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ABSTRACT OF DISSERTATION

PROSTAGLANDIN METABOLISM IN THE OVINE CORPUS LUTEUM

The goal of the research comprising this dissertation was to gain insight into the
relative importance of luteal biosynthesis of prostaglandin and possible catabolism of
PGF;, by the corpus luteum. Expression patterns of two enzymes (cyclooxygenase-2 and
15-hydroxyprostaglandin dehydrogenase) important to prostaglandin synthesis and

catabolism are described herein. On day 4 post estrus and day 13 postcoitus, the ovine
corpus luteum is resistant to the luteolytic effects of PGF,. Thus, the primary biological
question that inspired this research is: “What mechanisms allow the corpus luteum early
in the estrous cycle and early in pregnancy to be resistant to the luteolytic activity of
PGF,,?7". Two potential mechanisms were addressed, decreased synthesis of PGF,, and
catabolism of PGF, in the corpus luteum.

The first hypothesis tested was: “PGDH enzymatic activity is greater on day 4 of
the estrous cycle and day 13 of pregnancy than on day 13 of the estrous cycle”.
Enzymatic activity of PGDH, measured by rate of conversion of PGF,, to PGFM, was

greater in corpora lutea on both day 4 of the estrous cycle (p=0.03) and day 13 of

pregnancy (p=0.05) than on day 13 of the estrous cycle.
The inability of the corpus luteum to produce PGF,, may also play a role in

resistance of the corpus luteum to the luteolytic actions of uterine PGF2,. Thus, the
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second hypothesis tested was that expression of mRNA encoding COX-2 will be
attenuated on day 4 of the estrous cycle and day 13 of pregnancy relative to day 13 of the
estrous cycle”. Messenger RNA encoding COX-2 was undetectable (<3 amol/ ug poly
A" RNA) in corpora lutea from ewes on day 13 of the cycle. In corpora lutea from ewes
on day 4 of the estrous cycle, levels of mRNA encoding COX-2 were 43.77+ 27.75
amol/ug poly A” RNA, while on day 13 of pregnancy levels of mRNA encoding COX-2
were 10.57+ 4.41 amol/ug poly A" RNA.

The results of this research suggest that a novel mechanism, enhanced catabolism
of PGF2q, plays a role in resistance of the corpus luteum to the luteolytic activity of
PGF2,. The fact that increased PGDH activity occurs when resistance of the corpus
luteum to the luteolytic activity of PGF,, is known to occur is an exciting advance in
understanding luteal physiology and adaptations in luteal function during early
pregnancy.

Patrick James Silva
Department of Physiology
Colorado State University

Fort Collins, Colorado 80523
Spring 2000
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Chapter 1

Review of the Literature

Introduction to the Corpus Luteum

The corpus luteum is a transient endocrine organ that secretes progesterone, a
steroid hormone essential for growth (Owens, 1991; Geisert et al., 1992) and survival
(Fraenkel, 1903) of all mammalian embryos. Coiter (1573) first described the corpus
luteum in the 16th century. Coiter described yellow structures enmeshed in the human
ovary but never assigned functionality to these structures. However, Regnier de Graff
(1641-1673; 1672) later described these structures in rabbits and noted that the number of
structures was usually related to the number of fetuses in utero. Soon after de Graff’s
studies, Marcello Malpighi (1628-1694; 1689) noted the structures as well, and named
the structure the corpus luteum (Latin meaning: yellow body; yellow = luteum, body =
corpus).
Biological Importance of the Corpus Luteum

At the dawn of the twentieth century, interest in the corpus luteum intensified.
Two centuries after Malpighi’s work, Beard (1897) recognized that the corpus luteum
was present throughout pregnancy and was coincident with an absence of ovulatory and
estrous activity. These observations led Beard to postulate that the corpus luteum
somehow suppressed ovulation and estrus. Working independently, Prenant (1898)

hypothesized that the corpus luteum had a glandular function based on its histological
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characteristics. Three years later, Fraenkel (1901, 1903) and Magnus (1901)
demonstrated that removal of ovaries or corpora lutea in pregnant rabbits resulted in
abortion of the embryos. If Fraenkel and Magnus had been using sheep after 50 days of
pregnancy (Casida and Warwick, 1945) as their experimental subjects, they would have
likely generated dramatically different and erroneous conclusions about the biological
role of the corpus luteum. By the turn of the century it was clear that the corpus luteum
was a gland that secreted a substance that facilitated pregnancy. Magnus (1901)
suggested supplementation of pregnant, ovariectomized rabbits with extracts from
corpora lutea to confirm these suppositions. These experiments were conducted, thirty
years later, by Allen and Corner (1929; 1930) who used an alcohol soluble extract from
the corpora lutea of sows which was capable of maintaining pregnancy in ovariectomized
rabbits. Four years later the elusive biological agent was crystallized and characterized
by four independent research laboratories (Allen and Wintersteiner, 1934; Hartmann and
Wettstein, 1934; Slotta et al., 1934; Butenandt et al., 1934a; Butenandt et al., 1934b).
The structure of the factor was determined and it was named progesterone by Slotta et al.
(1934). Subsequently, Butenandt and Westphal (1934) synthesized a biologically active
preparation of progesterone.
Biological Actions of Progesterone

The biological functions of progesterone during pregnancy are myriad.
Progesterone acts primarily in the uterus and the hypothalamic-pituitary axis. In general,
progesterone serves to prepare and maintain the reproductive tract for pregnancy,
facilitates mammary development, suppresses milk synthesis, and hypothalamic-pituitary

stimulation of ovulatory processes (Reviewed in Graham and Clarke, 1997). There is
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also a significant body of evidence that progesterone has a role in bone remodeling
(Reviewed by Prior, 1990), but this function will not be explored further in this
dissertation.

Progesterone acts directly at the level of the nucleus in target cells by strategically
regulating the transcription of genes. The mechanism of progesterone action is similar to
that utilized by other steroids: activation of nuclear receptors that arc ligand-inducible
transcription factors (Reviewed in Tsai and O’Malley, 1994; see review for primary
references). Upon binding of progesterone to its receptor, the receptor initiates a
complex sequence of events termed transformation, which culminates in activation of the
receptor-ligand complex. Activation is defined as the ability of the receptor ligand
complex to DNA and modulate transcription of target genes. In the absence of
progesterone, progesterone receptors are associated with heat shock proteins (HSP)
HSP56, HSP 70, and HSP 90 (Reviewed in Tsai and O’Malley, 1994) and are therefore
unable to bind DNA; i.e. unable to stimulate or suppress transcription. Upon binding of
progesterone, the receptor dissociates from the HSPs, dimerizes, and becomes active.
Progesterone receptor dimers, bound to progesterone, then associate with progesterone
response elements on DNA and regulate the transcription of target genes.

In most tissues, estrogen priming is required for progesterone responsiveness
(Rosser et al., 1993). Estrogens, especially estradiol-17p, upregulate progesterone
receptors via estrogen receptor-stimulated transcription of progesterone receptor
messenger ribonucleic acid (mRNA; Ing and Tomesi, 1997; Kaneko et al., 1993; Kraus
and Katzenellenbogen, 1993). However, progesterone indirectly down-regulates its own

receptors, and consequently progesterone responsiveness, in target tissues. Progesterone

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



also down-regulates estrogen receptors (Brenner et al., 1974; Evans and Leavitt, 1980;
West et al., 1987) and estrogen receptor mRNA (Evans and Leavitt, 1980, Iwai et al.,
1995), thus removing the stimulus for progesterone receptor synthesis. Many tissues
outside the central nervous system gradually experience a decline in sensitivity to
progesterone after prolonged exposure. Progesterone also serves to desensitize tissues to
the biological actions of estrogens.

Progesterone acts in a variety of reproductive tissues in mammals, including
endometrium (Perrot-Applanat et al., 1985; Clarke et al., 1987; Garcia et al., 1988;
Lessey et al., 1988; Press and Greene, 1988; Press et al., 1988), myometrium (Press et al.,
1988; Janne et al., 1976), granulosa cells (Duffy and Stouffer, 1995; Parke-Sarge et al.,
1995; Reviewed in Pinter et al., 1996), corpus luteum (Parke-Sarge et al., 1995;
Reviewed in Pinter et al., 1996), and oviduct (Brenner et al., 1974; Brenner et al., 1983;
Sawyer et al., 1984). In the endometrium, progesterone elicits differentiation of stromal
and epithelial cells and a variety of morphological changes to facilitate pregnancy
(Reviewed in Cummings and Yochim, 1984). Estrogens secreted by the developing
follicle stimulate mitotic activity in the uterine epithelial cells (Clarke, 1971; Tachi et al.,
1972); however, the onset of elevated progesterone suppresses uterine proliferation
(Bigsby and Cunha 1988; Padykula et al., 1989). Progesterone also stimulates
differentiation of stromal cells (Moulton and Koenig, 1984). Thus, progesterone inhibits
proliferation of epithelial cells but stimulates proliferation of stromal cells (Clarke 1971).
Some characteristics of stromal differentiation include accumulation of vacuoles in the
glandular epithelium (Maslar et al., 1986), changes in DNA synthesis (Moulton and

Koenig, 1984), and changes in endometrial secretory activity (Strinden and Shapiro,
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1983; Maslar et al., 1986). In the human, progesterone promotes decidualization of the
uterus and differentiation of stromal cells into polynuclear tetraploid decidual cells
(Mouiton and Koenig, 1984). In general, progesterone acts to alter the glandular
structure and secretory activity of the endometrium in preparation for pregnancy.
Progesterone has an important biological effect on the myometrium during
pregnancy; it causes suppression of muscular activity. Progesterone promotes
myometrial quiescence by preventing electrical coupling of myometrial cells (Parkington
1983). In addition, progesterone inhibits calcium uptake by myometrial cells (Batra,
1986) by suppression of genes encoding subunits of voltage gated calcium channels
(Tezuka et al., 1995). Moreover, progesterone induces expression of calcitonin in the
myometrium (Ding et al., 1994); calcitonin is believed to lower intracellular calcium
levels in the myometrium. Progesterone also blocks estradiol-induced expression of
alpha-adrenergic receptor subunits (Bottari et al., 1983) and stimulates expression of
beta-adrenergic receptors (Vivat et al, 1992), both effects that reduce the excitability of
the myometrium. Finally, progesterone acts to prevent prostaglandin F,,-induced
myometrial contraction (Fuchs and Fuchs, 1984; Graham and Clarke, 1997).
Progesterone interferes with estradiol-induced biosynthesis of PGF, in the endometrium
(Abel and Baird, 1980; reviewed in Silvia et al., 1991) and stimulates 15-
hydroxyprostaglandin dehydrogenase (PGDH) activity in the myometrium (Thornburn
and Challis, 1979; reviewed in Okita and Okita, 1996). Prostaglandins of the E and F
series are rendered biologically inactive by PGDH (reviewed in Okita and Okita, 1996).
More discussion of steroidal regulation of prostaglandin metabolism in reproductive

tissues will appear later in this dissertation. In general, progesterone acts to reduce
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myometrial excitability by inhibiting the stimulatory inputs and the cellular and
molecular mechanisms of myometrial contraction.

In equids, 5-alpha-reduced progestogens of placental origin, not progesterone, are
postulated to be responsible for promoting myometrial quiescence (Thornburn, 1993).
Ovariectomy in the mare after day 70 does not result in abortion (Holtan et al., 1979).
Thus, it appears that progesterone secretion of luteal origin is important for a limited
time, until placental progestogen secretion can provide adequate progestational support.
In the ewe, progesterone of placental origin appears to take the place of luteal
progesterone after 50 days of pregnancy (Ricketts and Flint, 1980).

A role for progesterone has been proposed in granulosa (Greenberg et al., 1990)
and luteal (Park-Sarge et al., 1995) cells. Progesterone is hypothesized to play a role in
the differentiation of granulosal to luteal phenotype (Greenberg et al., 1990). Consistent
with this notion, it appears that progesterone receptor expression is induced by the
preovulatory LH surge in the granulosa cells of preovulatory follicles (Park and Mayo,
1991). Furthermore, expression of progesterone receptors is cAMP mediated (Clemens
etal., 1998). Itis unclear what genes are regulated by progesterone in granulosa cells.
Levels of the A-isoform of progesterone receptor gradually decline throughout the
menstrual cycle in macaques (Duffy et al., 1997). Progesterone receptors appear to be
induced by progesterone in the corpora lutea of macaques (Duffy and Stouffer, 1995), in
contrast to the effects of progesterone in other tissues. Interestingly, binding sites for
progesterone have been localized to the plasma membranes of luteal and granulosa cells,
suggesting a nongenomic role for progesterone in ovarian steroidogenic cells (Rae et al.,

1998).
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In the oviduct, progesterone has an effect on ovum transport mechanisms and
secretory activity of the oviductal epithelium; i.e. quiescence of estrogen-induced
oviductal activity. Progesterone inhibits oviductal capacity to transport the ovum by
signaling deciliation (Brenner et al., 1983; Sawyer et al., 1984) of the oviductal
epithelium. Progesterone also prevents estrogen-stimulated protein secretion in the
baboon oviduct (Verhage and Fazleabes, 1988). Biologically, this is logical because
during the mid-luteal phase, the oocyte is no longer in the oviductal environment and
secretory activity and movement of cilia are no longer necessary. Progesterone possibly
has secondary roles, as a chemotactic agent for sperm (Villanueva-Diaz et al., 1995) and
induces sperm hyper-activation (Jaiswal et al., 1999).

In summary, progesterone acts in a variety of tissues to prepare the female
reproductive tract for pregnancy (reviewed in Graham and Clarke, 1997). Throughout
pregnancy, the female physiological milieu is regulated by progesterone to support
pregnancy. In the absence of progesterone, pregnancy is terminated.

Progesterone also acts at the hypothalamic-pituitary axis to indirectly and directly
regulate the estrous cycle and estrous behavior. To describe the role of progesterone in
regulating the hypothalamic-pituitary neuroendocrine pathway, a brief description of the
roles of the hypothalamus and pituitary gland in reproductive processes is merited.

During the follicular phase of the estrous cycle, concentrations of estradiol are
increasing and enhancing pituitary responsiveness to gonadotropin releasing hormone
(GnRH; reviewed in Leung and Peng, 1996; Anderson, 1996). Increased pituitary
responsiveness to GnRH is due to increased expression (Turzillo et al., 1998a;

Kirkpatrick et al., 1998a) and surface density (Nett et al., 1981; Khalid et al., 1987) of
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GnRH receptors in gonadotroph cells. The sum of these effects on the GnRH system is
that estradiol-17p stimulates the release of LH, and to a lesser extent, FSH (Reeves et al.,
1981). The pattern of release of LH during the follicular phase is low amplitude, high
frequency pulses (reviewed in Tonetta and diZerega, 1989). This pattern of LH secretion
drives follicular development (in essence, rescues the dominant follicle from atresia;
reviewed in Fortune, 1994; Lucy et al., 1992). As follicular development progresses,
increasing quantities of estradiol-17p stimulate pituitary release of high amplitude puises
of LH culminating in the LH surge (reviewed in Fortune et al., 1991).

Progesterone acts at the level of the pituitary gland and the hypothalamus to
suppress GnRH stimulated LH secretion and attenuate expression of receptors for GnRH
(Laws et al., 1990; Bauer-Dantoin et al., 1995; Kirkpatrick et al., 1998b; Turzillo et al,
1998b). Progesterone also inhibits secretion of GnRH from neurons in the hypothalamus
(Attardi and Happe, 1986; Kasa-Vubu et al., 1992). A nongenomic mechanism of
progesterone action is inhibition of Ca™ mobilization in cultured pituitary gonadotrophs
(reviewed in Wiebe, 1997). Influx of calcium into gonadotrophs is a known mechanism
of GnRH'’s signal transduction pathway (reviewed in Stojilkovic et al., 1994). The sum
of these actions of progesterone results in attenuated pituitary responsiveness to GnRH
manifest as decreased LH secretion (Janovick and Conn, 1996).

Progesterone modulates GnRH-stimulated gonadotropin secretion and production
of gonadotropins. Expression of the p subunits of both FSH (Brann et al., 1993;) and LH
(Brann et al., 1993; Digregorio and Nett, 1995), and the common a subunit (Brann et al.,

1993; Digregorio and Nett, 1995) is suppressed in the presence of progesterone.

However, progesterone, in some situations, facilitates gonadotropin secretion (Attardi and
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Happe, 1986; Brann and Mahesh, 1991; Bauer-Dantoin et al., 1995). In additional to
actions in reproductive tissues, it appears that progesterone plays a key role in modulated
reproductive functions in the central nervous system and pituitary gland.
Importance of Luteal Physiology- Animal Agriculture

The National Animal Health Monitoring System (NAHMS) reported that
infertility in cattle costs producers $381.9 million in 1996 (USDA, 1996). Costs to beef
producers totaled $249 million while costs to dairy producers totaled $132.9 million.
This report identifies infertility in cattle as a major economic problem and a significant
factor in the efficient production of food. The NAHMS report defines infertility as an
inability to become and remain pregnant upon first service. There are two primary causes
of infertility, failure to achieve fertilization and early embryonic loss. Casida (1953)
estimated that 50 percent of matings result in failed fertilization or embryonic loss.
Roche (1981) reported that up to 40 percent of bovine embryos are lost by day 25 of
pregnancy. Roche did not identify the physiological mechanism of embryonic death;
however, he proposed that spontaneous regression of the corpus luteum is involved.

Supplementation of cows with exogenous progesterone during early pregnancy
decreases the incidence of early embryonic mortality (Reviewed in Diskin and Sreenan,
1986; Zavy, 1994). Changes in embryonic mortality range from a 13 percent reduction
(Macmillan et al., 1991) to a 30 percent reduction (Wiltbank, 1956). It is evident that
inadequate secretion of progesterone by the corpus luteum or untimely luteal regression

during early pregnancy accounts for a significant percentage of embryonic wastage in

cattle.
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The economic losses derived from embryonic loss are the direct or indirect result
of: delayed return to estrus, nonpregnant females, late calves, and decreased weaning
weights. There is a loss of 4 million pounds of beef production (in the US alone) that
would occur at no added cost! In addition to loss of beef production, similar losses occur
in the dairy industry.

Importance of Luteal Physiology- Human Medicine

The corpus luteum merits study because of its relevance to two important issues
in human medicine: infertility and cancer. The importance of the corpus luteum in
infertility is evident based upon the preceding discussion. Embryonic loss in humans is
perhaps more prevalent than it is in domestic ruminants. In the United States, 61.9
percent of human conceptuses are lost before 12 weeks of pregnancy (Edmonds et al.,
1982), 91.7 percent of these pregnancies are undetected by the mother.

The corpus luteum is an excellent model to study basic biological processes
involved in tumor proliferation: apoptosis (reviewed by Amsterdam et al., 1998), rapid
mitosis, and angiogenesis (reviewed in Augistin et al., 1995; Neeman et al., 1997). For
example, the rate of cell proliferation in the corpus luteum exceeds that of the most
rapidly proliferating tumors (Jablonka-Shariff et al., 1993). Angiogenesis is a biological
process that is similar between luteal development and tumor development; this will be

discussed in detail in the next section.

Luteal Development

The Follicle

Since the corpus luteum is formed from cells of the follicle, it is prudent to briefly

discuss the structure and function of the precursor tissue to the corpus luteum. The
10
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Graafian, or preovulatory follicle consists of three distinct compartments: the thecal

layer, the granulosal layer, and the antrum.

The thecal layer is subdivided into the theca interna and the theca externa. The
thecal layer is a vascularized tissue fixed to a collagenous basement membrane (reviewed
in Monniaux et al., 1997). The primary function of cells of the theca interna is to produce
androgens that granulosa cells ultimately convert to estrogens (reviewed in Richards et
al., 1987; Bao and Garverick, 1998). A basement membrane provides a barrier between

the blood supply and the granulosa compartment.

The granulosa cell layer is an avascular layer of follicular cells enclosing the
antrum of the follicle. Granulosa cells can be of several subtypes in the antral follicle,
depending on their localization relative to the oocyte. Granulosa cells are actively
involved in estrogen biosynthesis (reviewed in Bao and Garverick, 1998), progesterone
biosynthesis (reviewed in Bao and Garverick, 1998), and oocyte maturation (reviewed in

Buccione et al., 1990).

Theca and granulosa cells coordinate to produce estrogens (Henderson and
Swanston, 1978; reviewed in Fortune and Quirk, 1988). Theca cells possess the
steroidogenic machinery (cytochrome P450 sidechain cleavage/adrenodoxin enzyme
complex [P450 SCC], 3B-hydroxysteroid dehydrogenase/As,A“-reductase [3B-HSD], and
cytochrome P450 17a-hydroxylase [P450c17]) to produce androgens. However, theca
cells are devoid of P450 cytochrome aromatase (P450arom) activity (reviewed in Fortune
and Quirk, 1988; Bao and Garverick, 1998), the enzyme complex that catalyzes

conversion of androgens to estrogens. Conversely, granulosa cells are devoid of

11
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P450c17, therefore cannot produce androgens from progestogens (Conley et al., 1995).
Androgens are transported from the theca to the granulosa cells, which do express
P450arom, and are converted to estrogens (Henderson and Swanston, 1978). Granulosa
cells have the capacity to synthesize progesterone; however, granulosa cells do not
express all of the steroidogenic components until they begin to assume a luteal
phenotype. In support of this assertion, mRNA encoding the steroidogenic acute
regulatory protein (StAR) is not expressed in granulosa cells until luteinization occurs
after the preovulatory LH surge (Bao et al., 1998). Furthermore, mRNA encoding
P450scc is unregulated in response to hCG in the rat corpus luteum (Goldring et al.,
1987). Finally, expression of messenger RNA encoding 3f-HSD is confined to the theca
interna of preovulatory follicles of sheep (O'Shea et al., 1980) and rats (Dupont et al,

1990) until the periovulatory period (Hay and Moore, 1975; Dupont et al., 1990).

Ovulation and Luteinization

As a result of the preovulatory LH surge, the follicle ruptures, releasing the ovum
into the infundibulum leading to the oviduct. The cells remaining in the ruptured follicle
differentiate, and change in phenotype (reviewed in Smith et al., 1994; Richards et al.,
1998), eventually gaining the capacity to secrete large quantities of progesterone. In fact,
the granulosa cells of the follicle gain the capacity to secrete progesterone prior to
ovulation (McNatty and Sawers, 1975; McNatty, 1979). Estradiol-17p and FSH are
partially responsible for initiating the differentiation of granulosa cells via induction of
expression of LH receptors late in follicular development (Richards et al., 1980). The
differentiation of the follicular cells and obtaining the capacity to secrete high amounts of

progesterone is termed luteinization.

12
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In response to the preovulatory surge of LH, cells of the follicle have decreased
capacity to produce androgen and estrogens due to decreased expression of P450c17 and
P450,0m (Voss and Fortune, 1993a,b). In a biological context, this is reasonable; the LH
surge facilitates luteinization, and therefore, facilitates a shift in steroid production from

androgens and estrogens to progesterone.

Another significant event associated with luteinization is degradation of the
basement membrane (reviewed in Smith et al., 1994). The basement membrane consists
of several structural proteins including laminin, fibronectin, and especially type IV
collagen and is hypothesized to be degraded by proteolytic enzymes (i.e.
metalloproteinases; Smith et al., 1994). Degradation of the basement membrane allows
migration of endothelial cells and fibroblasts into the granulosa layer of the ruptured

follicle (Cavander and Murdoch, 1988; Forsman and McCormack, 1992).

Luteinization is a very complex biological process that bears many similarities to
tumor growth. The avascular follicular antrum becomes quite vascularized during
luteinization (reviewed in Grazul-Bilska et al., 1997; Neeman et al., 1997). The vascular
remnant of the follicle is called the corpus hemmoragicum. First, the capillaries of the
forming corpus luteum invade the intercellular spaces of the luteinized follicular cells
(reviewed in Redmer and Reynolds, 1996). Then the microcapillary network of the luteal
parenchyma develops (Zheng et al., 1993). In fact, 75 percent of cells in the corpus
luteum are vascular cells (Azmi et al., 1984) and 20 percent of the volume of the corpus
luteum is capillary lumen (Doraiswamy et al., 1995; Dharmarajan et al., 1985).
Consistent with this, nearly all parenchymal luteal cells are in contact with capillaries in

the midcycle corpus luteum (Zheng et al, 1993; Dharmarajan et al., 1985). In fact, an
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average of 60 percent of the surface of steroidogenic luteal cells is adjacent to capillaries
(Dharmarajan et al., 1985). The midcycle corpus luteum receives a greater blood flow
than any other organ in the body (Bruce and Moor, 1976; Niswender et al., 1976) on a
mass basis (6-10 ml blood/g tissue/min). This rate of blood flow allows the corpus
luteum to consume far more oxygen than any other tissue in the body (197 ml/min/kg vs.
94 for heart and 33 for brain; Swann, 1987).

Capillary infiltration involves mitosis and migration of endothelial cells. There
are many mitogenic and angiogenic factors involved in angiogenesis of the corpus
luteum: basic fibroblastic growth factor (bFGF; Gospodarowicz et al., 1985; Neufeld et
al., 1987; Stirling et al., 1991; Grazul-Bilska et al., 1992), heparin-binding growth factor-
2 (HBGF-2 is also known as bFGF, while HBGF-1 is also known as acidic FGF [aFGF)),
platelet-derived growth factor (PDGF; Khachigain et al., 1996), and vascular endothelial
growth factor (VEGF; reviewed by Redmer and Reynolds, 1996).

Basic FGF (or HBGF-2) is produced by the corpus luteum (reviewed in Reynolds
et al, 1992; Grazul-Bilska et al., 1992b), among other tissues (reviewed in Klagsbrun and
D’Amore, 1991), and probably acts locally in the corpus luteum (Grazul-Bilska et al.,
1992b; Zheng et al., 1993). Heparin binding growth factors are hypothesized to be the
primary angiogenic agents in the corpus luteum (Reynolds et al., 1994). Heparin binding
growth factor-1 is also produced by the corpus luteum but likely plays a minor role in
luteal angiogenesis relative to HBGF-2 (Zheng et al., 1993). Furthermore, greater levels
of HBGF-2 expression occur at the stage of luteal development in which angiogenesis is

progressing at the greatest rate (Zheng et al., 1993).
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Platelet-derived growth factor (PDGF) is a cytokine produced by platelets and
fibroblasts that promotes endothelial cell proliferation and chemotaxis (reviewed in
Miyazono and Takaku, 1991). It is reasonable that PDGF exerts this effect during luteal
angiogenesis; however, this has not been investigated. Platelet derived growth factor has
also been shown to stimulate progesterone secretion from cultured mixed luteal cells, in
vitro (Batista et al., 1989), supporting a nonangiogenic role of PDGF.

Vascular endothelial growth factor (VEGF) enhances mitotic rates in endothelial
cells (reviewed in Fererra, 1993; Fererra et al., 1999), and specifically, endothelial cells
of the corpus luteum (Fererra et al., 1998). Expression of VGEF is induced by LH in
granulosa cells (Garrido et al., 1993; Koos, 1995). Ablation of bioactive VEGF results in
complete inhibition of luteal angiogenesis and ischemic necrosis in the developing corpus
luteum (Doraiswamy et al., 1995; Ferrara et al., 1998). These observations contradict
the hypothesis forwarded by Reynolds et al. (1994), who proposed that HBGF’s are the
primary angiogenic agents during luteal development.

In summary, the importance of angiogenesis in luteal development becomes
apparent when reflecting on the luteal growth and cellular proliferation that occurs over
such a short period. A better understanding of these angiogenic mechanisms might foster
the development of technologies that allow manipulation of luteal development or tumor

growth, the implications of which are immense.

Cellular Composition of the Corpus Luteum

The corpus luteum is comprised of five primary types of cells: two types of
steroidogenic parenchymal cells (reviewed in Niswender and Nett, 1994; Wiltbank, 1994;

Smith et al., 1994): 1) large luteal cells and 2) small luteal cells, and 3) endothelial cells,

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4) fibroblasts, and 5) pericytes. Large and small luteal cells are hypothesized to be
derived from follicular granulosa and theca cells, respectively (Donaldson and Hansel,
1965; McClellan et al., 1975; O’Shea et al., 1980). Consistent with this, the number of
granulosa cells within preovulatory follicles (O’Shea et al., 1985) is approximately the
same as the number of large luteal cells in the corpus luteum (Rodgers et al., 1984;
O’Shea et al., 1986). Furthermore, monoclonal antibodies raised against surface antigens
of granulosa cells bind primarily to large luteal cells (Alila and Hansel, 1984), suggesting
that granulosa and luteal cells at least express similar cell surface antigens. It has also
been proposed that small luteal cells can differentiate into large Iuteal cells (Warbritton,
1934; Enders and Lyons, 1964; Donaldson and Hansel, 1965). There is experimental
evidence supporting this view: administration of superphysiological doses of LH
increases the number of large luteal cells in the corpus luteum and stimulates the
appearance of cells intermediate in size between large luteal cells and small luteal cells
(Farin et al., 1986). However, this apparent differentiation of small luteal cells into large
luteal cells is not observed upon administration of LH at physiological concentrations
(Farin et al., 1990). More recently, it has been proposed that large luteal cells can
differentiate into small luteal cells (Fisch et al., 1989). Finally, it has been proposed
(Niswender et al., 1985a) that the corpus luteum contains undifferentiated stem cells,
intermediate in phenotype between fibroblasts and small luteal cells (O’Shea et al., 1980)
that can differentiate into small luteal cells that can further differentiate into large luteal
cells. In conclusion, the follicular lineage of steroidogenic luteal cells is still quite

controversial and inconclusive.
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The development of the corpus luteum involves rapid cell proliferation and a
dramatic increase in tissue mass. In fact the corpus luteum increases 25-30-fold in mass
in just 10 days (Farin et al., 1986; Jablonka-Shariff et al., 1993). Small luteal cells,
fibroblasts, and endothelial cells have the greatest mitotic rate during luteal development
(McClellan et al., 1975) while large luteal cells increase in size with little division (Farin
et al., 1986); large luteal cells are limited to hypertrophy (McClellan et al., 1975). From
day 4 to day 16 of the ovine estrous cycle, the numbers of small cells, endothelial cells

and fibroblasts increase 5-fold, 6.5-fold and 2-fold, respectively (Farin et al., 1986).

There are a variety of ultrastructural changes in luteal cells during luteinization
which allow for the secretory and steroidogenic functions of the corpus luteum
throughout the estrous cycle. During luteinization, there is an increase in the number and
density of several organelles within large luteal cells, including: Golgi apparatus, smooth
endoplasmic reticulum, and especially mitochondria (Priedkalns et al., 1968; Cavazos et
al., 1969; Fawcett et al., 1969; Enders et al., 1973; McClellan et al., 1975; Sawyer, 1995).
The increases in mitochondrial numbers and density probably facilitate the high level of
progesterone biosynthesis (discussed in detail in the next section) that occurs in the large
luteal cells of the midcycle corpus luteum (Kenny et al., 1989). Analysis of luteal tissue
sections by electron microscopy has revealed the presence of secretory granules in large
luteal cells but not in small luteal cells (Sawyer, 1995). These secretory granules contain
oxytocin (Theodosis et al., 1986; Fields et al., 1992), metalloproteinases (Goldberg et al.,
1996), inhibitors of metalloproteinases (Goldberg et al., 1996; McIntush et al., 1996), and
inhibin and relaxin in some nonruminant species (reviewed in McCracken et al., 1999).

Specifically, relaxin-containing secretory granules have been localized in large luteal
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cells of the rat (Goldsmith et al., 1981; Fields et al., 1992), human (Weiss, 1981), and pig
(Sherwood and O'Bryne, 1974). Interestingly, secretory granules are distributed
differently in the large luteal cells of sheep and cows (reviewed in Sawyer, 1995). Small
luteal cells of the ovine corpus luteum contain lipid droplets while large luteal cells are
devoid of lipid droplets (Sawyer, 1995), possibly because the high basal level of
progesterone biosynthesis in large luteal cells prevents lipid accumulation. In contrast,
both steroidogenic cell types in the bovine corpus luteum contain lipid droplets (Sawyer,
1995). In general, the microanatomical features of the corpus luteum are dynamic and
evolve in a manner consistent with the function of the gland throughout the luteal

lifespan.

The number of endothelial cells increases throughout the estrous cycle in the
ovine corpus luteum until luteolysis commences (Farin et al., 1986). In fact, the number
of endothelial cells in the ovine corpus luteum increases four-fold between days 4 and 8
of the estrous cycle and increases an additional two-fold between days 8 and 16 but
decreases in regressing day 16 corpora lutea (Farin et al., 1986). These observations are
consistent with the importance of a well-developed vascular system in corpus luteum
function (Doraiswamy et al., 1995; Ferrara et al., 1998). One interesting aspect of the
luteal vasculature is the high degree of fenestration of the capillaries making them
permeable to many large proteins (Ellinwood et al., 1978) and some immune cells

(Tizard et al., 1992).

Fibroblasts are elongated cells that remain static in morphology and size
throughout the estrous cycle. Their role in luteal development and function has not been

extensively investigated, but it has been hypothesized that they serve as a pool of stem
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cells that differentiate into small luteal cells during luteal development (Niswender et al.,

1985a).

Several types of immune cells have been identified in the corpus luteum but are
normally present in small numbers in all phases of the luteal lifespan except luteolysis
(reviewed in Pate et al., 1994). Eosinophils and macrophages are the primary types of
immune cells found in the corpus luteum. Immune cells are probably involved in

mediating luteolysis and thus will be discussed in a later section.

Progesterone Biosynthesis

The synthesis of progesterone requires the least number of enzymatic steps (two)
of any steroid hormone. First, the side chain of cholesterol is cleaved by the cytochrome
P450 sidechain cleavage (P450 SCC)/ adrenodoxin/adrenodoxin reductase enzyme
complex (Stone et al., 1954) to form pregnenolone. This reaction, catalyzed by P450
SCC, occurs in three monoxygenations and finally cleavage of the C-20, 22 bond
(reviewed in Hanukoglu, 1992). This enzyme complex is localized to the matrix face of
the inner mitochondrial membrane (Yago and Ichii, 1969). Then pregnenolone is
converted to progesterone by the 3B-hydroxysteroid dehydrogenase/A®, A>-isomerase
enzyme complex (reviewed in Hanukoglu, 1992).

Cholesterol is the substrate for biosynthesis of all steroid hormones including
progesterone. The liver is the primary site of cholesterol biosynthesis (reviewed in
Gwynne and Strauss, 1982; Krisans, 1996); however, cholesterol can be synthesized de
novo in steroidogenic tissues (Hechter et al., 1953; reviewed in Johnson et al., 1997). In
the liver and steroidogenic tissues, cholesterol is synthesized in a series of 11 enzymatic

reactions (reviewed in Krisans et al., 1996). The rate-limiting step in de novo cholesterol
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synthesis is catalyzed by HMG CoA reductase (reviewed in Beg et al., 1987).
Cholesterol is synthesized from acetate in the corpus luteum (Cook et al., 1967,
Kaltenbach et al., 1968; Cook and Kaltenbach, 1968) in the absence of blood borne
lipoprotein.

Circulating lipoproteins are the primary source of cholesterol for progesterone
biosynthesis (reviewed in Gwynne and Strauss, 1982; Pate and Condon, 1982; Ohashi et
al., 1982; Hwang and Menon, 1983). High density (HDL) and low-density (LDL)
lipoproteins are the most common cholesterol source in domestic animals (Pate and
Condon, 1982; Ohashi et al., 1982; Hwang and Menon, 1983; reviewed in Grummer and
Carroll, 1988). Circulating levels of HDL are greater than levels of LDL in cattle
(Grummer and Davis, 1984) and sheep (Diskin et al., as cited in Wiltbank, 1994). The
primary function of HDL is to traffik cholesterol to the liver, while LDL traffiks
cholesterol from the liver to the periphery (reviewed in Hill and McQueen, 1997).

Biochemical and structural differences between HDL and LDL include
differences in apolipoprotein composition and cholesterol content of the particle
(reviewed in Gwynne and Strauss, 1982). Apolipoprotein A-1 is the primary
apolipoprotein in HDL (Gwynne and Strauss, 1982) but apolipoprotein E is absent
(reviewed in Grummer and Carroll, 1988). Apolipoprotein B is the primary
apolipoprotein in LDL (reviewed in Gwynne and Strauss, 1982). Lipoproteins transport
cholesterol in the form of both cholesterol esters and free cholesterol (reviewed in
Johnson ¢t al., 1997). The cholesterol load of LDL is ~1600 cholesterol ester molecules
and ~1400 free cholesterol molecules, totaling ~3000 cholesterol molecules (reviewed in

Ginsberg, 1998). The cholesterol load of HDL is less than that of LDL (~1200
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cholesterol molecules); however, the lipid core of HDL is far more dense than that of
LDL particles (reviewed in Ginsberg, 1998).

The mechanism of delivery of cholesterol to the intracellular compartment is
different for LDL and HDL. The delivery of LDL is via receptor-mediated endocytosis
(Rajan and Menon, 1985; Brown and Goldstein, 1986). Upon binding to its receptor, the
LDL particle bearing cholesterol is internalized and transported to lysosomes (Brown and
Goldstein, 1986). In the lysosome the LDL receptor is catabolized or recycled and
cholesterol is released and readily available as steroidogenic substrate (reviewed in
Grummer and Carroll, 1988). Delivery of cholesterol by HDL is facilitated by binding of
HDL to plasma membrane receptors (Ferreri and Menon, 1992); however, receptor
mediated endocytosis does not appear to be the mechanism of cholesterol delivery
(reviewed in Lestavel and Fruchart, 1994). To date the mechanism of HDL delivery of
cholesterol to cells has not been described.

Upon entry into steroidogenic cells, cholesterol is subject to many possible fates,
storage in the form of cholesterol-fatty acid esters in lipid droplets or immediate
utilization as steroidogenic substrate (reviewed in Johnson et al., 1997). It has been
postulated that cells devoid of lipid droplets do not store cholesterol esters (Sawyer,
1995). These stored cholesterol esters are mobilized as steroidogenic substrate via
conversion to free cholesterol by cholesterol esterase (hormone sensitive lipase; reviewed
in Ramsay, 1996). In fact, lipid droplets are transported through the cell by cytoskeletal
components (Ray and Strott, 1978; reviewed in Niswender and Nett, 1994) and can
associate with mitochondria (Merry, 1975). It has also been proposed that mitochondria

are transported and lipid droplets are immobile (Thomson, 1998). These cytoskeletal
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components are believed to be primarily intermediate filaments (Almahbobi and Hall,
1990; Almahbobi et al., 1992a,b; Almahbobi et al., 1993). Intermediate filaments
associate with both the lipid droplets (Almahbobi and Hall, 1990; Almahbobi et al.,
1992a) and mitochondria (Almahbobi et al., 1992b; Almahbobi et al., 1993) of adrenal
cells (Almahbobi and Hall, 1990; Almahbobi et al., 1992a,b) and Leydig celis
(Almahbobi et al., 1993).

Until recently, it was believed that conversion of cholesterol to pregnenolone by
the cytochrome P450 sidechain cleavage enzyme complex was the rate limiting and
regulated step in steroid biosynthesis. Experimental evidence supporting this notion was
derived from experiments in which steroidogenic cells were able to synthesize large
quantities of progesterone when supplemented with pregnenolone but not when
supplemented with cholesterol (reviewed in Stocco and Clark, 1996). However,
supplementation with hydrophilic cholesterol analogs (25-hydroxycholesterol, 22R-
hydroxycholesterol, and 20a.- hydroxycholesterol) results in high rates of steroidogenesis
without tropic hormonal input (Jefcoate et al., 1973; Jefcoate et al., 1974; Lin et al.,
1995). These cholesterol analogs are able to freely diffuse to the inner mitochondrial
membrane and readily access the sidechain cleavage active site (Jefcoate et al., 1974;
Toaff et al., 1982). Based on these observations it was concluded that cholesterol was
actively transported to the inner mitochondrial membrane and that this was the rate-
limiting step in steroidogenesis (reviewed in Thomson, 1998).

Tropic stimulation of adrenal cortical cells with ACTH in the presence of
cycloheximide (protein synthesis inhibitor), does not increase steroid output (Fergeson,

1963; Garren et al., 1965; Cooke et al., 1975). In the presence of protein synthesis
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inhibitors, cholesterol accumulates in the outer mitochondrial membrane and is not
available for pregnenolone biosynthesis (Simpson et al., 1978). The factor facilitating
cholesterol delivery to the inner mitochondrial membrane was found to be a protein
rapidly synthesized upon trophic stimulation in adrenal cells.

The cycloheximide-sensitive proteins were found to be a family of 30 kD
phosphoproteins rapidly induced after trophic stimulation of many steroidogenic cell
types including adrenal cells (Krueger and Orme-Johnson, 1983;Pon et al., 1986a),
Leydig cells (Pon et al., 1986b), corpus luteum (Pon and Orme-Johnson, 1986), MA-10
mouse Leydig tumor cells (Stocco and Chaudhary, 1990; Stocco and Chen, 1991), and
R2C rat Leydig tumor cells (Stocco and Chen, 1991). These proteins are
posttranslationally modified variants of a 37-kD precursor molecule (Stocco and
Sodeman, 1991). The protein was named Steroidogenic Acute Regulatory protein

(StAR; Clark et al., 1994).

Analysis of StAR by two-dimensional polyacrylamide gel electrophoresis
(PAGE) reveals that there are at least four processed (30 kDa) isoforms of the protein in
the mouse (Stocco and Sodeman, 1991; Epstein and Orme-Johnson, 1991) and human
(Arkane et al., 1997). There are two precursor molecules of 32 and 37 kDa that have
been described in the mouse (Stocco and Sodeman, 1991). There are acidic and basic
isoforms of murine StAR that can be detected in phosphorylated and unphosphorylated
states (Alberta et al., 1989). The biochemical characteristics resulting in acid and basic
isoforms have not been described. The role of phosphorylation will be discussed in

another section.
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If StAR were the elusive protein that facilitated delivery of cholesterol to the
inner mitochondrial membrane, it would be expected that mutation of StAR would result
in a dramatically reduced capacity to synthesize steroids. Indeed, it has been known for
quite some time that humans born with congenital adrenal lipoid hyperplasia (lipoid
CAH) do not have the capacity for gonadal and adrenal steroidogenesis (Degenhart et al.,
1972; Hauffa et al., 1985). It has since been shown that lipoid CAH is due to a mutation
in StAR (Lin et al., 1995), specifically a single amino acid mutation (A218V; Nakae et
al., 1997) that prevents StAR from folding properly (Bose et al., 1998). One of the most
striking morphological characteristics of individuals afflicted with lipoid CAH is the
accumulation of lipid droplets and hyperplasia in steroidogenic cells (Camacho et al.,
1968; Hauffa et al., 1985; reviewed in Miller, 1997) possibly due to an imbalance of
cholesterol intake and cholesterol conversion to steroids in these cells. Interestingly, the
human placenta does not depend on StAR expression for progesterone biosynthesis
(Sugwara et al., 1995), explaining why individuals afflicted with lipoid CAH are able to
survive to term (Saenger et al., 1995). It has recently been proposed that a StAR
homologue (MLN64) functions in a role similar to StAR in human placenta (Watari et al.,
1997).

The mechanism of StAR action has not been accurately described to date but
several hypotheses have been proposed (King et al., 1995; reviewed in Waterman, 1995;
Stocco and Clark, 1996; Miller, 1997; Thomson, 1998; Niswender et al., 1999). The
original hypothesis was that cholesterol delivery to the inner mitochondrial membrane
involved import of StAR into mitochondria and concurrent cleavage of the mitochondrial

targeting sequence (Waterman, 1995). To date, there is no conclusive evidence in
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support of this hypothesis. In fact, there is some evidence that contradicts this notion.
Truncation of the N-terminal mitochondrial targeting sequence of human StAR yields a
protein that can associate with but cannot be imported into the mitochondria; however,
this construct is able to stimulate cholesterol delivery to P450 SCC (Arkane et al., 1996;
Arkane et al., 1998; Wang et al., 1998). It is reasonable that association of StAR with the
outer mitochondrial membrane mechanically drives the formation of contact points in
which the outer and inner mitochondrial membrane become continuous. Thomson (1998)
proposes that the cholesterol contained within the inner mitochondrial membrane is
available as a steroidogenic pool while cholesterol in the outer mitochondrial membrane
needs only to be transferred to the inner membrane to become available for
steroidogenesis. Consistent with this, the concentration of cholesterol in the outer
mitochondrial membrane is 10-fold greater than that of the inner mitochondrial
membrane (della-Cioppa et al., 1986). Thus, the formation of contact points between the
inner and outer mitochondrial membranes would allow cholesterol to diffuse down a
concentration gradient to the inner mitochondrial membrane and P450 SCC, without ever
leaving the lipophilic environment of the mitochondrial membranes. It has also been
proposed (Eastbrook and Rainey, 1996) that import of StAR into the mitochondria is a
mechanism of attenuating cholesterol delivery to the inner mitochondrial membrane by
sequestering StAR, thus rendering it inactive. If this were true it would be expected that
StAR without a mitochondrial targeting sequence would have much greater activity than
wild-type StAR. This remains to be determined.

Several other proteins are believed to be associated with the formation of contact

points in mitochondria of steroidogenic cells (reviewed in Papadopolous et al., 1993).
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Some of these proteins include the peripheral-type benzodiazapine receptor (PBR;
Muhkin et al., 1989), the peptide diazapam binding inhibitor (DBI; the endogenous
ligand for PBR, also known and endozepine; Papadopolous and Brown, 1995), and
voltage-dependant anion channel (VDAC; McEnery et al., 1992). Abrogation of
expression of endozepine in R2C cells (rat Leydig tumor cell line which constitutively
produces high levels of progesterone) by treatment with cholesterol-linked
phosphorothioate antisense oligonucleotides results in cessation of progesterone secretion
(Gamier et al., 1994). Furthermore, utilization of the same antisense strategy has resulted
in evidence that endozepine is requisite for hormone-stimulated progesterone secretion in
MA-10 mouse Leydig tumor cells (Boujrad et al., 1993). The antisteroidogenic effects of
endozepine antisense oligonucleotides were reversed by addition of 22-
hydroxycholesterol (Boujrad et al., 1993; Garnier et al., 1994), suggesting that
endozepine plays a role in cholesterol delivery to the inner mitochondrial membrane.
Finally, deletion of the gene encoding PBR in R2C rat Leydig tumor cells results in a
pronounced reduction of basal progesterone secretion which can be reversed by
reintroduction of a functional PBR gene (Papadopolous et al., 1997). From these
observations one can conclude that the endozepine/PBR system has at least a permissive
role in steroidogenesis; whether this ligand/receptor system represents a regulated
component of the steroidogenic pathway remains to be revealed.
Regulation of Progesterone Biosynthesis

The corpus luteum is subject to both tropic and inhibitory regulation of
progesterone biosynthesis, primarily by LH (Schomberg et al., 1967; Niswender et al.,

1976; reviewed in Niswender and Nett, 1994; Wiltbank, 1994) and PGF,,, (Pate and
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Nephew, 1988; Wiltbank et al., 1990), respectively (reviewed in Niswender and Nett,
1994; Niswender et al., 1999). Small luteal cells produce relatively low basal levels of
progesterone but dramatically increase progesterone output in response to luteinizing
hormone (Williams and Marsh, 1978; Fitz et al., 1982). Conversely, small luteal celis do
not respond to PGF, by decreasing their progesterone output, probably due to the lack of
PGF;, receptors on the surface of small luteal cells (Fitz et al., 1982). Pharmacological
activation of the protein kinase C pathway (the second messenger system utilized by
PGF>,) with phorbol myristate acetate (PMA) does elicit a decrease in progesterone
biosynthesis in cultured small luteal cells (Wiltbank et al., 1993; Belfiore et al., 1994).
Furthermore, PGF3, does not elicit a calcium influx into small luteal cells as it does in
large luteal cells (Wiltbank et al., 1989a; Wegner et al., 1990). Thus, PKC could mediate

negative regulation of progesterone biosynthesis in small luteal cells, but the effector of

this response remains to be identified.

Large luteal cells produce basal levels of progesterone up to 40 fold greater than
small luteal cells (reviewed in Niswender et al., 1999) and large luteal cells are estimated
to be responsible for 80 percent of the progesterone output of the corpus luteum
(reviewed in Niswender et al., 1985a). Consistent with these observations, morphometric
analysis of the corpus luteum has revealed that large luteal cells have a greater
concentration of mitochondria that do small luteal cells (Kenny et al., 1989).
Additionally, in large luteal cells, a greater percentage of total RNA is 3p-HSD mRNA
(Hawkins et al., 1993). Large luteal cells are not significantly responsive to LH (Hoyer
and Niswender, 1985; Hansel et al., 1991) although they have a similar number of LH

receptors as small luteal cells on a per cell basis (Harrison et al., 1987). The relative

27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



surface area of small and large luteal cells allows for a greater density of LH receptors on
small luteal cells and this potentially is partially involved in the differential
responsiveness between the two steroidogenic cell types.

Tropic stimulation of the corpus luteum appears to be primarily due to LH
(reviewed in Niswender and Nett, 1994; Niswender et al., 1999) and to a lesser extent,
GH (Juengel et al., 1995). The importance of pituitary hormones in luteal development
and function has been well established (Astwood et al., 1941; Denamur et al., 1973;
Farin et al., 1990). Hypophysectomy, which ablates circulating concentrations of both
GH and LH, on day 5 of the estrous cycle in the ewe, arrests luteal growth and halts the
increase in progesterone biosynthesis (Farin et al., 1990; Juengel et al., 1995a), and
ultimately results in luteolysis (Denamur, 1966; Denamur et al., 1973). In addition,
passive immunoneutralization of LH in ewes results in inhibition of progesterone
biosynthesis (Niswender et al., 1976) and loss of luteal mass (Fuller and Hansel, 1970).
Furthermore, administration of GnRH antagonists (suppress pulsatile, but not tonic LH
secretion) results in suppressed progesterone secretion (Baird, 1992; Peters et al., 1994),
although to a lesser extent than in hypophysectomized animals. The observed decrease in
progesterone secretion in hypophysectomized ewes appears to be the result of lack of
tropic support that maintains expression of several steroidogenic components including
StAR, P450 SCC and 3BHSD (Juengel et al., 1995a,b). The removal of tropic input also
results in decreases in the size of small and large luteal cells, as well as a decrease in the
number of small luteal cells and fibroblasts (Farin et al., 1990). However, replacement of
LH in hypophysectomized ewes restores luteal function (Kaltenbach et al., 1968;

Niswender et al., 1976; Farin et al., 1990) including expression of mRNA encoding P450
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SCC, StAR, and 3B-HSD (Farin et al., 1990; Juengel et al., 1995a,b. In general, it
appears tonic LH acts to maintain the integrity and steroidogenic capacity of luteal cells.

Interestingly, during the midluteal phase, when progesterone secretion is at its
greatest, LH pulse frequency is at its lowest (Baird et al., 1978). This is likely due to the
negative feedback effects of progesterone on GnRH (Attardi and Happe, 1986; Kasa-
Vubu et al., 1992) and LH (Laws et al., 1990; Bauer-Dantoin et al., 1995; Kirkpatrick et
al., 1998b; Turzillo et al, 1998b). However, between days 4 and 12 of the estrous cycle,
the 2-4 fold increase in progesterone biosynthesis concurs with an increase in LH
receptor number in the corpus luteum (Diekman et al., 1978a). In the rat, hCG-induced
luteinization is followed by a constitutive pattern of expression of P450 SCC (Goldring et
al., 1987; Hickey et al., 1989). It appears that LH provides tonic support for luteal
function; however it has a less critical role in acute regulation of luteal biosynthesis of
progesterone (Suter et al., 1980; Baird et al., 1976).

More recently it has been shown that replacement of LH in hypophysectomized
ewes only partially restores the function of the corpus luteum (Juengel et al., 1995a).
Supplementation of hypophysectomized ewes with GH in addition to LH results in full
restoration of luteal function (Juengel et al., 1995a). Supplementation with GH alone
allows mRNA encoding StAR and P450 SCC, but not 3pHSD, to remain at normal levels
(Juengel et al., 1995b). There is some evidence that suggests prolactin is also requisite
for normal luteal function (Denamur, 1973); however, ablation of endogenous prolactin
secretion with bromoergocriptine has no detrimental effect on luteal function (Bevers et
al., 1988; Niswender, 1974). Therefore, it remains questionable whether prolactin is

essential for luteal function, but LH and GH definitely play a key role.
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The actions of LH in regulating progesterone biosynthesis are primarily by
modulating expression and activity of key components of the steroidogenic pathway
(reviewed in Niswender et al., 1999). Expression of mRNA encoding steroidogenic
proteins, specifically 3-HSD, P450 SCC, and StAR, are attenuated in the absence of
trophic input by LH (Juengel et al., 1995a, b).

The intracellular signaling pathway utilized by LH is the protein kinase (PK) A
second messenger system (Mendelson et al., 1975; Marsh, 1975; Jordan et al., 1978).
Binding of LH to its extracellular receptor, which is coupled to adenylate cyclase by a G-
protein, causes adenylate cyclase to increase intracellular concentrations of cAMP
(reviewed in Marsh, 1975). Binding of cAMP to the regulatory domains of PKA result in
dissociation of the regulatory subunits from the catalytic subunits and subsequent
activation of PKA (reviewed in Nimmo and Cohen, 1977; Flockhart and Corbin, 1982).
The activated subunit of PKA catalyses the phosphorylation of target proteins resulting in
altered biological activity (reviewed in Nimmo and Cohen, 1977).

A significant function of LH is to promote luteal biosynthesis of progesterone by
induction of PKA and phosphorylation and activation of proteins involved in
steroidogenesis (reviewed in Niswender and Nett, 1994). Small and large luteal cells
have similar levels of PKA activity (Wiltbank et al., 1989b); however, cAMP or LH do
not stimulate progesterone secretion in purified cultures of large luteal cells (Hoyer et al.,
1984). Pharmacological activation of PKA in small luteal cells resuits in enhanced
progesterone biosynthesis (Wiltbank et al., 1993). The stimulatory effects of LH on
steroidogenesis are first at the level of intracellular cholesterol flux. Activation of PKA

results in phosphorylation and activation of cholesterol esterase (hormone sensitive
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lipase), which removes cholesterol esters from the storage pool and liberates free
cholesterol that can be used as steroidogenic substrate (Trzeciak and Boyd, 1974; Pittman
etal,, 1975; Caffrey et al., 1979). Furthermore it appears that phosphorylation of
intermediate filaments by PKA results in the association of lipid droplets and
mitochondria (reviewed in Boyd et al., 1983). It has been hypothesized that PKA might
modulate the activity of StAR, thus LH might regulate the delivery of cholesterol to the
inner mitochondrial membrane through PKA (Niswender et al., personal

communication). Thus LH acts via PKA to increase cholesterol flow to the

mitochondria.

Based on the deduced amino acid sequence of ovine StAR, there are three
putative PKA phosphorylation sites in the StAR protein (Juengel et al., unpublished
observation). It is likely that the LH-induced expression of StAR mRNA (Juengel et al.,
1995b) is mediated by PKA. Additionally, since large luteal cells are not very responsive
to LH, it is unclear whether StAR plays a significant role in progesterone biosynthesis in
large luteal cells. It is reasonable to speculate that the LH-induced expression of StAR
mRNA (Juengel et al., 1995b) observed in the ewe was primarily in small luteal cells, but
this remains to be investigated. Increases in expression of mMRNA encoding StAR occurs
more than 24 hours after LH administration (Juengel et al., 1995b), therefore acute
regulation of StAR by LH is likely at the translational or posttranslational levels. Indeed,
activation of PKA does result in phosphorylation of StAR (Pon and Orme-Johnson, 1986;
Epstein and Orme-Johnson, 1991; Arkane et al., 1997) and this appears to increase
steroidogenic activity, presumably by enhancing cholesterol delivery to the inner

mitochondrial membrane.
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It does not appear that the activity of P450 SCC is affected by PKA. Neither
pharmacological (Wiltbank et al., 1993) nor honmonal (Belfiore et al., 1994) activation of
PKA results in increased P450 SCC activity in cultured luteal cells, aithough
progesterone biosynthesis is stimulated. These observations weaken the argument that
P450 SCC catalyzed conversion of cholesterol to pregnenolone is the rate-limiting step in
steroidogenesis. Furthermore, it is evident that LH does not acutely regulate enzymatic
conversion of cholesterol to pregnenolone.

There is indirect evidence that 3B-HSD expression is upregulated by LH

(reviewed in Niswender et al., 1994). Levels of mRNA encoding 3B-HSD are greatest in
ovine corpora lutea during the mid luteal phase of the estrous cycle (d 6-12; Hawkins et
al., 1993; Juengel et al., 1994); however, 3f-HSD mRNA levels in small luteal cells
remain constant throughout this period while levels in large cells increase (Juengel et al.,
1994). [n addition, removal of LH (hypophysectomy; Juengel et al., 1995a, b) results in
decreased levels of mRNA encoding 38-HSD. Thus, it appears that the major point of
regulation of steroidogenesis by LH is delivery of cholesterol to the mitochondria, and
possibly to the inner mitochondrial membrane.

A variety of other hormones regulate progesterone biosynthesis in the corpus
luteum, albeit to a lesser extent than LH (reviewed in Niswender et al., 1999). Growth
hormone also appears to be a major tropic regulator of luteal function. Messenger RNA
encoding GH receptor is expressed in the ovine (Juengel et al., 1997) and bovine (Lucy et
al., 1993) corpus luteun. Whether the effects of GH are direct or mediated by IGF-1 has
not been well established. Growth hormone stimulates IGF-1 expression in many tissues

and IGF-1, known to be produced by the corpus luteum (Juengel et al., 1997), stimulates
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luteal progesterone biosynthesis (McArdle and Haltorf, 1989; Constantino et al., 1991;
Parmer et al., 1991). Progesterone biosynthesis is also enhanced by insulin (Sauerwein
etal,, 1992; Wiltbank et al., 1992). Indeed, expression of IGF-I in the corpus luteum
appears to be modulated by growth hormone (Juengel et al., 1997). Because of the
effects of IGF-I on the corpus luteum, it has been difficult to determine the direct effects
of GH on luteal function.

Prostaglandins also appear to be key modulators of luteal function.
Prostaglandins of the E and I series are probably the primary luteotropic prostaglandins
(reviewed in Hansel et al., 1991), while PGF», has the opposite role (reviewed in
Niswender et al., 1999). Prostaglandin E; stimulates progesterone secretion from bovine
(Alila et al., 1988; Shelton et al., 1990) and ovine (Fitz et al., 1984a,b) luteal cells. The
primary action of PGE; appears to be directed to large luteal cells, as these cells possess a
majority of the receptors for PGE, (Fitz et al., 1982). However the mechanism of PGE;
stimulation of progesterone biosynthesis remains controversial (reviewed in Niswender et
al. 1999).

An important role for PGI; in luteal development has been demonstrated
(Homeida and El-Eknah, 1992), while others have shown PGI; induced stimulation of
progesterone biosynthesis in the corpus luteum of cows (Milvae and Hansel, 1980; Alila
et al., 1988), women (Bennegard-Eden et al., 1990), and ewes (Fitz et al., 1984a). The
luteotropic effects of PGI; are mediated by adenylate cyclase that results in PKA
activation (Bennegard-Eden et al., 1990). Both small and large cells of bovine corpora
lutea possess binding sites for PGI; (Chegini et al., 1990; Chegini et al., 1991); however,

it is not known if these are specific PG, receptors. Progesterone biosynthesis is
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stimulated by PGI, in both small and large ovine luteal cells (Fitz et al., 1984a), but this
is not likely mediated by PKA in large luteal cells because PKA activation in large luteal
cells does not result in increased progesterone biosynthesis (Fitz et al., 1984; Hoyer et al.,
1984). It has been shown that LH activates phospholipase C (reviewed in Davis et al.,
1996) which results in liberation of arachadonic acid, the primary substrate for PGI, and
PGE; biosynthesis (reviewed in Vane et al., 1998). This is a potential mechanism by

which LH might indirectly stimulate progesterone biosynthesis in an autocrine/paracrine

manner.

Luteolysis

Luteolysis is defined as the loss of function and structural demise of the corpus
luteum. The process of luteolysis can be divided into two distinct but related
components: loss of the capacity to synthesize and secrete progesterone (McGuire et al.,
1994) followed by structural luteolysis (reviewed in Pate 1994; Knickerbocker et al.,
1988; McCracken et al., 1999).

In domestic ruminants, the luteolytic agent has been identified to be of uterine
origin; hysterectomy of heifers (Wiltbank and Casida, 1956; Anderson et al., 1961;
Malven and Hansel, 1964) and ewes (Wiltbank and Casida, 1956) resulted in delayed
luteolysis. However, in many primate species, hysterectomy does not delay luteolysis
(Neill et al., 1969; Beling et al., 1970; Castracane et al., 1979). Prostaglandin F, is the
compound from the uterus that initiates luteolysis (McCracken et al., 1970; Hansel et al.,
1973). Initiation of luteolysis by PGF., appears to be a local effect of PGF-, of uterine

origin (reviewed in Ginther et al., 1974; Del Campo and Ginther, 1972; Del Campo and
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Ginther, 1973a,b; Del Campo and Ginther, 1974). Prostaglandin F,, enters the ovarian
artery from the utero-ovarian vein, possibly by diffusion, involving a countercurrent
exchange mechanism (reviewed in Ginther, 1974). This countercurrent exchange
mechanism allows PGFy, to be shunted directly to the ovarian artery without entering the
pulmonary circulation where it would be inactivated by 15-hydroxyprostaglandin
dehydrogenase in the lungs (Piper et al., 1970).

Since the identification of the gross physiological effects of PGF,, (decreased
progesterone secretion followed by disappearance of the tissue), the mechanisms of
luteolysis have been studied extensively. More recently, the biochemical and cellular
facets of PGF,, action on the corpus luteum have been characterized (Micheal et al.,
1994). The biochemical and cellular actions of PGF,q in the corpus luteum will be
discussed later in this section.

The factors initiating the luteolytic cascade are complex and poorly understood.
It has been hypothesized that estradiol-17f produced from the preovulatory follicle
initiates luteolysis by stimulating the release of oxytocin from the neurohypophysis
(reviewed in McCracken et al., 1996; McCracken et al., 1999). Prostaglandin Fa, of
uterine origin initiates a positive feedback loop involving oxytocin of luteal (Walters et
al., 1984; Hooper et al., 1986; Moore et al., 1986) and hypophyseal (reviewed in
McCracken et al., 1996; McCracken et al., 1999) origin and PGF, of both luteal (Tsai et
al., 1997) and uterine origin (reviewed in Silvia et al., 1991). Oxytocin stimulates
synthesis and secretion of PGF», from the uterus of guinea p