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Abstract
Ovarian function has a great deal of functional overlap between species; antral follicles grow in response to FSH,

ovulation involves proteolysis, and the steroidogenic pathway is largely the same. However, embedded in these similarities

are important differences that reflect the evolutionary and natural history of species and may focus future research into

these critical areas. This review compares ovarian function of rats and mice with primates, focusing on estradiol and fol-

licle growth, steroidogenesis and rupture during the periovulatory interval, and the formation of a functional corpus luteum,

drawing the conclusion that careful comparison of species yields more functional information about both than studying them in

isolation.
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Introduction

The use of animal models as a means to understand human
biology has at its core the tacit acceptance that all animal life
possesses inherent relatedness based on shared ancestry.
However, as part of this understanding there is also an a
priori recognition that the utility of animals as models for
humans diminishes as phylogenetic distance increases. As a
generalization, non-human primates (NHP) make better
biological models for humans than do rodents, and rodents
better than fish, although this clearly excludes technological
applications such as genetic mouse models that are not cur-
rently feasible in taxa like primates, as well as cost and eth-
ical issues associated with the use of NHP. In evolutionary
terms, the lineages leading to the Orders of Rodentia and
Primates diverged from each other approximately 90 mil-
lion years ago (mya), while rats and mice diverged from
each other in the area of 25 mya, and the apes from the
balance of the Old World cercopithicines around 15
mya.1,2 Ovarian function is an aspect of mammalian physi-
ology in which species divergence is especially apparent; on
even the most superficial level, for example, rats and mice
have a 4–5-day reproductive cycle resulting in multiple ovu-
lations compared to the 28-day cycle of most old-world pri-
mates with a single ovulated oocyte. It can, therefore, be
reasonably assumed that phylogenetic distance based on
molecular systematics is parallel to physiology such that
the reproductive systems of macaques and humans are far

more similar than either is to rodents. There are caveats to
this, however. The first is that systematics are exceedingly
complicated to determine and thus the phylogenetic rela-
tionships between taxa and dates of divergence are not
exact. Second is the likelihood that ovarian systems are
under very high selective pressures to preserve species spe-
cificity, so that the rate of evolution may be much faster than
other physiological systems. This by no means obviates the
need for multiple models; in fact, as will be suggested
below, a comparative approach may be critical to under-
standing some key concepts in ovarian physiology. A
recent review covering the neuroendocrine control of the
reproductive cycle in primates and rodents underscores
the importance of placing common laboratory models in a
comparative framework in order to better understand
human physiology.3 The current review will present differ-
ences in ovarian physiology between rodents and primates
in order to illustrate the value of a comparative approach
and the dangers in ignoring important differences between
species, and will conclude with some new aspects in the
primate corpus luteum.

Follicle growth
Different roles for estradiol in follicle development

Germ cell development occurs through several rounds of
mitosis with incomplete cytokinesis, leading to the
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formation of interconnected oocytes in a germ cell nest,
breakdown of which is a necessary step in primordial fol-
licle development. Primordial follicle formation occurs in
utero in primates and during the first seven days after
birth in mice, strongly suggesting different mechanisms
regulate nest breakdown. In baboons, blocking estradiol
synthesis with an aromatase inhibitor during the second
half of gestation attenuates nest breakdown indicating
that estradiol promotes primordial follicle assembly, while
estradiol inhibits nest breakdown in mice.4,5 In both pri-
mates and mice, estradiol works partly through the TGFb
family; in neonatal mice, for example, exogenous activin
increases the number of primordial follicles, while estradiol
suppresses activin.6–9 Similarly, estradiol depletion in
baboons during fetal development increases the expression
of inhibin-a in pre-granulosa cells from germ cell nests, pre-
sumably decreasing local activin action that is important for
nest breakdown.4 While activin promotes nest breakdown
in both taxa, estradiol suppresses activin in mice and aug-
ments the activin signal in primates. The adaptive value of
the divergent roles for estradiol between rodents and pri-
mates is not clear, although maximum concentrations of
estradiol during gestation in mice are around 60 pg/mL10

compared to >500 pg/mL in rhesus macaques and
baboons.11,12 While out of the scope of this mini-review, it
is important to bear in mind potential differences in estra-
diol affinity, receptor density in target tissues, and possible
membrane effects between species as mitigating factors to
differences in circulating hormone concentration. The
theme of mice and rats as a ‘low estradiol’ model relative
to primates will be further discussed in the context of
follicle selection.

Follicle selection: levels of estradiol as a predicator of
follicle number

The endocrinology of follicle selection is based on the nega-
tive feedback of estradiol from small antral follicles on FSH
production, and this is a general principle across species.
FSH is essential to the growth of early antral follicles, ser-
ving a range of functions that include cell survival and gene
expression (i.e. CYP19, LHCGR) in granulosa cells;
although while FSH is required for granulosa cell prolifer-
ation, it requires additional endocrine factors such as acti-
vin and IGF to affect necessary changes in gene
expression.13–18 Follicle selection occurs in primates
around day 4–5 after menstruation and on the morning of
metestrus in the rat as a result of decreasing FSH in
response to the rise in estradiol synthesis from the cohort
of small antral follicles.19–21 The molecular mechanisms
leading to selection in primates involve the acquisition of
some degree of FSH-independence through the ability to
respond to low, tonic levels of LH.19,22–24 Follicle selection
in the bovine is associated with lower levels of insulin-like
growth factor binding proteins (IGFBP) and higher concen-
trations of bioactive IGF.25,26 Interestingly, IGFBP4 expres-
sion in primate dominant follicles is greater than in atretic
antral follicles, although it is not clear how these data trans-
late to IGF bioactivity.27 Given the phylogenetic distance of
cows from both rodents and primates, more research

is necessary before concrete extrapolation is possible.
The mechanisms of follicle selection in rodents are even
less clear, probably because the wide-spread use of super-
ovulation and the fact that these taxa normally develop
multiple preovulatory follicles has de-emphasized selection
as an important area of investigation. In primates, the ques-
tion of why one follicle is selected versus the others remains
to be adequately answered; given the prevalence of over-
riding follicle selection with exogenous FSH as a clinical
and research tool and the effects that may have on the
physiological environment of maturing oocytes and early
embryos makes this a critically important topic.

Controlled ovarian stimulation (COS; ‘superovulation’)
has become a central tool in assisted reproductive technol-
ogies as well as a primary research approach with which to
study ovarian function. However, there are marked endo-
crine abnormalities associated with COS in both rats and
primates. Szoltyz et al.28 showed that superovulation of rats
with equine chorionic gonadotropin (eCG) resulted in
higher levels of androgens with lower progesterone, hyper-
trophic theca cells, and more atretic follicles in response to
an ovulatory hCG bolus than was observed in spontaneous
cycles after the onset of the LH surge. These findings are
similar to observations made in primates after COS, in
which more than 40% of follicles were scored as grossly
atretic 36 h after an hCG bolus.29 While there has been sig-
nificant effort expended towards improving IVF and early
embryo development in vitro,30 there has been limited work
towards understanding the abnormalities associated with
COS. This is important because the health of individual
follicles during oocyte retrieval is not apparent and thus
oocytes can still be obtained from degenerating follicles,
and the factors leading to atresia of periovulatory follicles
during COS are not clear and may have important devel-
opment consequences to the embryo.

There is an important difference in the number of ovu-
lated oocytes per cycle, despite the overall similarities
between rodents and primates in antral follicle growth
and possibly selection. With the exception of marmosets
(Callithrix spp.), all primates ovulate a single oocyte.
Marmosets are recently evolved2 and so multiple ovula-
tions in this Genus most likely represent a derived trait.
In contrast to primates, rodents ovulate several oocytes
each cycle, with the number of ovulations reflecting the
number of preovulatory follicles, and the number of fol-
licles associated with circulating levels of FSH.31

Compared to rodents, primates have very high concentra-
tions of estradiol with correspondingly low FSH; in fact,
rodents are a very ‘low estradiol/high FSH’ species in gen-
eral (Table 1).32–34 Here, as with estradiol above, it should be

Table 1 Comparison of estradiol and FSH peak concentrations in rats

and primates

FSH (ng/ml) E2 (pg/ml)

Rat 500 <50

Macaque <160 300

From Refs. 30–32.
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considered that FSH may have different affinities for the
FSH receptor as well as different receptor densities on the
surface of granulosa cells. In addition, changes in hormone
assay reagents over time can make comparison of results
difficult. It is probable that the higher FSH in rodents is
the proximal cause of the increased number of selected fol-
licles and ovulated oocytes, in essence undergoing
endogenous superovulation each cycle relative to primates.
In support of this hypothesis, there are several studies in
which rat follicle growth is dose-dependently enhanced
with increasing concentrations of PMSG or FSH,35,36

although these data are somewhat self-evident because
FSH reduces atresia in all mammalian species. An unex-
plored approach is to dose-dependently reduce FSH in
rodents during spontaneous estrous cycles to determine if
FSH can be reduced to the point where only a single dom-
inant follicle develops. Analysis of follicle growth in hetero-
zygote mouse models compared to wild-type and complete
loss in function of FSHb, FSHR, and CYP19A1 have either
not been described or not been informative.37–39 In rats,
granulosa cell sensitivity to FSH does not change during
antral follicle growth and the follicle can thus be hypothe-
sized to respond directly to changes in circulating FSH con-
centrations, although receptor number and affinity were not
determined.40 Comparative differences in the mechanisms
leading to lower estradiol (and thus to higher FSH) in
rodents are not clear, but could involve the relative efficien-
cies of 17,20-lyase and aromatase or perhaps through
increased peripheral clearance. An important caveat to
estradiol synthesis is the fact that in rodents 17,20-lyase
can utilize 17a-hydroxyprogesterone (17-OH-P) as a sub-
strate for androstenedione, so estradiol synthesis proceeds
through either the delta-4 or delta-5 pathways. This is in
contrast to primates, where 17-OH-P is a poor substrate
for 17,20-lyase and thus estradiol can only be produced
through the delta-4 pathway.41,42 An apparent paradox
therefore exists in that rats and mice have mechanisms in
place to ensure adequate estradiol synthesis while keeping
estradiol at low levels (and resulting in higher FSH) relative
to primates.43

A local role for estradiol in antral follicle growth

The local production of estradiol raises the important pos-
sibility for an autocrine/paracrine action in the growth and
development of antral follicles, although while data sup-
port a role for estradiol in the growth of antral follicles in
rodents, the existing data do not indicate the same function
in primates. Early work on a local role for estradiol sug-
gested a possible atretogenic action during follicle selection,
where increasing estradiol synthesis could promote atresia
in all but the dominant follicle,44,45 although at the time, the
lack of consensus regarding the expression of estradiol
receptors (ER) in primate granulosa cells confused the situ-
ation. While the discovery of ERb provided a potential
mechanism for local estradiol action in the primate fol-
licle,46 the hypothesis that in primates estradiol promoted
atresia directly at the level of the ovary was discounted, but
not experimentally refuted, by emerging evidence that
estradiol has important folliculogenic actions in mice and

rats, with subsequent generation of knockout mouse
models strongly supporting this hypothesis.47 In addition,
COS protocols in primates generate very high levels of
estradiol even as multiple preovulatory follicles develop.48

Thus, despite conflicting data, the vision that estradiol has a
universal role in antral follicle growth across most, if not all,
mammalian taxa gained support.

There are several empirical tests to the hypothesis that
estradiol promotes antral follicle development in primates.
First, there are a few reports of naturally occurring muta-
tions to relevant genes, for example, 17,20-lyase deficiency
that attenuates estradiol synthesis by reducing androgenic
substrates for aromatase.49 In one patient, small antral fol-
licles were able to develop, while another patient was able to
undergo a controlled ovarian stimulation protocol with
multiple follicles developing to >10 mm.50,51 In addition,
granulosa cells isolated following COS produced normal
levels of progesterone in response to hCG, suggesting that
despite the lack of appreciable estradiol, granulosa cell lutei-
nization occurred normally.52 A second test was done
experimentally through the administration of the aromatase
inhibitor 1,4,6-Androstatrien-3,17-dione (ATD) to macaques
during COS cycles, finding that steroid reduction did not
reduce follicular growth.53 However, because estradiol con-
centrations in the ATD group remained just under 20% of
controls, making a definitive conclusion difficult, a broader
steroid synthesis inhibitor (the HSD3B inhibitor trilostane;
TRL) was tested. Similar to ATD, TRL treatment during COS
cycles did not retard follicle growth, although estradiol fol-
lowing TRL was still 7% of controls.54 However, it is highly
unlikely that these residual concentrations were sufficient to
promote the growth and development of multiple preovu-
latory follicles in primates, but that does remain a possibil-
ity. These studies further found that oocyte fertilization was
compromised in the TRL treatment group, although this is
most likely due to the loss of progesterone rather than estra-
diol as Borman et al.55 showed that progesterone promotes
the resumption of meiosis in primates. Given that there are
data supporting a role for estradiol in other large mammals
such as cows,56 primates may be somewhat exclusive in the
lack of estradiol-mediated follicle growth. The expression of
ER in the dominant follicle of primates, particularly the
granulosa layer, does argue for an autocrine/paracrine
role for estradiol, although what that may be remains to
be determined. However, the existing data from primates,
even those stemming back to the atretogenic hypothesis,
should not simply be ‘shoe-horned’ into the rodent model
– they just do not fit well. Clearly there are differences
between these models that need to be considered.

Placing estradiol and follicle growth into an
evolutionary perspective

There are a great number of important and relevant consis-
tencies between primate and rodent antral follicle growth,
including the general process of selection, the central role of
FSH, markers of cytodifferentiation such as LH receptor
and aromatase, as well as cell cycle control. However,
there are important differences, namely the regulation and
local action of estradiol. By placing these differences into an
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evolutionary context, the functional consequences can be
better understood.

The natural history of rodents in the wild is represented
by a very short reproductive lifespan, and thus the selective
pressures resulting in a reproductive strategy centered on
maximizing the number ovulations per cycle and the
number of cycles per reproductive lifespan can be envi-
sioned. In fact, there is a general tendency for larger mam-
mals to ovulate a single oocyte along with longer
reproductive cycles and higher proportional off-spring sur-
vival rates than poly-ovular taxa like rats and mice.57 In
addition to multiple ovulations, the lack of a functional
luteal phase in a non-fertile cycle of rodents permits the
immediate resumption of follicle growth, with a new
round of small antral follicle growth initiated within 24 h
of the onset of the LH surge,58 and this represents another
important adaptation to a short reproductive lifespan. In
contrast, primates have a much longer reproductive life-
span and a far greater maternal investment into offspring,
including mono-ovulation, which may permit a greater
degree of fetal growth and development than occurs with
multiple births.59 In the case of primates, the rapidity of
follicle growth is less relevant than ensuring the selection
of a single – presumably healthy – follicle.

Finally, the ability of 17,20-lyase to metabolize
17a-hydroxyprogesterone in rodents but not primates
underscores the importance of estradiol to the rodent
system. In addition, blocking androgen synthesis from 17-
OH-P in primates opens up an important local role for min-
eralocorticoids and glucocorticoids to be produced from
progesterone and 17a-hydroxyprogesterone, respectively.
Primate, but not rodent, granulosa cells are capable of
expressing CYP21A2 (21-hydroxylase), which is necessary
to produce steroids down these pathways, the function of
which remains to be conclusively determined.60

Periovulatory events

The periovulatory interval encompasses the onset of the LH
surge, or hCG in stimulated cycles, until the extrusion of the
fertilizable oocyte. Follicle rupture occurs around 14–16 h
after an ovulatory stimulus in rodents, but averages 38 h
after the onset of ovulatory stimulus in humans, with a
range of 34–46 h.61 In primates undergoing controlled ovu-
lation (COv, as compared to COS), in which the single dom-
inant follicle is controlled by exogenous hormones during
only the last two days of follicle maturation, half of the
ovulations occurred before 36 h and the other half after,
although magnitude of temporal variation around this
mean was not reported.62

A number of events occur during this interval of time
and these can be considered in terms of either ovulation or
corpus luteum (CL) development. The former includes
cumulus expansion, the resumption of meiosis, and follicle
rupture, while the latter is characterized by the differenti-
ation of somatic cells to favour progesterone synthesis over
estradiol, neovascularization of the developing CL, and
remodeling of the follicle wall into a corpus luteum.
While overlapping (certainly the case for LH) or independ-
ent mechanisms leading to both ovulation or luteal

development could be argued; a follicle can luteinize with-
out rupturing, and a follicle can ovulate but the CL be insuf-
ficiently developed to support early pregnancy. Regardless,
these processes occur in all mammalian taxa in response to
an ovulatory stimulus, whether an endogenous LH surge or
an exogenous hCG bolus, suggesting strong evolutionary
conservation. However, the development of a longer func-
tional luteal phase, especially during the non-fertile cycle, is
highly species-specific; this includes luteotropic support
(for example, LH and progesterone in primates, prolactin
in rats and mice, and estradiol in rabbits) and mechanisms
leading to luteolysis, which despite being well-described in
rodents remain a mystery in primates.63,64 During the non-
fertile cycle, the primate CL retains functionality – primar-
ily steroid synthesis – for around 7–12 days and does not
regress until nearly two weeks after the LH surge, in direct
contrast to rodents that have an ‘ultra-short’ luteal life-span
of around 24 h.63 Thus, during the periovulatory interval,
there are (a) commonalities between taxa that are especially
prevalent during the early part of the periovulatory interval
and involved in differentiation of the follicle into a corpus
luteum, (b) similarities in the activities that lead to a
common outcome (e.g. follicle rupture) occurs in both
taxa although through distinct molecular components,
and (c) frank divergences involved in the maintenance of
a functional CL. Examples of these three relationships
between rodents and primates will be illustrated in the fol-
lowing paragraphs.

Early periovulatory aspects of steroidogenesis: high
conservation across species

In all mammalian species examined to date, an ovulatory
stimulus rapidly induces progesterone synthesis concomi-
tantly with a reduction in estradiol.48,65 This is driven by
changes in gene expression/activity, including an increase
in steroidogenic acute regulatory protein (StAR), HSD3B,
and CYP11A1 with a reduction in CYP17A1 and
HSD17A1.66–68 The induction of progesterone synthesis is
exceedingly rapid and occurs in primates within 15 min of
an hCG bolus and in less than 2 h in rodents.48,65 At least in
primates, part of this rapidity lay in the fact that lipid drop-
lets in the luteinizing granulosa cells contain sufficient chol-
esterol esters to support up to 24 h of maximal rates of
progesterone synthesis in the absence of an external lipo-
protein source. Thereafter, LH/hCG-induced scavenger
receptor-BI (SR-BI) serves to replenish the cholesterol
supply, primarily from LDL,69,70 and human SR-BI variants
with lower activity lead to impairment of LH/hCG-induced
progesterone and are associated with infertility,71,72 In con-
trast, HDL may be the more relevant cholesterol source for
both theca and granulosa cells in rats.73,74 The LH/hCG-
induced increase in SR-BI, as well as in HSD3B and StAR,
is due to the rapid (<3 h) reduction of liver X receptors
(LXRa, b; NR1H2, NR1H3) following an ovulatory stimu-
lus, which also serves to reduce reverse cholesterol trans-
port.75,76 The regulation of LXRs in the rodent ovary has not
yet been reported, although there is clear evidence that LXR
regulates similar genes involved in cholesterol homeostasis
in mice,77 so it would be highly surprising if LH/hCG
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down-regulation of LXR was not an early event leading to
progesterone synthesis in rodents. An interesting aspect of
these studies is that cholesterol balance in the follicle
appears to be regulated almost entirely by gonadotropins
instead of through dogmatic homeostatic mechanisms, and
this has been clearly shown in both rats and primates.76,78

The early events in steroidogenesis are highly conserved
between rodents and primates and result in the rapid
increase in progesterone synthesis mediated by increased
cholesterol acquisition/decreased efflux and expression of
steroidogenic enzymes.

Follicle rupture: conserved physiologic outcome with
diverging molecular mechanisms

All follicles must rupture to release the oocyte for fertiliza-
tion, and this involves the proteolytic degradation of the
follicle wall.79–81 However, the specific proteolytic genes
vary across species. There are between 626 and 641 distinct
proteases in the rat and mouse genome compared to 561 in
human,82 and to date, differences and similarities in the
LH/hCG-induced expression of specific proteases have
been reported. There are LH/hCG-induced genes in
common between rats and primates, such as MMP1 and
MMP10,81,83–85 those that are expressed in one taxa but
not the other (e.g. PRSS35 in mouse but not primate,86

and those that increase in both rodents and primates but
with different temporal patterns. An excellent example of
this last group is a disintegrin and metalloproteinase with
thrombospondin-like repeats-1 (ADAMTS1). In mice,
ADAMTS1 expression increases between 6 and 12 h after
an ovulatory bolus to immature animals undergoing super-
ovulation protocols and declines by 16 h, and genetic
knockout models implicate this gene product in follicle rup-
ture, possibly through cleavage of versican in the extra-
cellular matrix of the cumulus–oocyte complex to permit
cumulus expansion and ovulation.87–89 In contrast,
ADAMTS1 expression does not increase until after follicle
rupture in macaques, peaking in the early luteal phase,81,90

implicating a role in early luteal development or function
rather than follicle rupture or cumulus expansion. The
hypothesized functional divergence of ADAMTS1 between
rodents and primates could be through, for example,
changes in the promoter structure or signaling pathways,
or through secondary factors such as changes in protein or
mRNA stability.

The regulatory control of ADAMTS1 appears to be dif-
ferent in primates. Doyle et al.88 showed in rats that the
progesterone receptor (PR) regulates ADAMTS1 during
the periovulatory interval; importantly, the expression of
ADAMTS1 parallels that of PR in rats and mice.91,92

However, primate granulosa cells also express PR rapidly
after an ovulatory stimulus although ADAMTS1 does not
increase in a coordinate manner, nor does progesterone
regulate ADAMTS1 during the luteal phase.90,93

Interestingly, equine granulosa cells also express
ADAMTS1 mRNA after hCG, peaking at 12 h and then
declining, a pattern temporally coordinate with PR.
However, there is a second increase in ADAMTS1 in the
early CL while no secondary rise in PR mRNA occurs,94

suggesting that progesterone regulates ADAMTS1 in rat
and horse prior to ovulation, but that something else regu-
lates it in the CL of horse and primate. Despite the fact that
both rodents and primates have some form of membrane
progestin receptor,95–97 it is unlikely that ADAMTS1 is regu-
lated through a non-classical/membrane PR since steroid
ablation during the early luteal phase does not alter
ADAMTS1 mRNA expression in macaques.81 There are
hypothesized to be at least two points of divergence in the
regulation of the ovarian ADAMTS1 gene between species.
The first is regulation by progesterone/PR, and given that
an autocrine/paracrine role for progesterone during the
periovulatory interval is widespread among mam-
mals,98–100 the most plausible explanation is that primates
have diverged away from progesterone regulation of the
ADAMTS1 gene. The second is progestin-independent
expression of ADAMTS1 in the early CL of horse and
primate; something occurs in these species that is not
present in rodents. Whether it is the unmasking of an
enhancer or suppression of a repressor remains to be
seen. A recent example of how this could occur is the epi-
genetic regulation of the inhibin a gene during luteinization
of rat granulosa cells.101

Maintenance of a functional CL: divergence between
rodent and primate

One difference in luteal development and function between
rodents and primates is the expression of inhibin A (INH-
A) in the corpus luteum,102 a main function of which is to
suppress FSH secretion. In rodents, the inhibin-a gene is
repressed by the LH surge and this permits the secondary
rise in FSH, the key factor in promoting the next round of
antral follicle growth,20,103 while in primates, continued cir-
culation of INH helps keep FSH at lower levels throughout
the luteal phase. LH/hCG-induced repressors of inhibin a
in the rodent are known (e.g. C/EBP b104) although the
repression is transient, and so Meldi et al.101 recently
showed in rat luteal cells that sustained suppression of inhi-
bin a occurs through DNMT3a-mediated methylation of the
cAMP response element and abrogation of CREB binding.
While the regulation of DNMT3a (or other methyl/acetyl-
transferases) in the luteinizing primate follicle is not cur-
rently known, it is probable that expression remains low
during the early luteal phase. While it is unlikely that the
evolutionary shift from ultra-short CL lifespan in rodents to
the functional luteal phase of primates is a simple, single
gene process, the stories ofADAMTS1 and inhibin a regu-
lation indicate how such divergence could be manifest.
Importantly, they underscore that the development
of a functional CL is an important and relevant point of
divergence between the rodent and primate models of
ovarian function.63

The primate corpus luteum: some new ideas
on luteolysis

In rodents, functional luteolysis is defined by the drop
in progesterone and is necessary for parturition. This
appears driven by both uterine and local synthesis of
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prostaglandin F2a, which does not suppress progesterone
synthesis, but rather promotes its metabolism to 20a-dihy-
droprogesterone through the induction of 20a-hydroxys-
teroid dehydrogenase. Luteolysis in the rat has been
comprehensively reviewed by Stocco et al.64 In contrast,
luteolysis of the primate CL remains an enigmatic event,
with the mechanisms leading to functional regression still
unclear. However, two recent reports have offered new
and important insight into this event. In the first,
Dickinson et al.105 report that LH receptor splicing
changes throughout the luteal phase of primates, favoring
a truncated variant called LHRd lacking the transmem-
brane and C-terminal portions late in the luteal phase.
The truncated LHRd form is unable to transduce a
signal from LH and also further prevents full-length
LHR from responding to LH. Casarini et al.106 showed
recently that LH and hCG elicit different signaling effects
through the LH receptor. Importantly, hCG in culture pre-
vents the shift from LHRa to LHRd, although the com-
parison of LH with hCG was not performed,105 which
leads to the intriguing hypothesis that hCG rescues the
CL from luteolysis by preventing the expression of LHRd
while pituitary-derived LH is unable to do so. Studies like
these help resolve the long-standing paradox that primate
CL regression is not associated with a reduction in total
LH receptor expression, and while pulse frequency
declines toward the end of the luteal phase, that the
reduction does not seem to promote luteolysis.107–109

The second report tests the hypothesis that functional
luteolysis (i.e. the decline in progesterone) is associated
with a shift in the balance of cholesterol towards reduced
uptake/increase reverse transport through the increased
expression of the liver X receptors (LXR).110,111 The expres-
sion of luteal LXRa (NR1H3) increases during the middle
and late phase, preceding the decline in progesterone syn-
thesis associated with luteal regression, and there are
increases in ABCA1 and ApoE and declining SR-BI and
LDLR expression. Luteolysis is associated with the appear-
ance of extra-cellular cholesterol, supporting an important
role for reverse transport. The primate corpus luteum
produces several endogenous LXR ligands, including
27-hydroxycholesterol that activates LXRa to increase
ABCA1, IDOL (an E2 ubiquitin ligase that targets LDLR
protein,112) LXRa, and cholesterol efflux, and decrease
LDLR protein in luteal cells.111 While these data implicate
LXRa in the induction of functional luteal regression in the
primate, its regulation is not entirely clear. However, LXRa
mRNA is strongly induced in response to an activator of the
peroxisome proliferator activated receptor (PPAR)-g in
luteinizing primate granulosa cells76 and this could an
important factor in the CL as well. An additional hypothesis
stems from the fact that cAMP/PKA phosphorylates and
inactivates LXRa, thus as the LHR isoforms shift in the late
luteal phase to favor the inactive LHRd, this could promote
the activity of newly expressed LXRa. Figure 1 depicts a
hypothesized model linking these studies together.
Finally, these demonstrate the central role LXRa plays in
both the induction and repression of progesterone in the
CL, and shows how a single gene product can serve mul-
tiple functions.

Concluding thoughts

The modern study of reproductive physiology has been
largely dominated by the use of rats and mice, partly for
the pragmatic reasons of cost and ethics, continuity with
other aspects of biology, and more recently, because of the
ability to generate genetic models.113 While there are merits
to the study of rodents in-and-of-themselves, their use as
models of human ovarian physiology has rarely been eval-
uated critically. There are immediate and obvious differ-
ences between rodents and primates, such as the number
of ovulations and length of the cycle, but many other dif-
ferences are more subtle or under-appreciated, such as the
role of estradiol in follicle development and growth. Still,
much of the core physiology is same and therefore repre-
sents variations on a theme, such as FSH trophic support,
steroidogenesis, and proteolytic degradation of the ovulat-
ing follicle. As the lifecycle of the follicle progresses, species
divergence becomes more apparent, with the development
of the CL representing a point of profound species diver-
gence. As a consequence, corpora lutea differ in length of
the luteal phase, luteotropins, and mechanisms of luteal
regression. Such differences make sense when viewed
from an evolutionary perspective.

Rats and mice have short lifespans and high offspring
mortality, and so their reproductive systems have evolved
to maximize the number of offspring possible in a short
period of time. By recognizing the constraints imposed by
the natural history of the model, more informed choices can
be made regarding which comparisons with other species
are meaningful and which are not, and just as importantly,
inform the interpretation of the data. As this review has
summarized, there are important differences between
rodents and human/primate ovarian follicle biology. By
simply assuming that a particular animal model represents
a faithful recapitulation of human biology without empir-
ically determining the validity of this assumption renders
the conclusions potentially invalid, and worse, self-propa-
gating. The use of multiple animal models for studies aimed
at better understanding human health therefore requires a

LHRa

LHRd

hCG

cAMP/PKA

active
LXRα

inactive
LXRα

reverse cholesterol
transport

PPARγ

Figure 1 Hypothesized model linking PPARg to the increase in liver X receptor

a (LXRa) during luteal regression in primates, and the shift in LH receptor isoforms

from functional to non-functional as a mechanism to promote the activity of newly

expressed liver X receptor, leading to reverse cholesterol transport
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comparative approach. First, to determine where similari-
ties lay and what can be directly extrapolated and second,
to determine where and why differences exist. There is a
constant push-and-pull regarding the utility of specific ani-
mals as human models, and differences are almost always
viewed as being non-instructive. However, species differ-
ences can be a powerful tool to subtract out those areas of
overlap, with the resulting differences giving clear clues as
to how the ovary works. Take, for example, corpus luteum
development. By comparing gene expression in rats and
primates during the late periovulatory interval and sub-
tracting out all the expressed genes in common, those
remaining in primates should be involved in the formation
of a functional CL and those in rodent the reverse (Figure 2).
By studying rodent models in isolation, we may be learning
far more about the way the rat and mouse ovary works than
we are about humans.

Author contributions: Both the authors participated
equally in the preparation of this manuscript.

ACKNOWLEDGEMENTS

The authors would like to thank Drs. Rebecca Brogan of Loyola
University Maryland and Jon Hennebold of the Oregon
National Primate Research Center for valuable discussions.
This study was supported in part by NIH grants OD01107/
RR00169 to CNPRC and OD010967 to CV.

REFERENCES

1. Adkins RM, Walton AH, Honeycutt RL. Higher-level systematics of

rodents and divergence time estimates based on two congruent nuclear

genes. Mol Phylogenet Evol 2003;26:409–20

2. Springer MS, Meredith RW, Gatesy J, Emerling CA, Park J, Rabosky DL,

Stadler T, Steiner C, Ryder OA, Janecka JE, Fisher CA, Murphy WJ.

Macroevolutionary dynamics and historical biogeography of primate

diversification inferred from a species supermatrix. PloS one
2012;7:e49521

3. Plant TM. A comparison of the neuroendocrine mechanisms underlying

the initiation of the preovulatory LH surge in the human, old world

monkey and rodent. Front Neuroendocrinol 2012;33:160–8

4. Billiar RB, Zachos NC, Burch MG, Albrecht ED, Pepe GJ. Up-regulation

of alpha-inhibin expression in the fetal ovary of estrogen-suppressed

baboons is associated with impaired fetal ovarian folliculogenesis.

Biology Reprod 2003;68:1989–96

5. Chen Y, Jefferson WN, Newbold RR, Padilla-Banks E, Pepling ME.

Estradiol, progesterone, and genistein inhibit oocyte nest breakdown

and primordial follicle assembly in the neonatal mouse ovary in vitro

and in vivo. Endocrinology 2007;148:3580–90

6. Bristol-Gould SK, Kreeger PK, Selkirk CG, Kilen SM, Cook RW, Kipp JL,

Shea LD, Mayo KE, Woodruff TK. Postnatal regulation of germ cells by

activin: the establishment of the initial follicle pool. Dev Biol

2006;298:132–48

7. Kipp JL, Kilen SM, Bristol-Gould S, Woodruff TK, Mayo KE. Neonatal

exposure to estrogens suppresses activin expression and signaling in

the mouse ovary. Endocrinology 2007;148:1968–76

8. Kimura F, Bonomi LM, Schneyer AL. Follistatin regulates germ cell nest

breakdown and primordial follicle formation. Endocrinology

2011;152:697–706

9. Kimura F, Sidis Y, Bonomi L, Xia Y, Schneyer A. The follistatin-288

isoform alone is sufficient for survival but not for normal fertility in

mice. Endocrinology 2010;151:1310–9

10. Barkley MS, Geschwind II, Bradford GE. The gestational pattern of

estradiol, testosterone and progesterone secretion in selected strains of

mice. Biol Reprod 1979;20:733–8

11. Hodgen GD, Dufau ML, Catt KJ, Tullner WW. Estrogens, progesterone

and chorionic gonadotropin in pregnant rhesus monkeys. Endocrinology

1972;91:896–900

12. Albrecht ED, Townsley JD. Serum estradiol in mid and late gestation

and estradiol/progesterone ratio in baboons near parturition. Biol

Reprod 1978;18:247–50

13. Robker RL, Richards JS. Hormone-induced proliferation and differen-

tiation of granulosa cells: a coordinated balance of the cell cycle regu-

lators cyclin D2 and p27Kip1. Mol Endocrinol 1998;12:924–40

14. Sicinski P, Donaher JL, Geng Y, Parker SB, Gardner H, Park MY,

Robker RL, Richards JS, McGinnis LK, Biggers JD, Eppig JJ, Bronson RT,

Elledge SJ, Weinberg RA. Cyclin D2 is an FSH-responsive gene involved

in gonadal cell proliferation and oncogenesis. Nature 1996;384:470–4

15. Park Y, Maizels ET, Feiger ZJ, Alam H, Peters CA, Woodruff TK,

Unterman TG, Lee EJ, Jameson JL, Hunzicker-Dunn M. Induction of

cyclin D2 in rat granulosa cells requires FSH-dependent relief from

FOXO1 repression coupled with positive signals from Smad. J Biol Chem

2005;280:9135–48

16. Kadakia R, Arraztoa JA, Bondy C, Zhou J. Granulosa cell prolifer-

ation is impaired in the Igf1 null ovary. Growth Horm IGF Res

2001;11:220–4

17. Steinkampf MP, Mendelson CR, Simpson ER. Regulation by follicle-

stimulating hormone of the synthesis of aromatase cytochrome P-450 in

human granulosa cells. Mol Endocrinol 1987;1:465–71

18. Richards JS, Fitzpatrick SL, Clemens JW, Morris JK, Alliston T, Sirois J.

Ovarian cell differentiation: a cascade of multiple hormones, cellular

signals, and regulated genes. Recent Prog Horm Res 1995;50:223–54

19. Zeleznik AJ. The physiology of follicle selection. Reprod Biol Endocrinol

2004;2:31

20. Hirshfield AN, Midgley AR Jr. The role of FSH in the selection of large

ovarian follicles in the rat. Biol Reprod 1978;19:606–11

21. Insler V, Kleinman D, Sod-Moriah U. Role of midcycle FSH surge in

follicular development. Gynecol Obstet Invest 1990;30:228–33

22. Zeleznik AJ, Kubik CJ. Ovarian responses in macaques to pulsatile

infusion of follicle-stimulating hormone (FSH) and luteinizing hor-

mone: increased sensitivity of the maturing follicle to FSH.

Endocrinology 1986;119:2025–32

23. Zeleznik AJ, Schuler HM, Reichert LE Jr. Gonadotropin-binding sites in

the rhesus monkey ovary: role of the vasculature in the selective dis-

tribution of human chorionic gonadotropin to the preovulatory follicle.

Endocrinology 1981;109:356–62

Follicle
rupture CL formation

BspA BAB

CL formation:
Species-specific

Bnon

Figure 2 Depiction of gene expression during the periovulatory interval.

Cluster A represents genes involved primarily in follicle rupture, having common

functionality (but potentially different genes) between taxa. These are best rep-

resented by proteolytic enzymes. Cluster AB are genes having multiple, widely

over-lapping functions such as signal transduction pathways. These are of lim-

ited value in discerning functional versus non-functional luteal development.

Cluster B are genes specific to luteinization and luteal formation, for example,

steroidogenic enzymes. Cluster B can be further divided into Bnon, which are

genes common to all species luteal development regardless of the duration of

functionality. A good example of this is the steroidogenic acute regulatory protein

(StAR). The final group is Bsp, which is predicted to be a set of LH/hCG-induced

genes unique to species with a functional luteal phase like primates. Bsp can also

represent genes expressed only in ultra-short luteal phase models like rodents,

suggesting a role in inhibiting functional luteal development

Chaffin and VandeVoort Follicle growth, ovulation, and luteal formation in primates and rodents 545
. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . .



24. Fauser BC, Van Heusden AM. Manipulation of human ovarian func-

tion: physiological concepts and clinical consequences. Endocr Rev

1997;18:71–106

25. Spicer LJ. Proteolytic degradation of insulin-like growth factor binding

proteins by ovarian follicles: a control mechanism for selection of

dominant follicles. Biol Reprod 2004;70:1223–30

26. Fortune JE, Rivera GM, Yang MY. Follicular development: the role of the

follicular microenvironment in selection of the dominant follicle. Anim

Reprod Sci 2004;82–83:109–26

27. Zhou J, Wang J, Penny D, Monget P, Arraztoa JA, Fogelson LJ,

Bondy CA. Insulin-like growth factor binding protein 4 expression

parallels luteinizing hormone receptor expression and follicular lutei-

nization in the primate ovary. Biol Reprod 2003;69:22–9

28. Szoltys M, Galas J, Jablonka A, Tabarowski Z. Some morphological and

hormonal aspects of ovulation and superovulation in the rat.

J Endocrinol 1994;141:91–100

29. Chaffin CL, Stouffer RL. Role of gonadotrophins and progesterone in

the regulation of morphological remodelling and atresia in the monkey

peri-ovulatory follicle. Hum Reprod 2000;15:2489–95

30. Meintjes M. Media composition: macromolecules and embryo growth.

Methods Mol Biol 2012;912:107–27

31. Bast JD, Greenwald GS. Acute and chronic elevations in serum levels of

FSH after unilateral ovariectomy in the cyclic hamster. Endocrinology

1977;100:955–66

32. Smith MS, Freeman ME, Neill JD. The control of progesterone secretion

during the estrous cycle and early pseudopregnancy in the rat: prolac-

tin, gonadotropin and steroid levels associated with rescue of the

corpus luteum of pseudopregnancy. Endocrinology 1975;96:219–26

33. Weick RF, Dierschke DJ, Karsch FJ, Butler WR, Hotchkiss J, Knobil E.

Periovulatory time courses of circulating gonadotropic and ovarian

hormones in the rhesus monkey. Endocrinology 1973;93:1140–7

34. Hoff JD, Quigley ME, Yen SS. Hormonal dynamics at midcycle: a ree-

valuation. J Clin Endocrinol Metab 1983;57:792–6

35. Cornejo-Cortes MA, Sanchez-Torres C, Vazquez-Chagoyan JC, Suarez-

Gomez HM, Garrido-Farina G, Meraz-Rios MA. Rat embryo quality and

production efficiency are dependent on gonadotrophin dose in super-

ovulatory treatments. Lab Anim 2006;40:87–95

36. Uilenbroek JT, Kramer P, van Leeuwen EC, Karels B, Timmerman MA,

de Jong FH, de Leeuw R. Recombinant FSH-induced follicle develop-

ment in immature rats treated with an LHRH antagonist:a direct effect

of RU486 on follicular atresia. J Endocrinol 1996;150:85–92

37. Burns KH, Yan C, Kumar TR, Matzuk MM. Analysis of ovarian gene

expression in follicle-stimulating hormone beta knockout mice.

Endocrinology 2001;142:2742–51

38. Kumar TR, Wang Y, Lu N, Matzuk MM. Follicle stimulating hormone is

required for ovarian follicle maturation but not male fertility. Nat Genet

1997;15:201–4

39. Britt KL, Drummond AE, Cox VA, Dyson M, Wreford NG, Jones ME,

Simpson ER, Findlay JK. An age-related ovarian phenotype in mice

with targeted disruption of the Cyp 19 (aromatase) gene. Endocrinology

2000;141:2614–23

40. Quirk SM, Hilbert JL, Fortune JE. Progesterone secretion by granulosa

cells from rats with four- or five-day estrous cycles: the development of

responses to follicle-stimulating hormone, luteinizing hormone, and

testosterone. Endocrinology 1986;118:2402–10

41. Fevold HR, Lorence MC, McCarthy JL, Trant JM, Kagimoto M,

Waterman MR, Mason JI. Rat P450(17 alpha) from testis: characteriza-

tion of a full-length cDNA encoding a unique steroid hydroxylase

capable of catalyzing both delta 4- and delta 5-steroid-17,20-lyase

reactions. Mol Endocrinol 1989;3:968–75

42. Conley AJ, Bird IM. The role of cytochrome P450 17 alpha-hydroxylase

and 3 beta-hydroxysteroid dehydrogenase in the integration of gonadal

and adrenal steroidogenesis via the delta 5 and delta 4 pathways of

steroidogenesis in mammals. Biol Reprod 1997;56:789–99

43. Conley AJ, Corbin CJ, Thomas JL, Gee NA, Lasley BL, Moeller BC,

Stanley SD, Berger T. Costs and consequences of cellular compartmen-

talization and substrate competition among human enzymes involved

in androgen and estrogen synthesis. Biol Reprod 2012;86:1–8

44. Hutz RJ, Dierschke DJ, Wolf RC. Role of estradiol in regulating ovarian

follicular atresia in rhesus monkeys: a review. J Med Primatol
1990;19:553–71

45. Koering MJ, Danforth DR, Hodgen GD. Early follicle growth in the

juvenile macaca monkey ovary: the effects of estrogen priming and

follicle-stimulating hormone. Biol Reprod 1994;50:686–94

46. Kuiper GG, Enmark E, Pelto-Huikko M, Nilsson S, Gustafsson JA.

Cloning of a novel receptor expressed in rat prostate and ovary. Proc
Natl Acad Sci USA 1996;93:5925–30

47. Hewitt SC, Korach KS. Oestrogen receptor knockout mice: roles for

oestrogen receptors alpha and beta in reproductive tissues. Reproduction
2003;125:143–9

48. Chaffin CL, Hess DL, Stouffer RL. Dynamics of periovulatory steroi-

dogenesis in the rhesus monkey follicle after ovarian stimulation. Hum
Reprod 1999;14:642–9

49. Yanase T, Simpson ER, Waterman MR. 17 alpha-hydroxylase/17,20-

lyase deficiency: from clinical investigation to molecular definition.

Endocr Rev 1991;12:91–108

50. Araki S, Chikazawa K, Sekiguchi I, Yamauchi H, Motoyama M,

Tamada T. Arrest of follicular development in a patient with 17 alpha-

hydroxylase deficiency: folliculogenesis in association with a lack of

estrogen synthesis in the ovaries. Fertil Steril 1987;47:169–72

51. Rabinovici J, Blankstein J, Goldman B, Rudak E, Dor Y, Pariente C,

Geier A, Lunenfeld B, Mashiach S. In vitro fertilization and primary

embryonic cleavage are possible in 17 alpha-hydroxylase deficiency

despite extremely low intrafollicular 17 beta-estradiol. J Clin Endocrinol
Metab 1989;68:693–7

52. Pariente C, Rabinovici J, Lunenfeld B, Rudak E, Dor J, Mashiach S,

Levran D, Blankstein J, Geier A. Steroid secretion by granulosa cells

isolated from a woman with 17 alpha-hydroxylase deficiency. J Clin
Endocrinol Metab 1990;71:984–7

53. Zelinski-Wooten MB, Hess DL, Baughman WL, Molskness TA, Wolf DP,

Stouffer RL. Administration of an aromatase inhibitor during the late

follicular phase of gonadotropin-treated cycles in rhesus monkeys:

effects on follicle development, oocyte maturation, and subsequent

luteal function. J Clin Endocrinol Metabl 1993;76:988–95

54. Zelinski-Wooten MB, Hess DL, Wolf DP, Stouffer RL. Steroid reduction

during ovarian stimulation impairs oocyte fertilization, but not folli-

culogenesis, in rhesus monkeys. Fertil Steril 1994;61:1147–55

55. Borman SM, Chaffin CL, Schwinof KM, Stouffer RL, Zelinski-

Wooten MB. Progesterone promotes oocyte maturation, but not ovula-

tion, in nonhuman primate follicles without a gonadotropin surge. Biol
Reprod 2004;71:366–73

56. Beg MA, Bergfelt DR, Kot K, Ginther OJ. Follicle selection in cattle:

dynamics of follicular fluid factors during development of follicle

dominance. Biol Reprod 2002;66:120–6

57. Gerasimov IG. Duration of the estrous cycle as one of the factors of

species preservation. J Evol Biochem Physiol 2001;37:2

58. Hirshfield AN, Midgley AR Jr. Morphometric analysis of follicular

development in the rat. Biol Reprod 1978;19:597–605

59. Lorenz JM. Neurodevelopmental outcomes of twins. Semin Perinatol
2012;36:201–12

60. Fru KN, VandeVoort CA, Chaffin CL. Mineralocorticoid synthesis

during the periovulatory interval in macaques. Biol Reprod
2006;75:568–74

61. Andersen AG, Als-Nielsen B, Hornnes PJ, Franch Andersen L. Time

interval from human chorionic gonadotrophin (HCG) injection to fol-

licular rupture. Hum Reprod 1995;10:3202–5

62. Xu F, Stouffer RL, Muller J, Hennebold JD, Wright JW, Bahar A, Leder G,

Peters M, Thorne M, Sims M, Wintermantel T, Lindenthal B. Dynamics

of the transcriptome in the primate ovulatory follicle. Mol Hum Reprod
2011;17:152–65

63. Stouffer RL. Structure, function, and regulation of the corpus luteum.

In: Knobil E, NJD (ed.). The Physiology of Reproduction. New York: Raven,

2006:475–526

64. Stocco C, Telleria C, Gibori G. The molecular control of corpus luteum

formation, function, and regression. Endocr Rev 2007;28:117–49

65. Cannon JD, Cherian-Shaw M, Chaffin CL. Proliferation of rat granulosa

cells during the periovulatory interval. Endocrinology 2005;146:414–22

546 Experimental Biology and Medicine Volume 238 May 2013
. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .



66. Richards JS, Russell DL, Ochsner S, Hsieh M, Doyle KH, Falender AE,

Lo YK, Sharma SC. Novel signaling pathways that control ovarian fol-

licular development, ovulation, and luteinization. Recent Prog Horm Res
2002;57:195–220

67. Cherian-Shaw M, Das R, Vandevoort CA, Chaffin CL. Regulation of

steroidogenesis by p53 in macaque granulosa cells and H295R human

adrenocortical cells. Endocrinology 2004;145:5734–44

68. Chaffin CL, Dissen GA, Stouffer RL. Hormonal regulation of steroido-

genic enzyme expression in granulosa cells during the peri-ovulatory

interval in monkeys. Mol Hum Reprod 2000;6:11–8

69. Cherian-Shaw M, Puttabyatappa M, Greason E, Rodriguez A,

VandeVoort CA, Chaffin CL. Expression of scavenger receptor-BI and

low-density lipoprotein receptor and differential use of lipoproteins to

support early steroidogenesis in luteinizing macaque granulosa cells.

Endocrinology 2009;150:957–65

70. Jimenez LM, Binelli M, Bertolin K, Pelletier RM, Murphy BD. Scavenger

receptor-B1 and luteal function in mice. J Lipid Res 2010;51:2362–71

71. Constantineau J, Greason E, West M, Filbin M, Kieft JS, Carletti MZ,

Christenson LK, Rodriguez A. A synonymous variant in scavenger

receptor, class B, type I gene is associated with lower SR-BI protein

expression and function. Atherosclerosis 2010;210:177–82

72. Yates M, Kolmakova A, Zhao Y, Rodriguez A. Clinical impact of scav-

enger receptor class B type I gene polymorphisms on human female

fertility. Hum Reprod 2011;26:1910–6

73. Wu Q, Sucheta S, Azhar S, Menon KM. Lipoprotein enhancement of

ovarian theca-interstitial cell steroidogenesis: relative contribution of

scavenger receptor class B (type I) and adenosine 5’-triphosphate-

binding cassette (type A1) transporter in high-density lipoprotein-cho-

lesterol transport and androgen synthesis. Endocrinology
2003;144:2437–45

74. Azhar S, Nomoto A, Leers-Sucheta S, Reaven E. Simultaneous induc-

tion of an HDL receptor protein (SR-BI) and the selective uptake of

HDL-cholesteryl esters in a physiologically relevant steroidogenic cell

model. J Lipid Res 1998;39:1616–28

75. Drouineaud V, Sagot P, Garrido C, Logette E, Deckert V, Gambert P,

Jimenez C, Staels B, Lagrost L, Masson D. Inhibition of progesterone

production in human luteinized granulosa cells treated with LXR

agonists. Mol Hum Reprod 2007;13:373–9

76. Puttabyatappa M, Vandevoort CA, Chaffin CL. hCG-induced down-

regulation of PPARgamma and liver X receptors promotes periovula-

tory progesterone synthesis by macaque granulosa cells. Endocrinology
2010;151:5865–72

77. Tontonoz P, Mangelsdorf DJ. Liver X receptor signaling pathways in

cardiovascular disease. Mol Endocrinol 2003;17:985–93

78. Lai WA, Yeh YT, Lee MT, Wu LS, Ke FC, Hwang JJ. Ovarian granulosa

cells utilize scavenger receptor SR-BI to evade cellular cholesterol

homeostatic control for steroid synthesis. J Lipid Res 2013;54:365–78

79. Espey LL, Lipner H. Enzyme-induced rupture of rabbit graafian follicle.

Am J Physiol 1965;208:208–13

80. Mann JS, Kindy MS, Edwards DR, Curry TE Jr. Hormonal regulation of

matrix metalloproteinase inhibitors in rat granulosa cells and ovaries.

Endocrinology 1991;128:1825–32

81. Peluffo MC, Murphy MJ, Baughman ST, Stouffer RL, Hennebold JD.

Systematic analysis of protease gene expression in the rhesus macaque

ovulatory follicle: metalloproteinase involvement in follicle rupture.

Endocrinology 2011;152:3963–74

82. Puente XS, Lopez-Otin C. A genomic analysis of rat proteases and

protease inhibitors. Genome Res 2004;14:609–22

83. Chaffin CL, Stouffer RL. Expression of matrix metalloproteinases and

their tissue inhibitor messenger ribonucleic acids in macaque periovu-

latory granulosa cells: time course and steroid regulation. Biol Reprod
1999;61:14–21

84. McCord LA, Li F, Rosewell KL, Brannstrom M, Curry TE. Ovarian

expression and regulation of the stromelysins during the periovulatory

period in the human and the rat. Biol Reprod 2012;86:78

85. Reich R, Daphna-Iken D, Chun SY, Popliker M, Slager R, Adelmann-

Grill BC, Tsafriri A. Preovulatory changes in ovarian expression of

collagenases and tissue metalloproteinase inhibitor messenger ribo-

nucleic acid: role of eicosanoids. Endocrinology 1991;129:1869–75

86. Miyakoshi K, Murphy MJ, Yeoman RR, Mitra S, Dubay CJ,

Hennebold JD. The identification of novel ovarian proteases through

the use of genomic and bioinformatic methodologies. Biol Reprod
2006;75:823–35

87. Robker RL, Russell DL, Espey LL, Lydon JP, O’Malley BW, Richards JS.

Progesterone-regulated genes in the ovulation process: ADAMTS-1

and cathepsin L proteases. Proc Natl Acad Sci USA 2000;97:4689–94

88. Doyle KM, Russell DL, Sriraman V, Richards JS. Coordinate tran-

scription of the ADAMTS-1 gene by luteinizing hormone and pro-

gesterone receptor. Mol Endocrinol 2004;18:2463–78

89. Shozu M, Minami N, Yokoyama H, Inoue M, Kurihara H,

Matsushima K, Kuno K. ADAMTS-1 is involved in normal follicular

development, ovulatory process and organization of the medullary

vascular network in the ovary. J Mol Endocrinol 2005;35:343–55

90. Young KA, Tumlinson B, Stouffer RL. ADAMTS-1/METH-1 and

TIMP-3 expression in the primate corpus luteum: divergent patterns

and stage-dependent regulation during the natural menstrual cycle.

Mol Hum Reprod 2004;10:559–65

91. Park-Sarge OK, Parmer TG, Gu Y, Gibori G. Does the rat corpus luteum

express the progesterone receptor gene? Endocrinology
1995;136:1537–43

92. Natraj U, Richards JS. Hormonal regulation, localization, and func-

tional activity of the progesterone receptor in granulosa cells of rat

preovulatory follicles. Endocrinology 1993;133:761–9

93. Chaffin CL, Stouffer RL, Duffy DM. Gonadotropin and steroid regu-

lation of steroid receptor and aryl hydrocarbon receptor messenger

ribonucleic acid in macaque granulosa cells during the periovulatory

interval. Endocrinology 1999;140:4753–60

94. Boerboom D, Russell DL, Richards JS, Sirois J. Regulation of transcripts

encoding ADAMTS-1 (a disintegrin and metalloproteinase with

thrombospondin-like motifs-1) and progesterone receptor by human

chorionic gonadotropin in equine preovulatory follicles. J Mol
Endocrinol 2003;31:473–85

95. Cai Z, Stocco C. Expression and regulation of progestin membrane

receptors in the rat corpus luteum. Endocrinology 2005;146:5522–32

96. Peluso JJ, Liu X, Gawkowska A, Johnston-MacAnanny E. Progesterone

activates a progesterone receptor membrane component 1-dependent

mechanism that promotes human granulosa/luteal cell survival but

not progesterone secretion. J Clin Endocrinol Metab 2009;94:2644–9

97. Peluso JJ, Pappalardo A, Losel R, Wehling M. Expression and function

of PAIRBP1 within gonadotropin-primed immature rat ovaries:

PAIRBP1 regulation of granulosa and luteal cell viability. Biol Reprod
2005;73:261–70

98. Chaffin CL, Stouffer RL. Local role of progesterone in the ovary during

the periovulatory interval. Rev Endocr Metab Disor 2002;3:65–72

99. Tanaka N, Espey LL, Kawano T, Okamura H. Comparison of inhibitory

actions of indomethacin and epostane on ovulation in rats. Am J Physiol
1991;260:E170–4

100. Fortune JE, Willis EL, Bridges PJ, Yang CS. The periovulatory period in

cattle: progesterone, prostaglandins, oxytocin and ADAMTS prote-

ases. Anim Reprod 2009;6:60–71

101. Meldi KM, Gaconnet GA, Mayo KE. DNA methylation and histone

modifications are associated with repression of the inhibin alpha

promoter in the rat corpus luteum. Endocrinology 2012;153:4905–17

102. Mihm M, Gangooly S, Muttukrishna S. The normal menstrual cycle in

women. Anim Reprod Sci 2011;124:229–36

103. Woodruff TK, D’Agostino J, Schwartz NB, Mayo KE. Dynamic changes

in inhibin messenger RNAs in rat ovarian follicles during the repro-

ductive cycle. Science 1988;239:1296–9

104. Burkart AD, Mukherjee A, Sterneck E, Johnson PF, Mayo KE.

Repression of the inhibin alpha-subunit gene by the transcription

factor CCAAT/enhancer-binding protein-beta. Endocrinology
2005;146:1909–21

105. Dickinson RE, Stewart AJ, Myers M, Millar RP, Duncan WC.

Differential expression and functional characterization of luteinizing

hormone receptor splice variants in human luteal cells: implications

for luteolysis. Endocrinology 2009;150:2873–81

106. Casarini L, Lispi M, Longobardi S, Milosa F, La Marca A,

Tagliasacchi D, Pignatti E, Simoni M. LH and hCG action on the same

Chaffin and VandeVoort Follicle growth, ovulation, and luteal formation in primates and rodents 547
. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . .



receptor results in quantitatively and qualitatively different intracel-

lular signalling. PloS one 2012;7:e46682

107. Cameron JL, Stouffer RL. Gonadotropin receptors of the primate

corpus luteum. II. Changes in available luteinizing hormone- and

chorionic gonadotropin-binding sites in macaque luteal membranes

during the nonfertile menstrual cycle. Endocrinology
1982;110:2068–73

108. Ellinwood WE, Norman RL, Spies HG. Changing frequency of pulsa-

tile luteinizing hormone and progesterone secretion during the luteal

phase of the menstrual cycle of rhesus monkeys. Biol Reprod
1984;31:714–22

109. Hutchison JS, Nelson PB, Zeleznik AJ. Effects of different gonado-

tropin pulse frequencies on corpus luteum function during the men-

strual cycle of rhesus monkeys. Endocrinology 1986;119:1964–71

110. Bogan RL, Debarber AE, Hennebold JD. Liver x receptor modulation of

gene expression leading to proluteolytic effects in primate luteal cells.

Biol Reprod 2012;86:89

111. Bogan RL, Hennebold JD. The reverse cholesterol transport system as a

potential mediator of luteolysis in the primate corpus luteum.

Reproduction 2010;139:163–76

112. Zelcer N, Hong C, Boyadjian R, Tontonoz P. LXR regulates cholesterol

uptake through Idol-dependent ubiquitination of the LDL receptor.

Science 2009;325:100–4

113. Mitchell BF, Taggart MJ. Are animal models relevant to key aspects of

human parturition? Am J Physiol Regul, Integr Comp Physiol
2009;297:R525–45

548 Experimental Biology and Medicine Volume 238 May 2013
. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .


