljono MPE, WW Thatcher, FW Bazer, M Frank, LT Owen, and CJ Wilcox (1977). A study
of prostaglandin F,, as the luteolysin in swine. II. Characterization and comparison of
prostaglandin F,,, estrogens, and progestin concentrations in utero-ovarian vein plasma of non-
pregnant and pregnant gilts. Prostaglandins 14:543-555.

Moore LG, VI Choy, RL Elliott, and WB Watkins (1986). Evidence for the pulsatile release of
prostaglandin F,, inducing the release of ovarian oxytocin during luteolysis in the ewe. J.
Reprod. Fertil. 76:159-166.

Morris LM, E Gonzalez-Padilla, GD Niswender, and JN Wiltbank (1976). Peripheral progesterone
levels in pregnant and non-pregnant heifers following use of hCG. Theriogenology 6:367-378.

Mossman HW and KL Duke (1973). Comparative morphology of specific ovarian tissues and
structures. In: Comparative Morphology of the Mammalian Ovary, pp 117-230. Univ. Wisconsin
Press, Madison, WS, USA.

Nakao T, Narita S, Tanaka K, Horn H, Shirakawa J, Noshiro H, Saga N, Tsunoda H and Kawata
K (1983). Improvement of first-service pregnancy rate in cows with gonadotropin-releasing
hormone analogue Theriogenology. 1983; 20: 111-119

Neill JD, EDB Johansson, and E Knobil (1969). Failure of hysterectomy to influence the normal
pattern of cyclic progesterone secretion in the Rhesus monkey. Endocrinology 84:464-465.

Nett TM, MC McCellan, and GD Niswender (1976). Effects prostaglandins on ovine corpus
luteum: blood flow, secretion of progesterone and morphology. Biol. Reprod. 15:66-78.

Niswender GD, TJ Reimers, MA Diekman, and TM Nett (1976). Blood flow: a mediator of
ovarian function. Biol. Reprod. 14:64-81.

118



Niswender GD, Schwall RH, Fitz TA, Farin CE and Sawyer HR (1985). Regulation of luteal
function in domestic ruminants: new concepts. Rec. Prog. Horm. Res.. 41: 101-151

Niswender GD, and TM Nett (1988). The corpus luteum and its control. In: The physiology of
reproduction, (ed Knobil E, and J Neill et al.,) pp 489-525. Raven Press, New York.

Northey DL and LR French (1980). Effect of embryo removal and intrauterine infusion of
embryonic homogenates on the life span of the bovine corpus luteum. J. Anim. Sci. 50:298-302.

Northey DL, FL Barnes, WH Eyestone, and NL First (1985). Relationship of serum progesterone,
luteinizing hormone and the incidence of pregnancy in bovine embryo transfer recipients.
Theriogenology 23:214 (Abstr).

O'Shea JD, DG Cran, and MF Hay (1979). The small luteal cell of the sheep. J Anat. 128:239-
251.

Odde KG, HS Ward, GH Kiracofe, RM McKee, and RJ Kittok (1980). Short estrous cycles and
associated progesterone levels in beef cows. Theriogenology 14:105-112.

Oonk RB, JS Krasnow, WG Beattie, and JS Richards (1989). Cyclic AMP dependent and
independent regulation of cholesterol side chain cleavage cytochrome P-450,, in rat ovarian cells
and corpora lutea. J. Biol Chem. 264:21934-21941.

Parkinson TJ, A Turvey and LJ Jenner (1994). A morphometric analysis of the corpus luteum of
the cow during the estrous cycle and early pregnancy. Theriogenology 41:1115-1126.

Pate JL and WA Condon (1989). Regulation of steroidogenesis and cholesterol synthesis by
prostaglandin F,, and lipoproteins in the bovine luteal cells. J. Reprod. Fertil. 87:439-446.

Powell WS, S Hammerstrom, and B Samuelsson (1976). Localization of a prostaglandin F,,
receptor in bovine corpus luteum plasma membranes. Eur. J. Biochem. 61:605-611.

Pratt BR, JG Berardinelli, LP Stevens, and EK Inskeep (1982). Induced corpora lutea in the
postpartum beef cow. I. Comparison of gonadotropin releasing hormone and human chorionic
gonadotropin and effects of progesterone and estrogen. J. Anim. Sci. 54:822-829.

Price CA and R Webb (1989). Ovarian response to hCG treatment during the estrous cycle in
heifers. J Reprod. Fertil. 86:303-308.

Rajakoski E (1960). The ovarian follicular system in sexually mature heifers with special
reference to seasonal, cyclical, and left-right variations. Acta Endocrinol. 34 [Suppl 52]:7-68.

Rajamahendran R, and C Taylor (1990). Characterization of ovarian activity in postpartum dairy
cows using ultrasound imaging and progesterone profiles. Anim. Reprod. Sci. 22:171-180.

119



Rajamahendran R, and PC Sianangama (1992). Effect of human chorionic gonadotropin on
dominant follicles in cows: formation of accessory corpora lutea, progesterone production and
pregnancy rates. J. Reprod. Fertil. 95:577-584.

Rajamahendran R and MD Calder (1993). Superovulatory responses in dairy cows following
ovulation of the dominant follicle of the first wave. Theriogenology 40: 99-109

Riley JCM and JC Carlson (1985). Calcium-regulated plasma membrane rigidification during
corpus luteum regression in the rat. Biol. Reprod. 32:77-82.

Roberson MS, MW Wolfe, TT Stumpf, RJ Kittok, and JE Kinder (1989). Luteinizing hormone
secretion and corpus luteum function in cows receiving two levels of progesterone. Biol. Reprod.
41:977-1003.

Robertson HA and GJ King (1974). Plasma concentration of progesterone, estrone and estradiol-
178 and estrone sulphate in the pig at implantation, during pregnancy and at parturition. J.
Reprod. Fertil. 40:133-141.

Robinson NA, KE Leslie and JS Walton (1989). Effect of treatment with progesterone on

pregnancy rate and plasma concentration of progesterone in Holstein cows. J. Dairy Sci. 72:202-
207.

Roche J, MP Boland, and TA McGeady (1981). Reproductive wastage following artificial
insemination of heifers. Vet. Rec. 109:401-403.

Rodgers RT and JD O'Shea (1982). Purification, morphology and progesterone production and
content of three types of luteal cells isolated from the corpus luteum of the sheep Austral. J. Biol.
Sci. 35: 441-445

Rodgers RJ, JD O'Shea, JK Findlay (1983). Progesterone production in vitro by small and large
ovine luteal cells. J. Reprod. Fertil. 69:113-124.

Rusbridge SM, TA Bramley, and R Webb (1992). A comparison of GnRH-induced corpora lutea
and spontaneously formed CL in Heifers. J. Reprod. Fertil. Abst. Series 9 (July) :33 p 24.

Rusbridge SM, Bramley TA, and R Webb (1994). A comparison of progesterone production by

bovine luteal cells from GnRH-induced corpora lutea (CL) and spontaneously formed CL in vitro.
J. Reprod. Fertil. Abstr. Ser. 12 Abstr. 21 p 16.

SAS (1990). SAS/STAT® User's guide Statistics, General linear models, Personal computer
version 6.09, SAS Institute, Cary, NC, USA

Sasano H, T Mori, N Sasano, H Nagura, and JI Mason (1990). Immunolocalization of 3B-
hydroxysteroid dehydrogenase in human ovary. J. Reprod. Fertil. 89:743-751.

120



Savio JD, L. Keenan, MP Boland, and J Roche (1988). Pattern of growth of dominant follicles
during the estrous cycle of heifers. J. Reprod. Fertil. 83:663-671.

Savio JD, Boland MP, Hynes N, Mattiacci MR and Roche J (1990) Will the first dominant
follicle of the estrous cycle ovulate following luteolysis on day 7? Theriogenology 33: 677-688

Savio JD, WW Thatcher, L Badinga, RL de la Sota, and D Wolfenson (1993). Regulation of
follicular turnover during the estrous cycle in cows. J. Reprod. Fertil. 97:197-203.

Saxena BB, SH Hasan, F Haour, and M Schimdt-Gollwitzer (1974). Radioreceptor assay of
human chorionic gonadotropin: detection of early pregnancy. Science, NY., 184:793-795.

Scaramuzzi RJ, and DT Baird (1976). The estrous cycle of the ewe after active immunization
against prostaglandin F,,. J. Reprod. Fertil. 46:39-47.

Schallenberger E, AM Schondorfer, and DL Walters (1985). Gonadotropins and ovarian steroids
in cattle. I. Pulsatile changes of concentrations in the jugular vein throughout the estrous cycle.
Acta Endocrinologica 108:312-321.

Schwall RH and GF Erickson (1984). Inhibition of synthesis of luteinizing hormone (LH)
receptors by a down-regulating dose of LH. Endocrinology 114:1114-1123.

Seamon KB and TW Daly (1981). Forskolin: a unique activator of cyclic AMP-generating
systems. J. Cyclic Nucleot. Res. 7:201-224,

Short RV (1977). The discovery of the ovaries. In: The ovary. eds Zuckerman S, and BJ Wier,
pp. 1-39, 2™ ed., Academic Press, New York.

Short RV (1979). When conception fails to become a pregnancy. In: Maternal Recognition of
Pregnancy, Ciba Foundation Symposium 64: (New Series). Whelan J (ed). Excerpta Medica,
Amsterdam, pp. 377-394.

Sianangama PC and R Rajamahendran, (1991). Effect of hCG on follicular dynamics in lactating
dairy cattle. Biol. Reprod. 44: Suppl. 1, Abstr. 55. p 66.

Sianangama PC and R Rajamahendran, (1992). Effect of human chorionic gonadotropin
administered at specific times following breeding on milk progesterone and pregnancy rates in
cows. Theriogenology 38:85-96.

Sianangama PC, R Rajamahendran, and C. Harvey-Clark (1994a). Are corpora lutea induced by
human chorionic gonadotropin (hCG) given on day 7 of the bovine estrous cycle functional?
Theriogenology 41:293 (Abstr).

Sianangama PC, R Rajamahendran, C. Harvey-Clark, JD Ambrose and WW Thatcher (1994b).

The influence of prostaglandins on the function of corpora lutea induced by human chorionic
gonadotropin given on day 7 after estrus in cattle. (Submitted, Can. J. Anim. Sci.)

121



Silvia WJ, TA Fitz, MH Mayan, and GD Niswender (1984). Cellular and molecular mechanisms
involved in luteolysis and maternal recognition of pregnancy in the ewe. Anim. Reprod. Sci.
7:57-74.

Silvia WJ, and GD Niswender (1986). Maintenance of the corpus luteum of early pregnancy in
the ewe. IV. Changes in luteal sensitivity to prostaglandin F,, throughout early pregnancy. J.
Anim. Sci. 63:1201-1207.

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

Smith MF, HA Garverick, RS Youngquist, and WL Zahler (1986). Luteinizing hormone receptor
concentrations, adenylate cyclase activity and phosphodiesterase activity of bovine corpora lutea:
comparison of short and normal estrous cycles. Dom. Anim. Endocri. 3:127-133.

Sreenan JM and MG Diskin (1985). The extent and timing of embryonic mortality in the cow.
In: Embryonic Mortality in Farm Animals, Sreenan JM and MG Diskin (ed). Martinus Nijhoff
Publishers, Dordrecht, Netherlands.

Tanabe TY, J Hokanson, and LC Griel (1968). Minimal exogenous progesterone requirement for
maintenance of pregnancy in dairy cows after corpus luteum removal via laparotomy. Proc. 2™
World Conf. Anim. Prod., p. 370.

Taylor C and R Rajamahendran (1991). Follicular dynamics and corpus luteum growth and
function in pregnant versus non-pregnant dairy cows. J. Dairy Sci. 74:115-123.

Thatcher WW, D Wolfenson, JS Curl, LE Rico, JJ Knickerbocker, FW Bazer and M Drost
(1984). Prostaglandin dynamics associated with development of the bovine conceptus. Anim.
Reprod. Sci. 7:149-176.

Troxel TR, MJ Opsomer, and DJ Kersler (1984). The effect of days postpartum, indomethacin

and oxytocin on prostaglandin metabolite concentrations in postpartum suckled beef cows.
Theriogenology 22:187-196.

Wagner J, EL Veenhuizen, LV Tonkinson, and RP Rathmacher (1973). Effect of placental
gonadotropin on pregnancy rate in the bovine. J. Anim. Sci. 36:1129-1136.

Walton JS, GW Holbert, NA Robinson, and KE Leslie (1990). Effects of progesterone and human
chorionic gonadotropin administration five days post insemination on plasma and milk

concentrations of progesterone and pregnancy rates of normal and repeat breeder dairy cows. Can.
J. Vet. Res. 54:305-308.

Webley GE, MC Richardson, CA Smith, GM Masson, and JP Hearn (1990). Size distribution
of luteal cells from pregnant and non-pregnant marmoset monkeys and a comparison of the
morphology of marmoset luteal cells with those from the human corpus luteum. J. Reprod. Fertil.
90:427-437.

122



West LA, LL Weakland, and JS Davis (1986). Prostaglandin F,, stimulates phosphoinositide
hydrolysis and inositol 1,4,5-triphosphate (IP,) synthesis in isolated bovine luteal cells. Biol.
Reprod. 34 (Suppl. 1): 138 Abstr.

Wielbold JL (1988). Embryonic mortality and the uterine environment in first-service lactating
dairy cows. J. Reprod. Fertil. 84: 393-399

Wiesak T (1989). Effect of pregnancy, injection of estradiol benzoate or hCG on steroid
concentration and release by pig luteal cells. J. Reprod. Fertil. 86:247-254.

Williams WF, GS Lewis, WW Thatcher, and CS Underwood (1983). Plasma 13,14-dihydro-15-
keto-PGF,, (PGFM) in pregnant and open heifers prior to and during laparotomy and following
intrauterine injection of PGF,,. Prostaglandins 25:891-899.

Wiltbank JN, JA Rothlisberger, and DR Zimmerman (1961). Effect of human chorionic
gonadotropin on maintenance of the corpus luteum and embryo survival in the cow. J. Anim. Sci.
20:827-829.

Wiltbank MC, Guthrie PB, Mattson MP, Kater WB, and GD Niswender (1989). Hormonal
regulation of free intracellular calcium concentrations in small and large ovine luteal cells. Biol.

Reprod. 41:771-778.

Zimbelman RG, AL Pope, and LE Casida (1959). Effects of exogenous progesterone on the
corpus luteum of the bred ewe. J. Anim. Sci. 18:1327-1332.

123



CHAPTER 9 APPENDICES
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Appendix 1. The conversion of cholesterol esters to cholesterol and fatty acid is catalyzed by
cholesterol esterase (A). The process can be reversed by the enzyme cholesterol ester synthase
(B). Once formed, cholesterol is transported into mitochondria where it is converted to
pregnenolone by the enzyme complex cholesterol side chain cleavage (cytochrome P-450,; C).
Pregenenolone is subsequently converted to progesterone by the enzyme complex 3pB-
hydroxysteroid dehydrogenase (3BHSD)/’a—>*a isomerase (D/E). Progesterone is then released to
the systemic circulation by either diffusion or exocytosis.
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CELL MEMBRANE

Appendix 2. Steroidogenesis in a generic luteal cell. The binding of ligand (LH, hCG) activates
the adenylate cyclase (AC), a step mediated by stimulatory G-proteins (G,). Once activated, AC
converts ATP to cAMP which activates protein kinase A (PKA). An activated PKA is a potent
stimulater of the synthesis of several enzymes involved in steroidogenesis, namely cholesterol
esterase (CE) which converts the esterified form of cholesterol (CH-E) into free cholesterol (CH).
PKA also facilitates the transport of CH into the mitochondria from the cytosol. Another site of
PKA action is the activation of the enzyme complex cholesterol side chain cleavage (cytochrome
P-450,.; SCC) which generates pregnenolone (P) from CH. Pregnenolone is converted to
progesterone (P,) by a step catalyzed by 3B-hydroxysteroid dehydrogenase (3BHSD)/’a—>*a
isomerase. Alternatively, PGF,, binds to a specific receptor and activates phospholipase C (PLC)
formation by a step by inhibitory G-proteins (G;). Phospholipase C hydrolyses phosphatidyl
inositol 4,5-biphosphate (PIP,). This results in the formation of inositol 1,4,5-triphosphate (IP,)
and diacylglycerol (DAG). Inositol-P, mobilizes calcium (Ca**) from the endoplasmic reticulum
(ER) by binding to its receptor. Calcium is also recruited from extracellular sources by opening
of calcium channels. DAG, on the other hand, activates protein kinase C (PKC) which suppresses
P, synthesis. Collectively, an increased intracellular Ca®* and the generation of PKC lead to the
suppression of P, synthesis.
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