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Abstract

The primate corpus luteum is a transient endocrine gland that differentiates from the ovulatory
follicle midway through the ovarian (menstrual) cycle. Its formation and limited lifespan is critical
for fertility, as luteal-derived progesterone is the essential steroid hormone required for embryo
implantation and maintenance of intra-uterine pregnancy until the placenta develops. It is well-
established that LH and the LH-like hormone, CG, are the vital luteotropic hormones during the
menstrual cycle and early pregnancy, respectively. Recent advances, particularly through genome
analyses and cellular studies, increased our understanding of various local factors and cellular
processes associated with the development, maintenance and repression of the corpus luteum.
These include paracrine or autocrine factors associated with angiogenesis (e.g., VEGF), and that
mediate LH/CG actions (e.g., progesterone), or counteract luteotropic effects (i.e., local luteolysis;
e.g., PGF,,). However, areas of mystery and controversy remain, particularly regarding the
signals and events that initiate luteal regression in the non-fecund cycle. Novel approaches capable
of gene “knockdown” or amplification”, in vivo as well as in vitro, should identify novel or
underappreciated gene products that are regulated by or modulate LH/CG actions to control the
functional lifespan of the primate corpus luteum. Further advances in our understanding of luteal
physiology will help to improve or control fertility for purposes ranging from preservation of
endangered primate species to designing novel ovary-based contraceptives and treating ovarian
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[. Introduction

The corpus luteum is a transient endocrine gland that differentiates from the mature follicle
after ovulation. Its formation and limited lifespan in the mammalian ovary is critical for
fertility, as the corpus luteum produces progesterone, the essential steroid hormone
permitting implantation of the embryo and sustaining intra-uterine pregnancy. This group
recently provided an in depth review [1] on the history of research on the corpus luteum,
including the vital discovery by Dr. Fraenkel [2] in the early 1900s of the endocrine function
of the corpus luteum. The chapter reviews the remarkable species-differences in structure-
function and control (via hormones and local factors) of the development (luteinization),
functional lifespan, and regression of the corpus luteum. The current treatise, as part of the
2013 Ludwig Fraenkel Symposium, will focus on the endocrine and local control of the
corpus luteum in primate species. It will feature knowledge gained from the senior author's
37 years of research on the corpus luteum of the rhesus macaque, an Old World Monkey
whose ovarian/menstrual cycle is remarkably similar to that in women. The discussion will
focus on recent advances at the molecular and cellular level as related to the physiologic
control of the corpus luteum, with reference to other investigators who have contributed
greatly to this field in the last decades, e.g., T. Zeleznik [3], H. Fraser [4]. Finally, areas of
mystery and controversy will be identified where significant progress is still needed.

Il. Periovulatory Processes Related to Luteinization

Unlike in typical rodent models, where coitus-induced secretion of PRL from the pituitary is
required for luteal development [5], the mid-cycle surge of pituitary LH secretion is the sole
hormonal stimulus required in primates for the cascade of events leading to further
differentiation of the mature follicle into corpus luteum [3]. Luteal development is perceived
as following, or at least concomitant with, the other major periovulatory events induced by
the LH surge [6]: reinitiation of meiosis and cytoplasmic maturation of the enclosed oocyte,
and subsequent ovulation and release of a fertilizable oocyte into the oviduct. Although
investigators, including ourselves [7, 8], selectively studied certain genes and their products
or cellular pathways, there were no reports of a genome-wide analysis of the dynamics of
follicular activity in primates, including the periovulatory, luteinizing interval in the natural
menstrual cycle. Therefore, in collaboration with colleagues at Bayer Schering Pharma AG
(now Bayer Health Care) in Berlin, we systematically evaluated the changes in the
transcriptome (MRNA levels) in the periovulatory follicle of rhesus monkeys during a
Controlled Ovulation (COv) protocol [9].

The COv protocol [10] allows natural selection of the dominant follicle during the menstrual
cycle, but then “clamps” pituitary gonadotropin secretion so that the endogenous LH surge
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can be replaced by exogenous hCG. This permits collection of the dominant follicle just
prior to (Time O; preovulatory follicle) and at precise intervals (12, 24 and 36 hr;
periovulatory follicle) after hCG administration. Notably, at 36 hr post-hCG, half of the
follicles had ruptured (ovulatory follicle). Total RNA preparations from individual follicles
were hybridized on the Affymetrix Rhesus Macaque Total Genome Array. Levels and
patterns of selected mMRNAs were also quantified by real-time PCR (g-PCR) to further
validate the data.

The microarray results, which are available for public use at NIH GEO (number GSE2276),
displayed remarkable changes in mRNA levels for numerous genes, the patterns of which
were typically confirmed by g-PCR analyses. Although the RNA preparations were prepared
from the entire follicle, several transcripts displayed expression patterns expected for
purported (based on the literature) theca (e.g., CYP17A), granulosa (CYP19A, FSHR), and
cumulus (HAS2, TNFALP6) cell-associated genes in the rodent or primate peri-ovulatory
follicle. Although various patterns of mMRNA levels were noted, from rapid (within 12 hr),
sustained loss after hCG administration (e.g., FSHR) to an abrupt increase 36-hr post-hCG
(e.g., aspartic acid protease PGA5), a number (n>300) of mMRNAs displayed the intriguing
pattern of (a) an initial change (often > 10-fold) in levels by 12 hrs post-hCG, with (b) a
return to pre-hCG levels at 24-t0-36 hrs in preovulatory follicle, followed by (c) another
robust change, often greater than that at 12 hrs, at 36 hrs post-hCG in the ovulated follicle.

This biphasic pattern was observed for mRNAs from a diverse cohort of genes encoding
steroidogenic enzymes (e.g., HSD3B2), proteolytic enzymes (e.g., MMP1 and 10) and local
factors (e.g., AREG and EREG). Recall that the interval from onset of the ovulatory
gonadotropin stimulus to follicle rupture is longer in macaques and women (~36 hr)
compared to rodents (10-12 hrs), and includes LH-induced luteinization. We hypothesize
that the initial change in many of these genes at 12 hr is essential for events related to
cumulus expansion and oocyte maturation, thereby providing a cumulus-oocyte complex
that can be released at ovulation. However, these gene products appear critical again by 24
hr later in processes associated with luteinization of the ovulatory follicle. Some of these
genes are not surprising as they associate with renewed progestogenic activity (HSD3B2)
and extracellular remodeling (MMPs, ADAMTSS) in the developing corpus luteum.
However, the role(s) of others awaits investigation. For example, the EGF-related ligands
EREG and AREG may serve as intermediates for LH-induced events, such as reinitiation of
meiosis and cumulus-oocyte expansion [11] as reported in rodents, but a role for these
factors in the ovulated, luteinizing follicle/developing corpus luteum is unknown.

Visual inspection of the microarray database allows one to consider possible activity of
known genes that to date have not been clearly linked to periovulatory events. For example,
mRNA levels for kisspeptin (KISS-1), a paracrine factor recently linked to control of GnRH
neurons and hence hypothalamic-pituitary-gonadal function [12], displayed the biphasic
pattern in the peri-ovulatory follicle described earlier (Figure 1). This finding supports the
hypothesis that the kisspeptin-receptor system plays an early role in cumulus-oocyte
maturation, as well as a later role in tissue remodeling related to ovulation and/or luteal
development. Recent reports indicate that exogenous kisspeptin can promote oocyte
maturation in vitro [13] and progesterone production by rat luteal cells during culture [14]
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but the physiologic role and its relevance to primate ovarian function or dysfunction (e.g.,
PCOS;)[15] awaits study.

Sophisticated software programs can also be employed to relate mMRNA expression patterns
to gene ontologies and cellular pathways of activity. Such analyses revealed a biphasic
pattern of HIF1la mRNA expression and of downstream HIF1a-regulated genes (e.g.,
VEGF, GLUT1) in the primate follicle at 12 hrs post-hCG and post-rupture at 36 hrs post-
hCG [9]. The transcription factor HIF1a is regulated by oxygen concentrations; in hypoxic
conditions, HIF1a exists in a de-hydroxylated state that leads to the formation of a HIF1a:
dimer, which in turn translocates into the nucleus and increases the expression of target
genes such as VEGF [16]. Evidence from the mouse model suggests that hypoxia-inducible
factors in the preovulatory follicle are critical for rupture [17], and LH/CG regulates HIFla
mMRNA expression in human luteinizing granulosa cells [18]. Analyses of ontologies of gene
products significantly impacted by controlled ovulation also identified a number of classical
“immune pathways”, including cytokine receptor activity cytokine and growth factor
binding and transducer activity, reinforcing the concept that immune processes (e.g., pro-
inflammatory response) involving blood-derived immune cells or non-immune ovarian cells
play a role in periovulatory events [19].

In summary, this database will be of great value in identifying novel or unappreciated genes
involved in molecular and cellular pathways leading to periovulatory events in the primate
follicle, including its luteinization and conversion into the early corpus luteum. One caveat
is that currently only about 50% of the rhesus transcripts are annotated to specific genes (for
discussion of limitations of microarray databases see [20]). Continued annotation of rhesus
genes will permit the data to reach its full potential. A second caveat is that changes in
MRNA levels do not necessarily correlate positively with levels of translated protein or
protein activity (see next section, VEGF). Nevertheless, the transcriptome provides an initial
perspective for prioritizing evaluation of proteins (the proteome) and their roles in luteal
development. Finally, the database will be useful for comparisons of events within
periovulatory follicles from various species, including women [21] and nonprimates [22],
and how the results compare to those from distinct follicle compartment such as the theca
and granulosa cell layers [23] and the cumulus-oocyte complex [24].

lll. Angiogenesis and Luteal Structure-Function

One research area receiving considerable attention over the past decade is the development
and maintenance of the luteal vasculature. The vascular changes associated with luteal
development (here termed “angiogenesis”) and subsequent luteal regression (*“angiolysis”)
are remarkable [25]. However, the precise mechanisms whereby luteal neovascularization
via angiogenesis (expansion of existing thecal vessels) or possibly vasculogenesis (e.g.,
from circulating vascular progenitor cells) forms the dense capillary network in
differentiated luteal tissue are not well-defined. Much of the capillary expansion appears
causally related to endothelial cell proliferation; the vast majority of dividing cells in the
early developing corpus luteum are microvascular endothelial cells [26]. But there is some
evidence that the vascular space increases somewhat in the primate corpus luteum through
mid-luteal phase of the cycle. This may be related to maturation of the microvasculature, as
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they acquire endothelial support cells, or pericytes [27], but this important feature has
received little attention especially in primates.

Advances in our understanding of the factors controlling luteal angiogenesis [4, 25]
benefited from discoveries by investigators working in other areas, such as cancer or fetal
development, where blood vessel development is vital. Notably, the family of vascular
endothelial growth factors (VEGFs)[28], especially VEGF-A and its receptors FLT1 and
KDR [29], are dynamically expressed in the corpus luteum of many species, including
macaques. There are few studies to date on specific cell types, but it's generally
hypothesized that VEGFA produced by luteinizing/luteal cells acts in a paracrine manner via
VEGF receptors/co-receptors (e.g., neuropilins) [30] on microvascular endothelial cells to
promote angiogenesis. Limited evidence suggests that the regulation of VEGFA production
in the ovulatory, luteinizing follicle and corpus luteum differs from that in many tissues. It
appears that the midcycle gonadotropin surge, via either transcriptional or post-
transcriptional actions directly increases VEGF production in the primate luteinizing
granulosa cell layer and developing corpus luteum [31, 32]. Moreover, local factors such as
insulin-like growth factors (IGF)-1 and -2 may synergize with LH to promote VEGF
production [32]. However, after this initiation of active VEGF expression, the typical
stimulator of VEGF production in many tissues, i.e., hypoxia, appears to become a major
regulator in primate luteal cells [33]. Nevertheless, the reason(s) or physiologic significance
for the divergent patterns in VEGFA mRNA and protein levels during the functional
lifespan of the primate corpus luteum [33], with mRNA exhibiting the biphasic pattern
typical of circulating progesterone levels (Figure 2), but protein levels highest in the early
luteal phase and declining thereafter, is unknown. Further research is required to understand
the regulation and role of the various family members (VEGFA-D) and isoforms in the
ovary.

Recent studies by three groups [4, 34, 35] established a critical role for VEGFA in primate
follicular and luteal development and function. Local or systemic administration of VEGF
antagonists to monkeys either at midcycle or during the early or midluteal phase indicates
that VEGF is critical for: (a) ovulation and early luteinization in the mature follicle, (b)
neovascularization and achievement of normal luteal function in the developing corpus
luteum, and perhaps unexpectedly, (c) continued vascular integrity and progesterone
production by the developed corpus luteum during the menstrual cycle. Collectively these
data indicate that VEGF acts initially as an angiogenic factor, but subsequently as a trophic
factor in the primate corpus luteum.

Preliminary studies indicate that other vascular factors act locally to influence luteal
structure-function, perhaps to promote or control the actions of VEGF. For example, one
scenario [36] suggests that the angiopoietins (ANGPTS) via the TEK receptor (which are
expressed in the primate corpus luteum)[37] are essential for luteal development and
function. A local tissue ratio favoring ANGPT1 (TEK agonist) over ANGPT-2 (TEK
antagonist) may promote capillary growth and maturation. Focally, ANGPT2 may loosen
cell-matrix interactions to allow VEGF-stimulated endothelial cell proliferation and
capillary tube formation, whereas ANGPT1 recruits pericytes to stabilize and mature
capillaries. In contrast, a ratio favoring ANGPT2 may destabilize vessels and cause capillary
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degeneration, especially in the relative absence of VEGF in immature vessels not supported
by pericytes. Initial evidence [38] that intrafollicular injection of ANGPTZ2, but not
ANGPT1, destroys the periovulatory follicle and resets the ovarian cycle in macaques
suggest a critical role for the ANGPTSs in the mature follicle and developing corpus luteum.
However, further studies are needed to elucidate the regulation and role(s) of ANGPTs and
their receptors in the corpus luteum.

Several other factors were recently identified that may modulate VEGF actions in tissues,
including the corpus luteum. The concept of negative feedback regulation of VEGF emerged
from the discovery of vasohibins (VASHSs)[39] and led to the hypothesis that VASH-1 is a
negative regulator of VEGF's angiogenic action in the corpus luteum [40]. Also, the
discovery that the delta-like ligand 4 (DLL4) -Notch receptor system negatively regulates
VEGF-mediated angiogenesis, led to experiments by Fraser and colleagues demonstrating
that DLL4 neutralization during luteal development increased angiogenesis but markedly
suppressed the progestogenic function and lifespan of the primate corpus luteum [41].
Clearly the ligand-receptor systems for these and other vascular regulators (e.g., SLIT3-
ROBO3 [42], apelin-apelin receptor [42]) are expressed in the primate corpus luteum, in
diverse patterns during the luteal lifespan (Figure 2). The challenge will be to discern the
action(s) and regulation of each system, and their interactions with VEGF, during
development, function and regression of the primate corpus luteum.

Finally, with the demonstration of specific molecular markers for lymphatic endothelial
cells, we recently characterized a robust lymphatic in the primate corpus luteum [43].
Moreover, the lymphangiogenic factors VEGF-C and -D (FIGF) and their receptor FLT4 are
dynamically expressed during the luteal lifespan. The lymphatic vasculature plays important
roles, including fluid balance and transport of immune cells, in various organs which could
be relevant to the corpus luteum, especially in larger species. Further studies on the
“secondary circulatory system”, the lymphatics in the primate corpus luteum could be
critical to understanding the physiology and pathophysiology of the ovary [44, 45].

IV. Luteotropic Factors: Luteinizing Hormone (LH) and LH-induced Local

Factors

Despite considerable controversy that extended into the 1980s [46], it is now generally
accepted that following ovulation the corpus luteum of most primates (e.g., Old World
monkeys to humans) is primarily if not solely dependent upon LH secreted from the anterior
pituitary for its development and maintenance through the menstrual cycle. LH-depletion/
neutralization by pharmacologic techniques beginning within 1 day of ovulation prevents
normal development of the corpus luteum, whereas treatment at mid-luteal phase causes
premature regression of the developed corpus luteum [47]. By mid luteal phase, pulses of
LH are entrained to increases in progesterone secretion [48]. Evidence that GnRH antagonist
treatment rapidly and completely suppresses circulating progesterone levels demonstrates
the absolute requirement of primate luteal cells for LH exposure to maintain steroidogenic
function.
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Pituitary LH, as well as placental chorionic gonadotropin (CG), are members of the
glycoprotein family of hormones containing a common a subunit non-covalently linked to a
hormone-specific  subunit. Both LH and CG are ligands for the high-affinity LH-CG
receptor, a member of the seven-transmembrane, rhodopsin-like, G-protein coupled receptor
family [49]. G-protein coupled signaling through the LHCGR involves activation of
adenylate cyclase, cyclic AMP production, and activation of cAMP-dependent protein
kinases, which actively promotes steroidogenesis and chronically maintains luteal structure-
function [50]. LH-CG can also activate cAMP-independent pathways [50, 51], but their
role(s) during the functional lifespan of the primate corpus luteum await definition. Unlike
in some species, in vitro studies suggest that LH-CG can act on both “small” and “large”
luteal cells from monkeys to promote progesterone production [52]; thus steroidogenesis by
large luteal cells is not “constitutive” as part of final luteal differentiation as proposed in the
sheep corpus luteum. Studies of luteal cell types in primates are limited [52], as compared to
rodents or domestic animals, but clearly display some unique features. Notably two luteal
cell types can be distinguished in the macaque and human corpus luteum based on
compartmentalization and steroid production [53, 54]. Typical luteal cells are found within
the luteal parenchyma and appear to secrete primarily progesterone, whereas paraluteal cells
are found around the exterior of the gland and along infoldings associated with the vascular
and appear to produce androgens. Immunohistochemical staining for steroidogenic enzymes
suggests that the “two-cell model” for estrogen production characteristic of the preovulatory
follicle continues in the primate corpus luteum. It is not obvious that these two
subpopulations correlate with the “small” and “large” luteal cells that can be separated by
size, since the large luteal cell population from the macaque corpus luteum secretes both
progesterone and estradiol in an LH-stimulated manner [52].

To discover LH-regulated gene products and cellular pathways in the primate corpus luteum,
investigators have utilized differential display techniques or cDNA microarrays [55, 56]. In
a recent study [55], we compared the transcriptome in the macaque corpus luteum before
and three days after onset of GnRH antagonist treatment: (a) the mRNA levels of
approximately 2% of the transcripts either increased or decreased = 2-fold with LH
deprivation, and (b) the great majority returned to control (pretreatment) levels if LH was
co-administered with the antagonist. Notably, two of the pathways significantly altered by
LH depletion/replacement, as noted by ontology abundance and z-scores, were those
associated with steroid production (e.g., steroid biosynthetic processes, such as STARD4)
and immune system/response (e.g., the negative regulator IL1RN). The findings identify
LH-regulated processes that may be critical for controlling steroidogenesis as well as others
likely involved in tissue/cell interactions that sustain luteal structure-function. Further
studies are warranted to consider the proteome or protein activity related to the dynamics of
the transcriptome, as well as to elucidate the critical roles of gene products and associated
pathways. Likewise, more acute protocols are needed to evaluate the initial (e.g., early
response genes) versus later processes regulated by LH, for example during exposure as well
as following an LH pulse during the menstrual cycle. Such studies will further identify novel
or underappreciated LH-regulated pathways and cell-cell interactions that are dynamic and
regulate the development, function and lifespan of the primate corpus luteum.
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LH-regulated local ligand-receptor systems

Global characterization of LH-dependent gene products in the ovulatory, luteinizing follicle
and corpus luteum identified local ligand-receptor systems that likely mediate or modulate
LH action and hence primate luteal structure-function. For example, mRNAs for the
corticoptropin-releasing hormone (CRH)/urocortin (UCN)- receptor (R1,R2)-binding protein
(CRHBP) system are dynamically expressed in the macaque corpus luteum [57], with UCN
up-regulated and CRH-BP expression down-regulated, by LH. Consistent with LH down-
regulation of CRH-BP expression, administration of a GnRH antagonist significantly
increased CRH-BP mRNA levels; also levels were highest in luteal tissue at late luteal phase
(i.e., luteolysis) of the menstrual cycle. When a general CRHR antagonist (astressin) was
injected into the preovulatory follicle, ovulation occurred but circulating progesterone levels
were significantly suppressed during the luteal phase and indices of cellular degeneration
were observed in the corpus luteum of astressin-treated animals [57]. The data are consistent
with the hypothesis that local CRH/UCN-R action promotes luteal development and
function, whereas CRH-BP serves to check this action by sequestering CRH/UCN and
predominates by late in the luteal lifespan. Many issues remain to be resolved at the tissue,
cellular and molecular level regarding this putative local CRH/UCN-R-BP system and its
role in cyclic ovarian function. There is evidence that this system exists in ovarian
compartments of other species, including humans [58]. Moreover, its actions may vary
between follicles and corpora lutea, or between ligand-R1 and —R2 systems [59, 60].

As another example, microanalyses of the transcriptome in the macaque, luteinizing follicle
and corpus luteum during the menstrual cycle identified remarkable changes in mMRNA
levels for a number of proteins involved in prostaglandin (PG) synthesis, metabolism and
cell signaling [9, 61]. Notably, increases in prostaglandin-endoperoxide synthase 2
(PTGS2), PGE synthase (PGES) and PGE receptor 2 (FTGER2) mRNAs occurred in the
12-36 hrs post-hCG administration leading up to follicle rupture in the COv model, which
correlated with a rise in PGE2 levels in follicular fluid. Moreover, mRNA levels for these
genes, as well as PTGER3, were high in luteal tissue from the early-to-mid luteal phase.
Notably, levels for many these PGE2-related components declined by mid-late to late luteal
phase, when prostaglandin F receptor (PTGFR) expression markedly increased. The data
provide molecular evidence for the concept that a local PGE-R system serves as a local
differentiation pathway in the ovulatory follicle and developing corpus luteum in primates
[62]. Moreover, the shift in expression to favor PGF-R action as the luteal phase progresses
may be critical for ending the luteal lifespan in primates. We recently reported the ability of
PGE-R2 signaling to promote cyclic AMP production in and “expansion” of the cumulus-
oocyte complex in macaques [63], and demonstrated PGE2 stimulation of cAMP and
progesterone production in primate luteal cells [64, 65]. Moreover, chronic administration of
a PTGER?2 antagonist to monkeys markedly reduced their fertility [66]. However, a
physiologic role for PGE2 and any of its receptor isoforms (PTGERZ1-4) in controlling the
structure-function or lifespan of the primate corpus luteum remains unsubstantiated; in the
above contraceptive trial, chronic PTGE2 antagonist treatment did not alter menstrual
cyclicity or cycle length.
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Perhaps the local factor that's received the most attention over the past decade as a possible
mediator of LH's luteotropic actions is the steroid hormone, progesterone [47]. Since our
discovery that the midcycle hCG bolus induces progesterone receptor (genomic PR) in
luteinizing granulosa cells of macaques during controlled ovarian stimulation protocols [67],
and that an inhibitor of 3p-hydroxy steroid synthesis (trilostane) in rhesus monkeys was
prevented by concomitant administration of progestin [68], one focus of our research is to
identify LH-dependent progesterone-regulated processes in the ovulatory, luteinizing follicle
and corpus luteum in macaques. Considerable effort (e.g., in progesterone-receptor gene
knockout mice)[69] focused on progestin's critical actions in the ovulatory process.
However, evidence has also accrued that is consistent with Rothchild's [70] hypothesis that
progesterone also acts as a local luteotropin in the developing corpus luteum. Steroid
ablation and progestin replacement protocols in macaques, combined with techniques to
clamp gonadotropin support (to rule out effects of steroid feedback on pituitary function),
support a role for locally produced progesterone to promote luteal structure-function [71,
72], through specific actions involving luteal tissue remodeling (e.g., protease expression)
[73] and sensitivity to other local factors [74]. Recent genome-wide analyses to discern
between the effects of LH ablation-replacement versus steroid ablation-progestin
replacement in the macaque corpus luteum [55] are providing valuable databases on gene
products that are steroid-independent or steroid/progestin-regulated during luteal
development and function. Further studies are needed to define the role(s) of these products
in the control of the functional lifespan of the corpus luteum, and the involvement of the
genomic progesterone receptor isoforms, PGRA and B. Likewise, the possible involvement
of nongenomic progesterone receptors (e.g., membrane receptors, PGRMC1)[75, 76]
warrant sturdy, based on reports of their survival/anti-apoptotic actions on granulosa and
luteal cells [77].

V. Extension of Luteal Structure-Function in Early Pregnancy

Although the cause (s) of luteolysis in primates during the menstrual cycle are unknown, it
is generally believed that secretion of another LH-like hormone, chaorionic gonadotropin
(CG) by the implanting blastocyst and developing placenta “rescues” the corpus luteum in
many primates, from Old World monkeys to humans, and extends luteal function in early
pregnancy [78]. In some aspects, luteal function during early gestation is similar to that
during menstrual cycle, e.g., the continued production of progesterone (and estrogens),
albeit at perhaps a higher level. However, new functions may appear, such as the production
of the non-steroidal hormone, relaxin. Since sequential treatment with exogenous estrogen
and progesterone to mimic cyclic ovarian function leads to pregnancy and generally healthy
offspring in women during fertility therapy [79], it is widely accepted that progesterone is
the only luteal product required for initiation and maintenance of early pregnancy. However,
recent evidence suggests that relaxin (RLN) of luteal origin acts on various tissues ranging
from the embryo [80] and uterus [81] to the cardiovascular system [82], to optimize
maternal-fetal function and maternal adaptations to pregnancy. Further studies are needed to
assess the regulation and actions of relaxin, as a luteal hormone, during early pregnancy in
primates.
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For ethical and practical reasons, studies of the cellular and molecular changes in the human
corpus luteum during CG rescue in early pregnancy are virtually nonexistent. However,
there are some experiments where the effects of exogenous hCG on the corpus luteum of
primate species, including women, were examined as a “simulated early pregnancy” (SEP)
model [76]. Morphologically [83], there are changes in the luteal cells suggesting rapid use
of steroid precursors (loss of lipid droplets) and increased production of secretory granules,
consistent with greater secretion of steroids and relaxin. Remarkably, evidence to date
suggests the increased hormonal production is not accompanied by a renewal of
angiogenesis. Although microvascular cell proliferation remains low [26], this does not
preclude other effects of CG or CG-regulated vascular factors on vessel structure-function
(e.g., vascular permeability) that could influence luteal activity.

CG exposure results in broad, remarkable changes in luteal expression of mMRNAs and
proteins in the primate corpus luteum. In a recent study detailing the dynamics of the
macaque luteal transcriptome (MRNAS) following 1,3, 6 and 9 days of CG during SEP [76],
levels of 1192 transcripts changed compared to pretreatment (day 10 of the luteal phase).
Cluster analysis indicated that samples from day 10 versus day 10 + hCG (1 day of
treatment) were very dissimilar, with 292 mRNAs up-regulated and 127 down-regulated. As
expected, a number of gene products were related to steroid production, with some being
altered transiently (HSD3B2 unregulated at 1 day, then declined during CG exposure) and
others chronically (CYP11A1, upregulated at 1 day and sustained). However, other gene
products did not change until after more prolonged CG exposure; for example, RLN 1
MRNA levels did not increase until 3 days of CG exposure. Delayed responses may be
related to actions of CG-induced local factors or down-regulation of CG-receptor signaling.
Notably, CG exposure caused a transient re-expression of components of PGE-receptor
signaling, reminiscent of the corpus luteum of the early luteal phase, but suppressed
expression of genes encoding proteins associated with the immune system. Further studies
on such databases (transcriptome, proteome) are needed to clarify the direct vs. indirect
effects of CG that transiently prevent luteolysis and extend the structure-function of the
primate corpus luteum in early pregnancy.

Since pituitary-derived LH continues to circulate, albeit at reduced pulse-frequency, during
the mid-to-late luteal phase (i.e., time of implantation), it remains unclear why or how
another LH-like hormone, i.e., CG, rescues the primate corpus luteum in early pregnancy.
Two scenarios, which are not mutually exclusive, have been considered. The first is that the
qualitative and quantitative changes in gonadotropin exposure, with CG presented in a non-
pulsatile manner and levels rising over several days, promotes luteal cell activities beyond
that provided by the intermittent LH pulses. Studies by Zeleznik [84] revealed that
administration of increasing amounts of recombinant LH or hCG around the expected time
of implantation, increases the functional lifespan of the macaque corpus luteum, thus
supporting this scenario. Alternatively, the second scenario is that LH and CG, while both
binding to same LH/CG receptor are structurally different enough to elicit different ligand-
receptor signaling. This concept was initially proposed from differences in LHCGR
movement and turnover following binding of ovine LH versus hCG in nonprimate target
cells [85]. However, initial studies on primate granulosa cells [86] did not support the
concept of differential receptor activation by hCG and hLH, based on the kinetics of
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progesterone production. Elegant studies using human cell systems recently identified
differences in the potency and chronic actions of LH and CG to stimulate cyclic AMP and
progesterone secretion, plus the activation of cell signaling pathways [87, 88]. For example,
LH was more potent in ERK and AKT activation to promote cell proliferation and survival,
whereas hCG was more potent in cyclic AMP and steroid production. Thus, LH may
promote broader actions as needed during development of luteal structure-function in the
early luteal phase of the menstrual cycle, whereas CG may specifically extend hormone
(steroid and relaxin) production for a limited interval until the luteal-placental shift. Further
studies are warranted that compare LH and CG action of primate target cells, and to
determine whether luteal regression after the luteal-placental shift is comparable to that
occurring at the end of the non-fecund cycle.

VI. Perspectives on Luteal Regression

The corpus luteum in primates ceases to function and structurally involutes, i.e., undergoes
functional and structural regression or luteolysis, at one of two stages: (a) near the end of the
non-fecund menstrual cycle, or (b) at the stage in gestation, called the luteal-placental shift,
after which placental progesterone sustains pregnancy. There is evidence for distinguishing
between the processes of functional and structural luteolysis, since the primate corpus
luteum ceases to function (i.e., produce appreciable progesterone) by 3 days before
menstruation at the end of the menstrual cycle [46], but appreciable luteal mass remains into
the next follicular phase. However, even the functionally regressed corpus luteum retains
some activity, based on evidence that exogenous gonadotropin treatment in the follicular
phase can increase circulating progesterone levels [89]. It remains unknown if the processes
causing regression of the corpus luteum of the cycle are comparable to those occurring in the
corpus luteum of pregnancy. Evidence from other species suggests that luteal involution
occurs slower in pregnancy [90], perhaps due to differences in the luteotropic or luteolytic
milieu or changes in luteal cell populations, but data regarding luteal regression during
pregnancy in primates is not available in large part due to ethical and logistic reasons, as
lutectomy could/will terminate the pregnancy. It's intriguing though to note that Treloar [91]
reported that despite “disappearance” of the macaque corpus luteum after the luteal-
placental shift (as noted from the lack of luteal tissue at the site of dye injection), a corpus
luteum was “rejuvenated” at the same site by parturition and appeared functional in
lactation. This rarely cited evidence leads to intriguing questions, e.g.,: (a) in this era of stem
cell/progenitor cell evaluation, does the corpus luteum contain cells that could re-establish
functional luteal tissue, and (b) although PRL-like hormones are not considered a major
luteotropin in primates, primate luteal tissue can express PRL receptor [92], so are there
conditions such as the post-partum [46] when it serves a role?

A key limitation to our understanding of the primate corpus luteum, is the continuing
mystery regarding the signal(s) that initiate luteolysis. What is known is that the onset of
luteolysis is controlled differently from that in many nonprimate species, e.g., it is not
initiated by a uterine luteolytic factor released if timely implantation is absent as
hysterectomy does not alter the lifespan of the corpus luteum in Old World monkeys [93] or
women [94]. This led Knobil [46] to propose that a “self-destruct” mechanism exists within
the primate ovary/corpus luteum that controls the luteal lifespan. Two factors received
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attention as local signals, both of which lost favor but recently reappeared as possible “self-
destruct” agents. First, unlike the corpus luteum of many species, primate luteal tissue
produces significant amounts of estrogens. Evidence that intraluteal injections of estradiol
caused premature luteolysis led to its proposed role as a primate luteolytic signal [46].
However, subsequent studies indicating that its luteolytic effect was indirect due to leakage
into the circulation and negative feedback inhibition of LH secretion, as well as evidence
[95] that primate luteal tissue did not appear to contain the “classical nuclear estrogen
receptor” (now termed ERa), diminished interest. But more recent evidence that another
nuclear receptor isoform, ERp, is abundantly expressed in luteal tissue and appears down-
regulated by progesterone [74], suggests that further studies of estrogen-receptor signaling
and action in the primate corpus luteum are warranted. Second, although prostaglandin Fy,
(PGF5,) does not serve as a uterine luteolytic factor, primate luteal tissue produces PGFy,
and its receptor in a dynamic fashion; therefore its local role in controlling luteolysis was
proposed [96]. However, evidence [97] that intraluteal administration of a PG synthesis
inhibitor caused, rather than prevented, luteolysis was difficult to reconcile with PGF,, as a
luteolytic factor. After recent increases in our understanding of the molecular processes of
PG synthesis, metabolism and signaling, further analyses [61] of the whole genome and cell
pathways support the original concept that changes in the balance from luteotropic PG (e.g.,
PGE-R) to luteolytic PG (PGF-R) receptor signaling may control the functional lifespan of
the corpus luteum.

Thus the scenario detailed by Hamburger [98] several years ago can be updated to include a
number of other changes in luteotropic vs. luteolytic factors as a function of age of the
primate corpus luteum (Figure 3). As the balance tips from luteotropic to luteolytic
signaling, the functional lifespan of the corpus luteum ends and menstruation occurs. It is
well established that in the early luteal phase, LH pulses [48] are more frequent and luteal
cells are most responsive to LH in terms of cAMP and P production. By mid-late luteal
phase, there are fewer LH pulses and luteal cells are less responsive to LH; e.g., the dose-
response curve for LH stimulation of cAMP is shifted [99]. The decreased sensitivity to LH
is likely due to LHCGR desensitization, not down-regulation, as luteal LHCGR content does
not decline until P levels decrease [100]. Thus LHCGR desensitization appears early as part
of functional regression, whereas receptor down-regulation may manifest later primarily as
part of structural regression. The decline in luteal sensitivity to LH appears critical, since
studies by Hutchison [101] and Duffy [102] et al. demonstrated that sustaining LH levels
either by promoting endogenous LH pulses or administering exogenous LH, did not prolong
the luteal lifespan in macaques.

Coincident, and perhaps as a consequence of reduced LH support/sensitivity, the levels of
local luteotropic factors and/or their receptors, and hence receptor signaling appear to
decline as the corpus luteum of the cycle ages. For example, the ratio of VEGFA 165:121
isoforms declines after luteal development and the levels of VEGFA protein are markedly
reduced by mid-late luteal phase at the onset of luteal regression [33]. Given the role of
VEGF in maintaining the luteal vasculature [4], and perhaps non-vascular actions, one may
speculate that the level of VEGF-R signaling is no longer sufficient by mid-luteal phase to
meet its luteotropic role. Likewise, by mid-late luteal phase, progesterone secretion is
entrained to the intermittent LH pulses such that the corpus luteum is producing a milieu of
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sequential intervals of progesterone repletion and depletion [48]. Moreover, the number of
progesterone receptor-positive cells [95] and the ratio of PRA:B isoforms [103] in the
corpus luteum diminish with age. As noted earlier [61], transcriptome studies established
that the expression of pathways promoting PGE synthesis and receptor signaling were
highest in the developing corpus luteum and diminished by the mid (e.g., PTGER3), mid-
late (PTGS2) and late (PTGES) luteal phase.

Conversely, and perhaps as the result of local negative feedback loops or declining
suppression by luteotropic factors, the levels of local luteolytic factors and or their receptors,
and hence receptor signaling appear to increase as the corpus luteum ages. As noted in the
earlier section on angiogenesis, expression of a number of vascular factors increases, some
as proposed negative feedback regulators of VEGF-A (e.g., vasohibins, Figure 2), that may
serve to check VEGF action or destabilize vessels (e.g., ANGPT2)[37] . Also, based on
steroid depletion/progestin replacement studies [74], the intervals of progesterone repletion
between pulses may promote ERp expression and estrogen (which continues production) in
later stages of the menstrual cycle. Likewise the intermittent progesterone pulses or decline
in progesterone levels may remove its “immunosuppressive actions” and permit migration of
immune cells into the corpus luteum and cytokine production that portends luteal regression
in many species [104, 105]. Finally, the shift to PGFR expression [92], along with continued
if not increased PGF synthase activity may promote PGF-receptor signaling in primate luteal
tissue by mid-late luteal phase of the cycle. One can envision a local luteolytic effect of
luteal PGF», that is comparable to that proposed in domestic animals where the uterine
PGF,,, signal promotes intraluteal PGF,, production to amplify its luteolytic actions in the
corpus luteum [106].

VII. Summary and future perspectives

The past three decades provided quantum increases in our understanding of the processes
that promote luteal development, (e.g., angiogenesis), the cellular components of the corpus
luteum, the control of steroidogenesis and the mechanisms of LH and CG action as
luteotropic hormones. Nevertheless, key issues need to be resolved, such as the roles of local
luteotropic and luteolytic factors in controlling the structure-function and lifespan of the
corpus luteum during the menstrual cycle. Is there indeed, a factor or sequelae of factors that
initiate luteolysis, and can we distinguish those involved in functional versus structural
regression? Recent advances in genome analyses are permitting detection of dynamic
changes in gene products as a function of luteal lifespan (Figure 4), that appear regulated by
gonadotropin hormones (LH, CG) or local factors (e.g., progesterone). The stage is set for
identification of gene products (via transcriptome, proteome analyses), perhaps novel or
underappreciated, that control primate luteal activity and lifespan. A clear limitation to date
has been the difficulty in selectively manipulating individual gene products to ascertain their
function; pharmacologic approaches to ablate and replace substances are limited by their
specificity and delivery. However, gene “knock-down” approaches, such as the direct or
viral-mediated delivery of siRNAs into the luteinizing follicle or corpus luteum, offer
promise. The ovarian primatologist faces a plethora of intriguing problems to further
understand this unique gland, the corpus luteum, which is essential for fertility. Further
advances are needed to improve or control fertility for such purposes as preserving
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endangered primate species, designing novel ovary-based contraceptive, and treating ovarian
disorders in women's health
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Figurel.
Relative levels of kisspeptin (KISS-1) mRNA in the macaque periovulatory follicle at selected intervals prior to (0 hr) and

following administration of a hCG bolus in vivo. Follicles isolated at 36 hrs were either pre- or post-ovulation. Different letters
denote significant differences between time points. See reference [9] for details.
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Figure2.
Relative levels of gene products (MRNAS) for selected local vascular factors and receptors in the macaque corpus luteum as a

function of the stage of luteal phase during the menstrual cycle. Mid luteal phase corresponds to the developed corpus luteum.
At mid-late luteal phase, the corpus luteum is on the verge of regression. Late and very late (menstruation) luteal phase
corresponds to functional and structural regression, respectively. Data adapted from [37, 42, 107] see references for further
details on tissue staging and collection.
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Figure 3.

Schematic of proposed changes in the balance between luteotropic and luteolytic signals in the primate corpus luteum during its

lifespan in the non-fecund menstrual cycle.
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Figure4.

Example of the dynamic expression of a specific gene product (STAR mRNA, relative units) during the lifespan of the macaque
corpus luteum, plus the effects of LH depletion during the menstrual cycle and hCG administration during simulated early
pregnancy. Similar data analyses can be generated for any number of genes of interest from the publically available NCBI GEO

1duosnue Joyiny vd-HIN

1duosnuel Joyiny vd-HIN

databases (e.g., GSE2276, GSE10367, GSE25335). Data adapted from [9, 76, 92].
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