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Numerous corpora lutea form from the multiple follicles that ovulate during the

oestrous cycle of pigs. Vascular elements invade the follicle from the theca

compartment, first centripetally, and subsequently by lateral branching of

centripetal veins and arteries. The vessels are the vehicle for dispersion of

steroidogenic theca cells throughout the corpus luteum. Mitosis occurs in both

the theca and granulosa layers before ovulation, and in luteal cells well into the

luteal phase. Luteal cell proliferation undergoes gradual restriction as the corpus

luteum matures, but the mechanisms of exit from the cell cycle are unknown.

The extracellular ligands that direct luteinization and maintain the corpus

luteum include LH, prolactin, insulin and insulin-like growth factors (IGFs).

These ligands induce qualitative and quantitative changes in steroid output, with

progesterone as the principal product. These changes upregulate the cholesterol

synthetic pathways to increase substrate availability. The intracellular regulation

of luteinization is complex. A model is presented in which LH stimulates

arachidonic and lineoleic acid metabolism to produce ligands for the nuclear

proteins of the peripheral peroxisome activator receptor family. These ligands

have downstream effects on cell differentiation and exit from the cell cycle. Luteal

function is maintained by interactions among ligands, cholesterol regulatory

proteins and constitutively expressed and regulated transcription factors.

Introduction

The success of gestation in the pig is entwined inextricably with the establishment and

maintenance of the corpus luteum. This complex transitory organ develops from follicles as a

consequence of ovulation and secretes the progesterone necessary for creating a uterine

environment hospitable for survival of embryos and fetuses. Pigs differ from ruminants

because the corpus luteum is required for the entire 16 weeks of gestation. Its importance is

underlined by the fact that its principal synthetic product, progesterone, can, by itself,

maintain gestation in ovariectomized gilts. The focus of this review is the process of

luteinization and its aim is to identify the principal unanswered questions about luteal

differentiation in pigs. Where possible, answers to these questions are proposed.

Corner (1919) described both the theca and granulosa precursors of luteal cells and the
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histomorphological changes that follow ovulation and result in redistribution of theca cells
within the corpus luteum. Both the final destinations of theca cells and the process of luteal
angiogenesis, their proposed vehicle of dispersion, are not understood completely.
Luteinization is believed to represent terminal differentiation of the granulosa component of
the follicle, but little is known about the mechanisms for exit of luteal cells from the cell cycle
in any species, and its timing in pigs has not been addressed. Furthermore, the mechanisms
effecting the logarithmic increase in steroid output that occurs within a few days after the
commencement of luteinization are only beginning to be recognized.

Formation of the pig corpus luteum

Preovulatory follicle development in the pig has been investigated extensively (for review see
Cox, 1997). A well-documented finding is heterogeneity of the developmental process (Grant
et at, 1989), resulting in asynchrony in ovulation and consequent corpus luteum formation
(Pope et at, 1990). Ovulation and luteinization have been studied less. The evolution of a pig
follicle to a young corpus luteum is shown (Fig. 1). The period from the onset of the LH surge to
first ovulation was estimated as a mean of 44 h (Soede et at, 1994) and in equine chorionic
gonadotrophin (eCG)—hCG-treated gilts, the mean interval ranges from 34 to 48 h (Hunter,
1972). During the period between the ovulatory stimulus and expulsion of the ovum, the
follicle undergoes changes, including hyperaemia and theca cell hypertrophy. There is
rearrangement of the compact layers of granulosa cells to looser associations, characterized by
reduced intercellular contact (Fig. 2a,b). Vascular remodelling begins before ovulation and
incipient invagination occurs at the sites of major vein and artery complexes (Fig. 1). In samples
taken approximately 24 h after ovulation, vascular and associated thecal tissues have not yet
breached the follicle wall, but the regions of invagination are still substantially deeper and
wider than in preovulatory follicles (Corner, 1919). Soon thereafter, there is evidence of focal
decomposition of the follicle wall (Corner, 1919) and invasion of vascular elements into the
granulosa compartment. The vascular components spearhead the invasion at the apices of the
invaginations and bear theca cells to the lumen of the follicle (Fig. 1). Lateral vascularization
throughout the former granulosa compartment occurs, apparently concomitant with the
centripetal growth of the arteries and veins.

Corner (1919) described the invasion of the follicle compartment by the vascular elements and
theca. He reported the dispersion of thecal cells throughout the luteal parenchyma, where they
become disseminated singly or in groups of two or three among the granulosa descendants.
Furthermore, Corner (1919) noted that many thecal cells remain near the periphery of the follicle
or associate with the vessels that have invaded. His identification was based on the morphological
characteristics of these cells and their responses to fixatives. Although the contribution of theca
cells to the corpus luteum is not disputed, their ultimate fate and distribution have not been
confirmed. It is assumed, but has not been shown conclusively, that theca cells become the small
luteal cells that can be separated from their larger counterparts, presumably granulosa cell
descendants, on density gradients (Pitzel et al., 1990). There are no definitive markers that can be
recognized after the differentiation of the theca precursors into theca—luteal cells. Understanding
the fate of theca—luteal cells will allow better understanding of the important processes in luteal
formation, the persistence of cell division, angiogenesis and migration of theca cells.

Ligand induction and maintenance of luteinization

In pigs, luteinization and maintenance of the corpus luteum depends on members of at least

three protein families: the gonadotrophins, the cytokine—prolactin family and the family of
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Fig. 1. Development of a pig corpus luteum from a preovulatory follicle. The preovulatory follicle undergoes

hyperaemia and enlargement (periovulatory stage) hefore expulsion of the ovum (post-ovulatory stage) and

formation of the young corpus luteum. The granulosa compartment is depicted in blue, the theca and its

descendants in yellow, and the vascular elements in red_ Incipient intrusion of the vascular elements occurs

during the periovulatory period, hut the theca—granulosa barrier is not breached until after ovulation. The

vascular elements invade the corpus luteum in a centripetal direction, as well as laterally into the luteal

parenchyma_ Blood vessels are believed to carry theca cells into the luteal parenchyma and to disperse them

throughout the corpus luteum.
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Fig. 2. Photomicrographs ot the periovulalory period in follicles from gilts treated with h(TG to induce
ovulation Expression of proliferating cell nuclear antigen IPCNA a marker tor cell division, was idenHed by

immonohistochernistry. In all panels cell nuclei with the characteristic brown diaminobenzidine stain are

positive for PCNA. (al Cross-section through a large antral 17 mm in diameter) pig folk le subjected to

immunolocalization procedures but not exposed to the anti-PCNA antibody. 1,i Theca granulosa interlace al
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insulin and insulin-like growth factors (IGFs). The proximal stimulus for ovulation is the
preovulatory release of LH from the.pituitary, as in other mammals. In most of the species
studied, including pigs (Coté et at, 2001), gonadotrophins provoke expression of an inducible
form of the cyclo-oxygenase enzyme (COX-2) by the granulosa cells that catalyses the first
rate-limiting step in conversion of arachidonic acid to prostaglandins (Sirois and Richards,
1992). The sequence of COX-2 expression after ovulation has not been investigated in pigs,
but it is clearly present and inducible in the corpus luteum at days 9 and 17 of the oestrous
cycle (Diaz et al., 2000). A second catalytic route for arachidonic acid is via the lipoxygenase
enzymes, resulting in hydroxyeicosatetranoic acids (HETEs). Pharmacological interruption of
this pathway reduces the rate of ovulation in pigs (Downey etal., 1998).

The LH surge is the stimulus for initiation of other events in luteinization, particularly the
qualitative and quantitative changes in steroidogenesis. Studies of hypophysectomy in pigs
have shown that the pituitary is necessary for luteal support throughout gestation, that LH is
essential in the early corpus luteum and that prolactin plays an important role later in
pregnancy (Li et al., 1989). Both LH and prolactin have luteotrophic effects on pig granulosa
cells in vitro (Chedrese et al., 1988).

Luteinization of pig granulosa cells in vitro occurs only when serum is present in the
medium (Picton et al., 1999). Serum-borne elements, particularly insulin and IGFs, contribute
to luteinization and support of the corpus luteum during the luteal phase. Plasma membranes
of pig luteal cells have receptors for IGF-I, and IGF-I binding proteins are expressed
differentially in the pig corpus luteum throughout the luteal phase (Wandji et al., 2000a).
Insulin and IGFs are essential for the steroidogenic changes that characterize luteal formation
in vitro (Pescador et at, 1999; Sekar et at, 2000). Most of the downstream genes that are
modulated by these ligands in the corpus luteum have not yet been identified.

Angiogenesis in the pig corpus luteum

The source of the vasculature that perfuses and maintains the pig corpus luteum is the veins
and arteries that invade after ovulation. Histological evidence indicates that the major vessels
grow rapidly in a centripetal direction, arriving at the antrum of the former follicle (Fig. 1).
Lateral development from the invading vascular components also occurs rapidly (Corner,
1919). The morphology and regulation of angiogenesis in the corpus luteum are the subject of
at least five recent reviews (for example see Fraser and Lunn, 2001). Although none of these
reviews considers pigs, the principles are expected to apply to this species. The rate of
neovascularization in the corpus luteum appears to be higher than for any known tissue,
including human tumours. A current view of regulation suggests that LH precipitates the
angiogenic cascade (Fraser and Lunn, 2001). However, the principal stimulus inducing
neovascularization is hypoxia, and a case has been made for hypoxia as an angiogenic
stimulus in corpora lutea (Reynolds et al., 2000). Results in other species implicate acidic and
basic fibroblast growth factors (a and bFGFs), particularly bFGFs, and vascular endothelial
growth factor (VEGF) as the key mediators of luteal angiogenesis (Reynolds et al., 2000). The
source of the FGFs is presumed to be the luteinized granulosa cells (Reynolds et at, 2000) and
this is consistent with the pattern of occurrence of FGF mRNA in pig follicles and corpora
lutea (Guthridge et al., 1992). VEGF is thought to stimulate proliferation of endothelial cells

Fig. 2. continued

38 h after hCG treatment, showing the dispersion of the granulosa layers at approximately 3 h before expected

ovulation. (c) Cross-section of an 8 mm follicle taken from an untreated gilt and (d) 24 h after hCG and (e) 38 h

after hCG administration. T: theca compartment. G: granulosa compartment. Scale bars represent 25 pm.
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(Fraser and Lunn, 2001) and migration of endothelial cells into the granulosa parenchyma
(Reynolds et at, 2000). Its source may be theca-derived pericytes (Reynolds et at, 2000) or
granulosa-luteal cells (Fraser and Lunn, 2001). VEGF is found in pig follicular fluid and is
produced by pig follicles during gonadotrophin-stimulated development (Barboni et al.,
2000). Both the theca and granulosa compartments contribute, but the latter predominates in
overall VEGF synthesis (Barboni et al., 2000). LH greatly reduces expression of VEGF by pig
granulosa cells, both in vivo and in vitro (Barboni et al., 2000). These findings contrast with
the current view that LH drives angiogenesis via induction of VEGF and its downstream targets
in granulosa cells (Fraser and Lunn, 2001). Whether this anomaly reflects differences in
experimental design or fundamental differences among pig, ruminant and primate
angiogenesis deserves further investigation. Connective tissue growth factor (CTGF) and a
tumour inhibitor, MAC-25, have recently emerged as potential modulators of angiogenesis in
pig corpora lutea (Wandji et at, 2000b). Although there are some intriguing new findings, the
nature of angiogenic stimuli and processes in formation of pig corpora lutea remain unknown.

Luteinization and exit from the cell cycle

Luteinization is the final phase in differentiation of theca and granulosa cells, a process that
begins with formation of the primordial follicle before birth. There is much evidence that pig
follicular growth results from hyperplasia of granulosa cells (Morbeck et at, 1992). After
ovulation, the prevailing view, derived from other species, is that luteinization results in exit of
granulosa cells from the cell cycle. Reprogramming from the proliferative to the differentiated
state in rat granulosa cells is complete within 5-7 h after the LH surge (Richards, 2001a).
Although functional changes in mammalian theca cells have been described, little is known
about their proliferation during luteinization in vivo. In pigs, both theca (Englehardt et at,
1991) and granulosa cells (Pescador et al., 1999; Picton et al., 1999) proliferate and undergo
luteinization when cultured with serum. This luteinization, defined as the loss of cytochrome
P450aromatase expression and synthesis of large amounts of progesterone as the principal
steroid product, can be avoided by culture in serum-free, insulin-supplemented medium
(Picton et al., 1999). Granulosa cells incubated under the latter conditions continue to
proliferate, albeit somewhat less robustly than in the presence of serum.

Much of the growth of the pig corpus luteum is the result of cellular hypertrophy (Corner,
1919; Ricke et al., 1999) and little information is available on the contribution of cell
proliferation. Corner (1919) confirmed that cell division was occurring by observation of the
mitotic spindle in theca cells of the periovulatory follicle and in follicles undergoing
luteinization. We recently examined cell proliferation by immunohistochemistry using a
mitotic marker, proliferating cell nuclear antigen (PCNA), in gilts treated with hCG to induce
ovulation (B. D. Murphy, F. Coté, J. Sirois and B. R. Downey, unpublished). Late preovulatory
follicles (6-8 mm in diameter) displayed the mitotic signal in many cells of the theca. The
granulosa cell compartment consists of compact layers of cells, all of which express PCNA
strongly (Fig. 2c). At 24 h after hCG administration, the theca cells are hypertrophied and
display numerous PCN1Apositive cells (Fig. 2d). The granulosa layer is expanded; there is loss
of the compactness of the cell layers and evidence of mitosis throughout (Fig. 2d). Ovaries
removed at 30 and 34 h after hCG administration display greater dissociation of the granulosa
cell layers, while retaining the same pattern of mitosis in the theca and the granulosa
compartments (data not shown). At 38 h after hCG administration, a few hours before
expected ovulation, the rate of mitosis has increased in the theca layers (Fig. 2e). The
granulosa cells are nearly dissociated (Fig. 2b); however, the PCNA signal is present,
particularly in the most interior layers of cells (Fig. 2e).
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Ricke et al. (1999) demonstrated extensive mitosis in the corpus luteum during the first 4
days after ovulation. About 25-40% of the mitotic cells are derived from the theca or
granulosa, whereas the other mitotic cells represent proliferation of vascular elements (Ricke
et al., 1999). Co-localization of mitotic and steroidogenic enzyme signals indicates that luteal
steroidogenesis and cell division occur in proliferating cells, particularly early in luteal
development. Over the lifespan of the corpus luteum, the labelling index decreases (Ricke et
al., 1999) and the mitotic signal is observed rarely in large luteal cells. Thus, it appears that
terminal differentiation occurs in the pig corpus luteum. Nonetheless, it is equally apparent
that the rat model of rapid and irreversible exit from the cell cycle soon after the ovulatory
stimulus (Richards et al., 1998) does not apply to pigs. A more appropriate model includes
continued mitosis of the steroidogenic cells well into the luteal phase, with increasing
restriction in the capacity to proliferate.

The mechanisms of terminal differentiation in the corpus luteum have begun to be studied,
mostly in rodents (Richards et al., 1998; Richards, 2001a,b). The initiation of mitotic division
is under the control of members of the retinoblastoma protein family, retinoblastoma protein
(p12b),p107 and p130 (Classen and Dyson, 2001). In the hyperphosphorylated state, these
proteins permit cell division by liberating the transcription factors of the E2F family, which
then upregulate the genes responsible for progression of the cell cycle. Hypophosphorylation
of these proteins results in mitotic quiescence by the opposite mechanism, the sequestering of
E2Fs (Morgan, 1995). In luteinization, a general pattern emerges in which pRb and p130 are
dephosphorylated, thereby impairing the expression and activity of positive regulators of the
cell cycle, cyclins D1, D2 and E (Green et al., 2000; Hampl et aL, 2000). A second level of
regulation is recognized, on the basis of a phenotype of luteal disruption in mice bearing the
null mutation for p271(iPl (Kikokawa et al., 1996), a member of one of the two families of
inhibitors of the cyclin-dependent kinases (Zhu and Skoultchi, 2001). In these mice,
differentiation of luteal cells appears to occur, as indicated by cytochrome P450side chain
cleavage (P450scc) expression, and cyclin D2 activity is repressed; however, active DNA
synthesis persists (Tong et al., 1998). Further evidence for a role for these repressors of cyclin-
dependent kinases (CDKs) comes from a study which showed that expression of p27IQP1and
p21 °pi is increased in granulosa cells of hypophysectomi zed rats treated with ovulatory doses
of hCG (Robker and Richards, 1998). The expression of p27 proteins remains high throughout
the lifespan of the corpus luteum in pregnant mice (Hampl et al., 2000). CDK4, expressed in
mouse granulosa cells and in the mouse corpus luteum of gestation, complexes with p27 and
cyclin D3 (Hampl et al., 2000). A different disruption in the luteal phenotype emerged after
null mutation of CDK4, which enhanced expression of p27KiPl (Tsutsui et al., 1999). It took the
form of entrapment of oocytes and aberrant luteal organisation. Cell cycle regulators can
participate in both cell proliferation and differentiation, and CDKs regulate transcription of

genes that result in differentiation in some tissues (Zhu and Skoultchi, 2001), which could
explain the phenotype of the CDK4 knockout mice.

Although progress has been made, our knowledge remains rudimentary. There is no
specific information on exit from the cell cycle for pigs, and there is no information on the cell
cycle dynamics of theca cells in development of the corpus luteum.

Differentiation of theca and granulosa cells into their luteal counterparts

Granulosa and theca cells undergo functional differentiation during luteinization. In most of
the species studied, the theca of the follicle responds to LH stimulation by synthesis of
androgens. These diffuse across the basement membrane to the granulosa compartment
where they are aromati zed to oestrogens, under the influence of FSH. The latter portion of the
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scheme occurs in pigs, as 30-hydroxysteroid dehydrogenase (313-HSD), which converts
pregnenolone to progesterone, is found in the theca of the growing follicle only (Driancourt et
at, 1998). However, pig follicles deviate from the general pattern because the theca cells
express aromatase and produce oestrogens that complement the production of granulosa cells
(Tsang et al., 1985). In many species, oestrogen concentrations are low or absent in the corpus
luteum. In contrast, P450aromatase expression persists in pig corpora lutea (Meduri et at,
1996) and large and small cells of pig corpora lutea maintain the capability to secrete
oestrogen (Lemon and Loir, 1977). However, luteinization in pigs engenders alteration of the
pattern of steroid synthesis in favour of progesterone, particularly the granulosa cells (Lavoie
et al., 1997), as indicated by the early acquisition of the expression of P450scc, which
converts cholesterol to pregnenolone, and of 30-HSD (Meduri et at, 1996). This change is
accompanied by a large increase in total steroid output, which requires an extensive increase
in the supply of cholesterol, the substrate for steroid synthesis. In pigs, luteinization is
characterized by coordinated upregulation of cholesterol synthesis, importation and
intracellular trafficking genes, including the low density lipoprotein receptor and sterol carrier
protein 2 (Lavoie et at, 1997), steroidogenic acute regulatory protein (StAR), P450scc (Lavoie
et al., 1997; Pescador et at, 1997, 1999) and Niemann-Pick Cl protein (Song et at, 1998).
Expression of StAR is a key event in granulosa cell remodelling (Pescador et at, 1997, 1999);
thus, factors that control this transition are believed to be essential regulators of luteinization.

The pattern of expression of gonadotrophin receptors changes as a pig follicle becomes a
corpus luteum. The FSH receptors present on granulosa cells of the follicle are lost during
luteinization (Liu et al., 1998). Binding analysis of LH receptors indicated an initial
downregulation, relative to granulosa cells from periovulatory follicles, followed by recovery
in the number of receptors as the luteal phase progresses (Gebarowska et at, 1997).
Autoradiographic studies indicate that hCG binding in newly formed corpora lutea is mainly
peripheral and is more widespread in mid-cycle corpora lutea (Gebarowska et at, 1997).
Immunohistochemical localization of the LH receptor supports this interpretation of the early
stage: downregulation after ovulation and restriction of the signal to the periphery and to the
presumed theca-derived component of the corpus luteum (Meduri et al., 1996). However, the
analyses diverge at this point, as immunolocalization using a monoclonal antibody indicates
that, although the LH receptor signal increases at mid-cycle, it is present at the spokes of
vascular invasion only, interpreted as restriction to the theca descendants (Meduri et at,
1996). In contrast, in situ analysis indicates that both large and small cells throughout the
pig corpus luteum contain LH receptor mRNA (Yuan and Lucy, 1996). Furthermore, LH
receptor mRNA and protein were highly abundant, as demonstrated by RT—PCR and
immunolocalization in large and small cell populations isolated from pig corpus luteum
(Kaminski et at, 2000). Data from the corpus luteum and the large number of studies
demonstrating luteinized granulosa cell responses to LH (Murphy and Silavin, 1989) provide
evidence for the persistence of the LH receptor on both theca and granulosa descendants in
pig corpora lutea.

Transcriptional regulation of luteinization

The subject of transduction of signals and signalling pathways involved in luteinization has been
reviewed recently (Murphy, 2000). Hence, in the present review, greater emphasis is placed on
gene transcription and its role in the intricacies of corpus luteum formation. Transcription is not
the sole regulator of gene expression, but it is clearly the most significant. It is a complex process
that includes chromatin modification, coactivator recruitment, and synthesis and activation of
transcription factors. Frequently, two or more transcription factors interact to produce differential
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expression of a gene. As noted above, luteal formation involves changes in the expression of
numerous known, and presumably many more unknown, gene products. It is not within the
scope of this review to consider all permutations; thus, we will focus on factors known to act on
genes related to steroidogenesis and to provision of steroid substrate. Where pertinent, factors
involved in differentiation and exit from the cell cycle are also discussed.

The classic linear route for transduction of gonadotrophin signals is via cAMP activation of
protein kinase A and subsequent phosphorylation of cAMP response binding protein (CREB;
Richards, 2001b). CREB exists in three isoforms and is considered to be synthesized
constitutively (Zeleznik and Somers, 1999). Phosphorylated CREB transactivates
gonadotrophin-regulated steroidogenic genes including P450scc (Watanabe et al., 1994) and
P450aromatase (Michael et at, 1997). StAR transcription, which is dependent on cAMP
(Stocco, 2001), is modulated by CREB phosphorylation (D. M. Stocco, personal
communication). Similarly, transcription of pig Niemann—Pick C protein 1 (NPC-1) is CREB-
dependent (N. Gevry and B. D. Murphy, unpublished). Little is known about CREB expression
in pigs, other than that its coding sequence is found in the pig genome (R. L. Mattari and J. A.
Carroll; GenBank Accession U95009). Notwithstanding, in primates, CREB expression is
abolished in granulosa cells during luteinization (Somers et al., 1995). These observations are
consistent with a model in which LH acts through cAMP to initiate luteinization of granulosa
cells, which then become refractory to this messenger (Zeleznik and Somers, 1999). This view
is not compatible with observations that LH and cAMP can stimulate progesterone from large
and small pig luteal cells in vitro (Hunter, 1981) and that exogenous LH increases circulating
progesterone concentrations from the pig corpus luteum (Watson and Maule Walker, 1978).

Among the transcription factors implicated clearly in luteinization is the CCAAT/enhancer
binding protein p (C/EBP-P). C/EBP-P expression is induced rapidly in rat granulosa cells in
response to an ovulatory dose of hCG (Sirois and Richards, 1993), and granulosa cells in the
CJEBP-P knockout mice do not luteinize (Sterneck et at, 1997). Furthermore, antisense
inhibition of CJEBP-Pexpression interferes with ovulation and luteinization in rats, with no
apparent reduction in COX-2 expression (Pall et al., 1997). C/EBP-P is a transactivator of StAR
transcription (Reinhart et at, 1999). C/EBP-P is present in pigs and its expression changes
during adipocyte differentiation in vitro (Yu and Hausman, 1998). Therefore, it is likely that
C/EBP-P expression will prove to be a vital controlling factor in luteinization in pigs.

The six transcription factors (GATA 1-6) of the GATA family are proteins with two zinc
fingers that bind to the consensus promoter elements (A/T)GATA(A/G) (Molkentin, 2000). The
GATA-1, -2 and -3 subfamily regulates haematopoeisis and lymphopoiesis primarily, whereas
the subfamily comprising GATA-4, -5 and -6 is expressed in endoderm-derived tissues,
including the cardiovascular and digestive systems (Molkentin, 2000). Modulation of the
abundance of GATA transcription factors is associated with luteinization in mice and
expression of one isoform, GATA-4, is reduced in the follicle after ovulation, whereas GATA-6
is expressed highly in both developing and mature corpora lutea (Heikinheimo et at, 1997).
In contrast, GATA-4 is expressed constitutively in rat granulosa cells and interacts with acutely
regulated UEBP-P in induction of StAR transcription (Silverman et al., 1999). GATA-4 induces
transcription of both StAR and P450aromatase in mouse ovaries (Tremblay and Viger, 2001).
Deletion and mutational analysis of the mouse StAR promoter demonstrated that the GATA-4
element interacts with other enhancers, including steroid factor 1 (SF-1) and AP-1, in
translating the cAMP stimulus (Wooten-Kee and Clark, 2000). Both the pig StAR and NPC-1
(N. Gévry and B. D. Murphy, unpublished) promoters have GATA response elements within
the first 200 bp upstream of the ATG transcription start site. Given the importance of StAR and
NPC-1 for luteinization in pigs, it is likely that GATA-directed transcription contributes to the
synthesis of progesterone in this species.
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Other transcription factors essential to luteal steroidogenesis are the sterol regulatory
element binding proteins (SREBPs).There are three known isoforms of this basic-helix-loop-
helix-leucine zipper protein: SREBP-1a and -1c (also known as ADD-1) are the products of
alternative splicing, whereas SREBP-2 arises from a second gene (Osborne, 2000). The SREBPs
are present in cells as integral membrane proteins embedded in the endoplasmic reticular or
nuclear membranes (Brown and Goldstein, 1999). In the event of intracellular sterol
depletion, a second element, sterol cleavage-activating protein, cleaves the N-terminal SREBP
fragment, which then relocates to the nucleus and interacts with decanucleotide segments of
the gene promoters (Brown and Goldstein, 1999). Transcription of genes associated with
increased intracellular cholesterol is induced, including the cascade for de novo cholesterol
synthesis and those related to low density lipoprotein (LDL) receptor-mediated cholesterol
importation. Given the increases in cholesterol required to accomplish luteal synthesis of
progesterone, it is not surprising that SREBP isoforms are important regulators of de novo
synthesis and importation of cholesterol into the corpus luteum (Lopez and McLean, 1999;
Shea-Eaton et al., 2001). In addition, over-expression of transcriptionally active SREBP-1a, -1c
and -2 increases transcription of StAR (Christenson et at, 2001; Shea-Eaton et at, 2001) and
SREBP-1a synergizes with cAMP induction of StAR transcription (Z. T. Ruiz-Cortes and B. D.
Murphy, unpublished). Nevertheless, basal StAR transcription in human granulosa lutein cells
appears to be unaffected by sterol depletion or repletion and, thus, the physiological
significance of SREBP in regulation of StAR is unclear (Christenson et at, 2001). SREBPs
appear to have the greatest effects on transcription in concert with other factors and may also
integrate endocrine signals. Recent evidence indicates that cAMP may act via CREB to amplify
SREBP-mediated transcription of HMG-CoA-reductase (Dooley et at, 1999). Downstream
signals in the mitogen-activated kinase pathway stimulate SREBP-induced transcription of the
LDL promoter directly (Kotzka et at, 2000). Induction of StAR transcription involves
interaction of SREBPwith Yin Yang 1 (YY1) (Christenson et at, 2001) and the orphan nuclear
receptor of the steroid—thyroid superfamily, SF-1 (Shea-Eaton et at, 2001). Thus, the SREBPs
are important in luteinization. They may act on cholesterol homeostasis genes in the corpus
luteum and also on transcription of StAR, a key step in luteinization of granulosa cells.

SF-1 is implicated in luteinization and steroidogenesis (Wehrenberg et at, 1997). It is
essential for expression of StAR, key steroidogenic enzymes (Hanley et at, 2000) and
nonsteroidogenic proteins specific to bovine luteinization (Iven et al., 1999). In equine
follicles, SF-1 expression decreases between the ovulatory stimulus and expulsion of the
oocyte (Boerboom et at, 2000). In rat granulosa cells, a reduction in SF-1 expression occurs
concomitantly with the decrease in P450aromatase expression (Fitzpatrick et al., 1997). SF-1
expression recovers during early development of the ovine corpus luteum and is expressed
constitutively during the mid-luteal phase uengel et at, 1998). Pig SF-1 has been identified
and sequenced, and is present in the pig corpus luteum of pregnancy (Piton et al., 1998). Its
pattern of expression during luteal formation has not been investigated.

The peroxisome proliferator-activated receptors (PPARs), another group of receptors of the
steroid—thyroid superfamily, are potential effectors of luteinization. Three distinct isoforms,
PPARa, y and 5 (also known as PPARI3)are recognized. Each is encoded by a separate gene
and has different patterns of tissue and developmental distribution (Chinetti et al., 2000).
PPARs require a ligand to be activated and after activation, they form heterodimers with the
retinoic acid X receptor (RXR) and interact with specific PPAR response elements in the
promoter regions of target genes (Chinetti et at, 2000). Natural ligands include eicosanoides
derived from arachidonic acid catalysed by COX-2 (for example 15-deoxy-D-12-14-
prostaglandin J2 (PGJ2) and prostacyclin) and 15-hydroxyeicosatetranoic acid (15-HETE),
derived from catalysis of lipo-oxygenase (Chinetti et at, 2000). Linoleic acid metabolites,
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including 9- and 12-hydroxydecadanoic acid (9- and 12-HODE), which are also catalysed by
lipo-oxygenases, also serve as natural ligands (Chinetti et al., 200(1). The thiazolidinedione
family of synthetic compounds, the members of which are effective in treatment of non-
insulin dependent diabetes, are high affinity Iigands for PPARy. Two splice variants of PRARy
are recognized, and PPAR72 is expressed highly in adipose tissue and involved in terminal
differentiation of adipocytes (Hansen et al., 1999). In adipose tissue, a PPARThinduced cell
cycle inhibition occurs in tandem with an increase in intracellular concentrations of p271cP1
(Motomura et al., 2000; Wakino et al., 2000), which, as noted above, is related to the
mechanism ot cell cycle exit during luteinization in mice and rats (Robker and Richards,
1998). PPAR3 has been implicated in adipocyte proliferation (Hansen et al., 2000). All three
PPARs are expressed in pigs (Grindflek et al., 1998; Houseknecht et aL, 1998; Ding et al.,
2000). PPARa transactivates pig HMG-CoA reductase (Ortiz et al., 1999). PPARy mRNA is
present in pig granulosa cells during luteinization in vitro (Z. T. Ruiz-Cortds and B. D. Murphy,
unpublished). Furthermore, a role tor PPARy in luteinization is apparent, on the basis of
studies that demonstrate stage-specific expression in bovine luteal cells (Lohrke et al., 1998;
Viergutz ci aL, 2000). A preliminary report indicates that PPARy is expressed in theca and
granulosa cells of pig preovulatory follicles and appears to be related to luteal differentiation
(Schoppee et- al., 2000). Mechanistic information comes from studies of bovine luteal cells
(Lohrke ei al., 1998) and pig granulosa cells (Gasic cI aL, 1998; Schoppee et al., 2000) in
which trogladizone (a thiazolidinedione) and PG)2 cause dose-dependent increases in steroid
synthesis. Trogladizone also interferes with 3[3-HSD expression in pig granulosa cells (Gasic et
aL, 1998); it is not known whether this is mediated by PPARy. Trogladizone reduces
P450aromatase expression and activity in human granulosa cells (Mu et al., 2000) and PGI2
interferes with the cell cycle in bovine luteal cells (Viergutz et al., 2000), thereby further
implicating this receptor in luteinization.

Expression of PPARs is induced by other transcription factors involved in luteinization.
C/EBPa upregulates PPARy (Wu et al., 1999), as do endogenous lipid Iigands produced as a
result of SREBP expression (Patel et al., 2001). In similar experiments, over-expression of
SREBP induced transcription of PPARy (Fajas et al., 1999). PPARs may also influence corpus
luteum formation and function by interactions with CREB (Mizukami and Taniguchi, 1997).
Over-expression of SREBPs enhances transactivation of target genes by PPARy (Fajas et al.,
1999). Mice bearing the null mutation for PPARa have disrupted expression of SREBP-
regulated cholesterol and fatty acid metabolism genes (Patel et al., 2001). Thus, the PPAR
family of nuclear receptors is involved in the process of luteinization and understanding its
impact awaits further experimentation.

Conclusion: models and mechanisms of formation of the pig corpus luteum

Several pieces in the 'puzzle of luteinization' are now in place, but not enough for the full
picture to emerge. An attempt can be made, albeit rife with speculation, to model the changes
and mechanisms of early luteal development from the theca and granulosa components of
preovulatory pig follicles. The events that are known to occur in pig theca cells during
luteinization in vivo after the LH surge, steroid synthesis, proliferation, hypertrophy and
migration, are shown (Fig. 3a). LH and cAMP upregulate StAR and other steroidogenic
enzymes in the theca (Zhang et al., 2000), presumably working through the linear pathway via
phosphorylation of CREB. StAR and steroidogenic enzymes require the orphan nuclear
receptor SE-1 for their expression. Serum and growth factors are potent stimulators of theca
cell mitosis (May et al., 1992), acting via tyrosine kinases, protein kinase C and mitogen-
activated kinase pathways. Theca cell hypertrophy is observed during luteal formation



58 B. D. Murphy et al.

Theca cells, 0-72 h after the ovulatory stimulus

Fig. 3. Summary of the changes and regulation of luteinization in pigs. Elements in red are ligand pathways,

blue are transcription factors and yellow are examples of regulated genes. (a) Theca cell between the

preovulatory surge and approximately 24 h after ovulation (b) Granulosa cell over the same period as in (a). (c)

Generalized luteal cell during the early luteal phase. LHr: receptor; PKA. protein kinase A; CREB: cAMP

response binding protein; GATA4: transcription factor GATA4; SF-1 'steroid factor 1; StAR: steroidogenic acute

regulatory protein; P450scc: cytochrome P450 side chain cleavage protein; EGFr: epidermal growth factor

receptor; PDGEr: platelet-derived growth factor receptor; lnsulinr: insulin receptor; IGF-Ir: insulin-like growth

factor I receptor; PKC: protein kinase C; MAPK: mitogen-activated protein kinase; TK: tyrosine kinase; ETE: ETF

transcription factor family; CDK: cyclin-dependent kinase; C/EBPp: CCAAT/enhancer binding protein P;

COX2: cyclo-oxygenase enzyme; Lipox: Iipo-oxygenase; PPAR1 peroxisome proliferator-activated receptor y
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(Corner, 1919) and the migration of theca cells into the granulosa compartment is described in
detail above. The factors controlling these profound and important changes are not currently
known.

More is known about early events in granulosa cell differentiation, but a coherent synthesis
eludes us. An attempt to reconcile-available findings is shown (Fig. 3b). LH receptors appear at
the antral follicle stage and respond to the ovulatory surge by expression of a number of genes,
including COX-2. Given the role of lipoxygenase in ovulation (Downey et al., 1998), its
products may also be present during early luteinization. Both enzymes produce ligands for
PPARy, which induces differentiation and exit from the cell cycle in adipocytes. Therefore,
PPARy may serve multiple roles in granulosa cell luteinization: induction of differentiation,
stimulation of steroidogenesis and initiation of exit from the cell cycle. Not represented in the
scheme (Fig. 3b) are the roles of insulin and growth factors, which synergize with LH to
convert granulosa cells to the luteal phenotype. In early luteinization in other species, CREB
isoforms are present, and cAMP and CREB upregulate StAR expression and enzymes in the
steroidogenic cascade. LH induces expression of C/EBP-I3 in preovulatory follicles, and this
factor, together with GATA-4 and SF-1, enhances the transcription of StAR. The morphological
evidence indicates that hypertrophy of granulosa cells is present as early as 24 h after
ovulation or by 72 h after the ovulatory stimulus. The cellular events of hypertrophy and their
mechanisms of control are not well understood.

The corpus luteum continues to evolve over its lifespan and, likewise, its regulation
undergoes an evolution. Given the differential origin and variation in cell size of pig luteal
cells, differing regulatory mechanisms must also exist. For simplicity, these have been
generalized (Fig. 3c). The pituitary factors, LH and prolactin, are necessary for continued
luteal steroidogenesis. If, as in other species, CREB is not expressed during luteinization, LH
and cAMP must be acting through other mechanisms, perhaps independent of protein kinase
A (Richards, 2001b). A role for SREBP is proposed via its classic effects on the genes that
supply cholesterol, regulated by intracellular sterol concentrations. It may have a second
role in transcriptional regulation of PPARy expression, and SREBP may be involved in
expression of ligands that activate PPARy. As noted above, COX-2 expression is evident
during the mid- and late luteal phases of the pig oestrous cycle (Diaz et al., 2000) and may
be a further source of ligands for PPARy.This receptor then has pleiotropic effects on the luteal
cell, ensuring the completion of differentiation and exit from the cell cycle, and stimulating
steroidogenesis directly. Growth factors and insulin participate in sterol homeostasis and
in steroid synthesis via their effects on StAR and receptor-mediated importation of
extracellular cholesterol.

The original work described in this review was funded by CIHR grants MT-11018 to B. D. Murphy and MT-
13190 to 1.Sirois, and by a NISERCStrategic Grant 202133-97 to B. D. Murphy and B. R. Downey. Z. T. Ruiz-
Cortés is on leave from Universidad de Antioqua, Colombia. The authors are grateful to M. Dobias for
technical assistanceand S. Lecloux for artwork.

Fig. 3. continued

15PGI2: 15-deoxy-o-12-14-prostaglandin )2; PGI: prostaglandin I; 121-lete: 12-hydroxyeicosatetranoic acid;
15Hete: 15-hydroxyeicosatetranoic acid; RXR: retinoic acid X receptor; 5REBP: sterol regulatory element
binding protein; GEr: growth factor receptor; JAK: janus kinase.
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