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Abstract
Ovulation has long been recognized as one of the most dramatic reproductive processes. Decades
of research on how the LH/FSH surge leads to ovulation have made it clear that the surge induces
a very complex cascade of changes. Studies of genetically modified mice have pointed to
progesterone (P4) and its receptor (PGR) and the prostaglandins (PGs) as critical components of
the ovulatory cascade. In cattle, the gonadotropin surge also induces oxytocin (OT), which does
not appear to increase in rodent periovulatory follicles. This review is an attempt to summarize
studies by our laboratory on the temporal patterns, roles, regulation, and interrelationships among
P4/PGR, PGs, and OT in bovine periovulatory follicles. Most of these results are based on an
experimental model in which the dominant follicle of the first follicular wave of the estrous cycle
is induced to develop into a preovulatory follicle by injection of PGF2α on Day 6 of the cycle,
followed 36 h later by an injection of GnRH to induce the LH/FSH surge. The results suggest that
the effects of the gonadotropin surge on PG production by bovine granulosa cells are mediated by
the gonadotropin-induced increase in intrafollicular P4 and that P4 acts by binding to its nuclear
receptor and increasing the abundance of mRNA for the enzyme PTGS2 (COX-2). Our data thus
far also support the hypothesis that PGs, especially PGE2, can stimulate progesterone secretion by
both follicular cell types and suggest a positive feedback relationship between P4/PGR and the
PGs. Additional results suggest a positive feedback loop between P4/PGR and OT. The finding
that levels of mRNA for several ADAMTS proteases are regulated by the LH/FSH surge in vivo
and by P4/PGR and/or PGs in vitro suggests a role for this family of proteases in remodeling the
bovine ovulatory follicle in preparation for ovulation and the formation of the corpus luteum. It is
important to remember that a process essential for reproduction, such as ovulation, may involve
redundant mechanisms and that these mechanisms may have evolved differently from rodents in
larger mammalian species, such as ruminants and humans.
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Introduction
Ovulation is one of the most dramatic processes in female reproduction. Like parturition, it
is a cataclysmic event that disrupts homeostasis and involves changes that would be
deleterious under other circumstances (breakdown of tissue, bleeding, etc). Ovulation

1Corresponding author: JF11@cornell.edu, Phone +1(607)253-3466; Fax: +1(607)253-3476.
2Memphis Zoo, Memphis, TN, USA.
3Division of Clinical and Reproductive Sciences, Dept. of Clinical Sciences, Univ. of Kentucky, Lexington, KY, USA.
4Yale University School of Medicine, New Haven, CT, USA.

NIH Public Access
Author Manuscript
Anim Reprod. Author manuscript; available in PMC 2010 April 12.

Published in final edited form as:
Anim Reprod. 2009 January ; 6(1): 60–71.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



resembles parturition because positive feedback mechanisms that keep the follicle
proceeding on the path towards rupture appear to be important, just as positive feedback
loops drive the increasing strength and frequency of uterine contractions during parturition.
Three major changes occur during the periovulatory period, the time between the LH/FSH
surge and ovulation: meiotic maturation of the oocyte, follicular rupture and ovulation, and
the shift in follicular steroidogenesis from androgen/estradiol to progesterone (P4) as the
primary steroid product (i.e., the follicular luteal phase shift in steroidogenesis).

During the last decade or so, our laboratory has been interested in understanding the
temporal patterns, regulation, and role of three types of hormones that change dramatically
during the periovulatory period - progesterone (and its receptor, PGR), prostaglandins
(PGs), and oxytocin. More recent studies have been focused on temporal changes in
members of a recently discovered family of proteases, the ADAMTS (A Disintegrin And
Metalloproteinase with Thrombo Spondin motifs) proteases, during the bovine periovulatory
period and on their regulation by progesterone/PGR and prostaglandins. This review is an
attempt to summarize the research of our laboratory on changes in hormone production by
bovine ovulatory follicles during the periovulatory period, mechanisms that subserve those
changes, and their roles during the periovulatory interval.

Experimental model
The bovine estrous cycle usually has two or three consecutive waves of follicular
development, each producing a dominant follicle that is selected from a cohort of follicles
that are recruited synchronously to grow larger than 4 mm in diameter (Savio et al., 1988;
Sirois and Fortune, 1988; Ginther et al., 1989). The follicle that is functionally dominant at
the time of luteal regression becomes the ovulatory follicle of that cycle. The endocrine
conditions during the luteal to follicular phase transition (i.e., the decline in circulating
progesterone, which allows an increase in LH pulse frequency) promote the development of
the dominant follicle into a preovulatory follicle capable of making enough estradiol to
trigger the gonadotropin surge. However, the dominant follicle of any wave can ovulate if
the corpus luteum is regressed (e.g. via an injection of prostaglandin) during its tenure of
functional dominance.

Our laboratory developed and validated an experimental model (Komar et al., 2001) that
facilitates study of the events of the bovine periovulatory period (others have developed
similar models). In our model, the first dominant follicle of the cycle is induced to develop
into a preovulatory follicle by injection of a luteolytic dose of prostaglandin F2α (PGF2α) on
the evening of Day 6 or morning of Day 7 of the cycle, followed by injection of a GnRH
analog 36 h later (Komar et al., 2001). In this model, the peak of the LH surge occurs 2 h
after GnRH and ovulation is detected around 29 h after GnRH, on average. The ovary
bearing the preovulatory follicle is removed by colpotomy 36 h after injection of PGF2α
(time 0 of GnRH) to obtain “preovulatory” follicles or at various times after injection of
GnRH to obtain “periovulatory” follicles. The ovulatory follicle is dissected from the ovary
and the follicle wall (theca + granulosa cells) or isolated theca and granulosa cells are
obtained and used for experiments in vitro, as described previously (Fortune and Hansel,
1979).

Progesterone and progesterone receptor: temporal changes during the
bovine periovulatory period

The steroidogenic capabilities of mammalian ovulatory follicles change dramatically during
the periovulatory period. As shown in Fig. 1A, concentrations of progesterone in the
follicular fluid of bovine ovulatory follicles increase about 4.5-fold between time 0 and 3.5 h
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after GnRH (1.5 h after the peak of the LH surge). By 12 h post-GnRH, levels return to
those observed at time 0 and then a second increase in progesterone is evident at 24 h, close
to the time of ovulation (Fig. 1A; Fortune et al., 2001). In contrast, concentrations of
androstenedione, testosterone, and estradiol are unchanged at 3.5 h post-GnRH, compared
with 0 h, and exhibit gradual but dramatic decreases thereafter (Komar et al., 2001). The
changes in the concentrations of P4 are reflected in a fairly similar pattern of change in
levels of mRNA for the progesterone receptor (PGR) in follicular wall tissue (theca +
attached granulosa cells), with a peak in abundance of mRNA at 6 h and a later increase at
24 h after injection of GnRH (Fig. 1B;Jo et al., 2002). In experiments in vitro, both isolated
theca and granulosa cells exhibited transient increases in mRNA for PGR in response to
luteinizing doses (100 ng/ml) of LH (theca cells) or either LH or FSH (granulosa cells; Jo et
al., 2002). In contrast, Cassar et al. (2002) observed an increase in mRNA at 6 h post GnRH,
but not at 24 h and they localized the increase at 6 h to the granulosa cells, but not the theca,
by in situ hybridization. These discrepancies may be due to the sensitivity of the methods
used to detect mRNA (their northern blot/dot blot vs. our northern blot/RNase protection
assay). At least the early increase in PGR mRNA is transient and therefore, small
differences in timing of short-lived periovulatory changes due to the use of slightly different
animal models may be a factor. The increase in mRNA that Jo et al. (2002) detected in theca
cells in vitro was too consistent and robust to be easily attributed to contamination of the
thecal preparation with granulosa cells.

Although the increase in follicular progesterone production and concomitant decreases in
androgens and estradiol discussed above reflect a shift from a follicular to a luteal
steroidogenic profile, results of a number of studies have suggested that P4 plays an
essential role in ovulation. Progesterone has been suggested for decades as a mediator of the
ovulatory response. Anti-progesterone antiserum blocks ovulation in rats and the block can
be overcome by progesterone, but not estradiol (Mori et al., 1977). Likewise, inhibitors of
enzymes necessary for progesterone synthesis, P450 side chain cleavage (P450scc) and 3β-
hydroxysteroid dehydrogenase (3β-HSD), inhibit ovulation and the block can be overcome
with exogenous progesterone (Lipner and Greep, 1971; Snyder et al., 1984). However, an
obligatory role for progesterone in ovulation was controversial, since other studies did not
support such a role (reviewed in Espey and Lipner, 1994). The production and
characterization of mice null mutant for progesterone receptor (PGR) provided new support
for an essential role for progesterone (Lydon et al., 1995). In PGR-deficient mice, ovulatory-
size follicles develop but fail to ovulate, even in response to an ovulatory dose of
gonadotropins (Lydon et al., 1995). In cattle injection of an inhibitor of progesterone
synthesis (trilostane) into the preovulatory follicle just after injection of GnRH inhibited the
increase in P4 in the follicular fluid at 24 h post-GnRH, but did not block follicular rupture
(Li et al., 2007). It is not known if the early rise in P4 in the follicular fluid was also
inhibited. The coordinate changes during the bovine periovulatory period in P4
concentrations in bovine follicular fluid and levels of PGR mRNA in follicular tissue (Fig.
1) suggest that progesterone, acting through its nuclear receptor, may have both early and
later effects on the ovulatory follicle. Some of the potential effects of P4/PGR on
periovulatory bovine follicles are discussed in succeeding sections.

Prostaglandins: temporal changes during the bovine periovulatory period
Evidence that prostaglandins are key regulators of the ovulatory process has been
accumulating for almost 30 years. Inhibitors of PG synthesis, such as indomethacin, block
ovulation in a variety of species, including rats, rabbits, mice, sheep, pigs, cattle, and
primates (reviewed in Armstrong, 1981; Murdoch et al., 1993) and indomethacin also blocks
ovulation in isolated, perfused rat and rabbit ovaries (Hamada et al., 1977; Brännström et
al., 1987). In addition, PGE2 and PGF2α increase dramatically in follicular fluid close to the
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time of follicular rupture (reviewed in Armstrong, 1981; Murdoch et al., 1993; Priddy and
Killick, 1993) and specific antisera to PGs block ovulation in rabbits and mice (Armstrong
et al., 1974; Lau et al., 1974). Doubt was cast on an obligatory role for PGs in ovulation by
the failure of PG administration in some studies to overcome the ovulatory blockade of
indomethacin (reviewed in Murdoch et al., 1993; Espey and Lipner, 1994). However, more
recently two lines of experimental evidence have provided new and compelling support for a
critical role for PGs in ovulation. First, the induction by the gonadotropin surge of a distinct
and inducible form of prostaglandin G/H synthase, PTGS2 (also known as
cyclooxygenase-2 or COX-2), which converts arachidonic acid to PGH2, was described in
follicles of several species, including rats, cattle, and horses (Sirois et al., 1992; Sirois,
1994; Sirois and Doré, 1997). Second, mice deficient in PTGS2 (COX-2 knockout mice) are
infertile; ovulation is severely impaired and administration of gonadotropins does not restore
ovulatory capacity (Dinchuk et al., 1995; Lim et al., 1997). In contrast, mice lacking the
constitutive form of the enzyme (PTGS1 or COX-1) are fertile and appear to ovulate
normally (Langenbach et al., 1995). Thus, an increase in intrafollicular production of PGs in
response to the induction of PTGS2 appears essential for the ovulatory process, but the exact
role of the PGs in promoting ovulation is still unclear.

We used the experimental model described above to first determine the time course of
increases in PGF2α and PGE in periovulatory bovine follicles generated using the model.
The concentrations of both PGs were very low in follicular fluid until 24 h post-GnRH (Fig.
2; Bridges et al., 2006), which suggests that PG secretion does not commence until late in
the periovulatory period, between 18 and 24 h after GnRH. These data are consistent with an
earlier report for cattle by Sirois (Sirois, 1994). When follicle wall tissue, obtained at 0, 3.5,
6, 12, or 24 h, was cultured for 8 h, there was a significant, but transient increase in PG
secretion in vitro by follicle wall tissue obtained at 3.5 h post-GnRH, but not by tissue
isolated at 0, 6, or 12 h, and a sustained increase by tissue isolated 18 h post-GnRH that was
more pronounced in follicle wall obtained at 24 h (Bridges et al., 2006). In longer-term
cultures of follicle wall, PG secretion was always transient and the time of peak secretion
was inversely related to the time when the tissue was obtained relative to the injection of
GnRH. Interestingly, the total accumulation of PG over 3 days of culture was greater as
tissue was isolated later in the periovulatory period, suggesting that there are events in vivo
that are not replicated in vitro. When theca and granulosa cells were isolated and cultured
separately in the absence or presence of gonadotropins, there was significant secretion of the
PGs only in cultures of granulosa cells. Both LH and FSH increased the secretion of the PGs
by granulosa cells very dramatically, with peak effects on the second day of culture (Fig.
3;Bridges et al., 2006). Previous studies have shown that the increase in PGs in the follicular
fluid of bovine periovulatory follicles is associated with induction of mRNA and protein for
PTGS2 (COX-2) in granulosa, but not theca, cells of ovulatory follicles (Sirois, 1994).

In addition to inducing prostaglandin synthesis, the LH/FSH surge also modulates the levels
of mRNA for receptors for PGF2α (FP) and for PGE2 (EP2, EP3, and EP4). The temporal
patterns of these changes are quite complicated since they vary by both receptor type and
cell type (Bridges and Fortune, 2007). These results suggest that both theca and granulosa
cells of periovulatory follicles are targets for both the PGF2α and the PGE2 produced by the
granulosa cells, if the changes in abundance of mRNA are matched by corresponding
increases/decreases in receptor protein, but the functional meaning of these complicated and
rapid changes has yet to be elucidated. In addition, our studies with periovulatory follicles
have provided evidence for changes in the levels of mRNA for bovine prostaglandin
transporter (bPGT). Although it had been assumed that PGs are transported through the cell
membrane and within the intercellular space by passive diffusion, recent studies have
provided evidence for a prostaglandin transporter in rats (Kanai et al., 1995), humans (Lu et
al., 1996), and cattle (Banu et al., 2003). Our results showed that mRNA for bPGT is
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upregulated about fivefold by the LH/FSH surge in granulosa cells of periovulatory follicles
at all times examined (6, 12, 18, and 24 h post-GnRH). The bPGT mRNA was considerably
more abundant in theca cells than in granulosa cells and in the theca it was slightly, but
significantly, lower at 18 and 24 h post-GnRH than at earlier time points (Bridges and
Fortune, 2007). These results suggest that changes in the level of bPGT available to
transport PGs may also modulate the actions of PGs on the periovulatory follicle. For
example, production of bPGT by granulosa cells may increase the efflux of PGs from the
cells and thus, their availability for autocrine and paracrine actions within the follicle;
production of bPGT by theca cells may serve to increase their access to the PGs made by the
granulosa cells.

Although experimental evidence suggests that the increase in PGs in bovine periovulatory
follicles is essential for ovulation (Peters et al., 2004), the actions of PGs on bovine
periovulatory follicles are still being studied. There is some evidence for rats and sheep that
they mediate the gonadotropin-dependent increase in interstitial collagenase that occurs
prior to ovulation (Murdoch et al., 1986; Reich et al., 1991) and they may also promote a
highly localized inflammatory response in the follicle prior to ovulation (Priddy and Killick,
1993). Experiments by Dr. G.W. Smith and his colleagues have linked the increase in
follicular PGs with specific effects on proteolytic enzymes in periovulatory follicles and on
their inhibitors (Li et al., 2006).

Regulation of prostaglandins and progesterone during the periovulatory
period

Experimental evidence shows that the up-regulation of progesterone/PGR and the induction
of PG production are a result of the gonadotropin surge. These increases occur at specific
times in vivo after the surge and the transient induction of PG production by granulosa cells
(Bridges et al., 2006) and at least the first transient increase in mRNA for PGR in theca and
granulosa cells (Jo et al., 2002) can be induced in vitro with luteinizing doses (100 ng/ml) of
the appropriate gonadotropin(s). Once the timing of the increases in the PGs and P4/PGR
mRNA were determined, we began to test hypotheses about how these effects of the LH/
FSH surge are mediated.

Effects of P4/PGR on follicular production of prostaglandins
First we tested the hypothesis that the increase in P4/PGR is essential for the induction of
PG secretion by granulosa cells (Bridges et al., 2006). Granulosa cells were isolated from
preovulatory follicles 36 h after PGF2α injection (time 0 of GnRH) and cultured with a
luteinizing dose of LH (to induce PGR) in the presence or absence of the PGR antagonist
mifepristone (RU-486). Mifepristone completely inhibited LH-induced production of PGE
and PGF2α (Fig. 4). Although mifepristone is reported to also bind to the glucocorticoid
receptor, its actions in inhibiting PG production by bovine granulosa cells appear to be
specific since the synthetic progestin MPA completely overcame mifepristone’s effects,
whereas the synthetic glucocorticoid dexamethasone did not (Fig. 4). In addition,
mifepristone also inhibited the LH-induced increase in mRNA for PTGS2 (COX-2) and
MPA overcame that inhibitory effect (Fig. 5). Taken together these finding strongly suggest
that the effects of the gonadotropin surge on PG production by bovine granulosa cells are
mediated by the gonadotropin-induced increase in intrafollicular progesterone and that P4
acts by binding to its nuclear receptor and increasing the abundance of mRNA for PTGS2.
We hypothesize that the early increase in intrafollicular progesterone (Fig. 1) may be
responsible for the increase in PG production by granulosa cells between 18 and 24 h post-
GnRH. The report by Li et al. (2007) that injection of an inhibitor of progesterone synthesis
into the preovulatory follicle blocked the effects of the gonadotropin surge on both
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progesterone and the periovulatory increase in PGs in the follicular fluid is consistent with
that hypothesis.

Effects of PGs on progesterone production by follicular cells
Progesterone/PGR and PGs both increase late in the periovulatory period (Figs. 1 and 2) and
this raised the possibility that PGs might play a role in the second periovulatory increase in
progesterone. Therefore, we tested the hypothesis that PGE2 stimulates P4 secretion by
culturing periovulatory theca and granulosa cells (isolated 24 h after GnRH) with PGE2 (100
ng/ml). Progesterone production by both cell types increased with time in culture, as
expected, and PGE2 enhanced P4 production by theca cells by about four- to sevenfold, but
had no effect on granulosa cells (Bridges and Fortune, 2007). To follow up on this
interesting finding, we cultured theca interna obtained at 0 h or 24 h post-GnRH with graded
doses of PGE2 and PGF2α (Fortune et al., 2008). Both PGs stimulated progesterone
secretion in a dose-dependent manner, but the theca was more sensitive and more responsive
to PGE2 (Fig. 6 shows results for tissue obtained at 0 h). We hypothesized that the granulosa
cells may not have responded to PGs when they were isolated at 24 h after injection of
GnRH in the earlier study (Bridges and Fortune, 2007) because they are making PGs at that
time. To test that hypothesis, we cultured granulosa cells obtained at time 0 of GnRH with
LH in the presence or absence of graded doses of a specific PTGS2 inhibitor, NS398. On the
second day of culture, when the production of PGs by the granulosa cells is at its peak (see
Fig. 3), NS398 completely inhibited the effects of LH on progesterone accumulation in the
cultures (Fig. 7). Therefore, our data thus far support the hypothesis that PGs, especially
PGE2, can stimulate progesterone secretion by both follicular cell types and suggest a
positive feedback relationship between P4/PGR and PGs (see Fig. 11). However, in apparent
conflict with that suggestion, Peters et al. (2004) showed that intrafollicular injection of
NS398 blocked follicular rupture and greatly reduced the concentration of PGE in follicular
fluid at 24 h post-GnRH, without reducing the level of P4 in the follicular fluid at 24 h post-
GnRH.

Interactions among P4/PGR, prostaglandins, and oxytocin
The LH/FSH surge in vivo and luteinizing doses of gonadotropins in vitro also induce the
secretion of the nonapeptide hormone oxytocin (OT) by granulosa cells of the periovulatory
follicle via an increase in OT mRNA (Voss and Fortune, 1991a; Voss and Fortune, 1992).
Lioutas et al. (1997) reported that antagonists to the PGR inhibited the upregulation of OT
mRNA and OT in granulosa cells from preovulatory-size follicles obtained from an abattoir.
We showed the requirement for P4/PGR is also present in vivo in granulosa cells that have
been exposed to the gonadotropin surge (Bridges and Fortune, 2007). When granulosa cells
were isolated 6 h post-GnRH, mifepristone inhibited their secretion of OT and both MPA
and natural progesterone overcame that inhibition in a dose-dependent manner, with similar
dose-response relationships (Fig. 8). When granulosa cells were exposed to graded doses of
OT in vitro, OT dose-dependently increased the secretion of both PGE and PGF2α (Fig. 9).
Quantitatively, OT was less effective than the gonadotropins at increasing PGs (Fig. 3 vs.
Fig. 9), but it is possible that the gonadotropin surge produces changes in the granulosa cells
(receptors, etc) that make them more responsive to OT by the time when endogenous OT is
secreted, late in the periovulatory period (Voss and Fortune, 1991a). Our laboratory has also
shown that OT increases the secretion of P4 by granulosa cells isolated from preovulatory
follicles before, but not after, the gonadotropin surge (Chandrasekher and Fortune, 1990;
Voss and Fortune, 1991b). The failure of OT to stimulate progesterone production by
granulosa cells obtained from follicles close to the time of ovulation may be due to the fact
that endogenous production of OT by granulosa cells is ongoing at that time in vivo, so they
may already be maximally stimulated. Taken together, these results suggest a positive
feedback loop between P4/PGR and OT (see Fig. 11).
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Regulation of mRNA for ADAMTS proteases by P4/PGR and PGs
It has long been recognized that proteolytic enzymes play critical roles in the process of
follicular rupture and in the remodelling of the ovulatory follicle between the LH surge and
ovulation (reviewed in Smith et al., 2002; Curry and Smith, 2006). Inhibitors of the
proteases are also up-regulated during the periovulatory period and are believed to act to
limit tissue breakdown to the apex and other appropriate parts of the ovulatory follicle, such
as the basement membrane between the theca and granulosa compartments of the follicle.
Plasminogen activator and its inhibitors, plasminogen, and various matrix
metalloproteinases (MMPs) and their inhibitors (TIMPs) are induced or upregulated in
response to the LH/FSH surge. Dr. G.W. Smith and his collaborators have been especially
active in studying this aspect of periovulatory regulation in cattle and readers are referred to
their publications (Smith et al., 1996; Bakke et al., 2002, 2004; Dow et al., 2002a, b; Li et
al., 2004, 2006).

More recently, evidence for a role for members of the newly described ADAMTS family of
metalloproteinases during the periovulatory interval has emerged. When levels of mRNA for
eight ADAMTS subtypes (1, 2, 3, 4, 5, 7, 8, and 9) were measured in theca and granulosa
cells from bovine preovulatory (0 h) and periovulatory follicles (24 h post-GnRH) by semi-
quantitative PCR, all, except ADAMTS4, were either up or down regulated at 24 h post-
GnRH vs. time 0 in at least one follicular cell type (Madan et al., 2003). More recently, we
characterized the abundance of mRNA for the ADAMTS1, 2, 7, and 9 subtypes in theca and
granulosa cells isolated from pre/periovulatory follicles at 0, 6, 12, 18, and 24 h after
injection of GnRH. The results showed that the abundance of mRNA for these four subtypes
changes in both time- and cell-specific patterns (summarized schematically in Fig. 10).
These patterns suggest that the roles of ADAMTS proteases in bovine periovulatory follicles
are complex and potentially myriad. To begin to study how the abundance of mRNA for
ADAMTS proteases is regulated by the LH surge, we focused on ADAMTS1 and 9 because
the steady-state levels of mRNA for these two ADAMTS subtypes are upregulated after the
LH/FSH surge in both follicular cell types. When theca and granulosa cells were isolated 36
h after initiation of luteolysis (time 0 of GnRH) and cultured with luteinizing doses (100 ng/
ml) of gonadotropins, mRNAs for these two subtypes were regulated in vitro in patterns that
reflected the patterns of change observed in vivo. Theca cells responded to LH, whereas
granulosa cells responded to either LH or FSH, with the two gonadotropins producing
similar effects.

Next, we used the in vitro model described above to test the hypothesis that P4/PGR and/or
the PGs (PGE2 and/or PGF2α) are involved in mediating the effects of the LH/FSH surge on
mRNA for ADAMTS1 and 9. To determine if progesterone and its receptor play a role,
theca and granulosa cells obtained from preovulatory follicles at time 0 of GnRH were
treated with control medium, a luteinizing dose of LH (to induce PGR), LH + the PGR
inhibitor mifepristone (RU-486), or LH + mifepristone + MPA (a synthetic progestin).
Mifepristone blocked the effects of LH on abundance of mRNA for ADAMTS1 and 9
mRNA in thecal cultures and on ADAMTS9 in cultures of granulosa cells, but it produced
effects opposite to those of LH on ADAMTS 1 in cultures of granulosa cells (summarized in
Table 1). In all cases, inclusion of MPA in the culture medium reversed the action of
mifepristone and produced results similar to those of LH alone. The potential effects of PGs
on mRNAs for ADAMTS1 and 9 were tested in thecal cultures by comparing cultures
treated with control medium, a luteinizing dose of LH, PGE2, or PGF2α. Both PGs
mimicked the effects of LH by increasing levels of mRNA for ADAMTS1, but only PGE2
mimicked the effect of LH by increasing mRNA for ADAMTS9 (Table 1). Since production
of PGE and PGF2α is induced in granulosa cells by the gonadotropin surge, the potential
effects of PGs on mRNA for ADAMTS1 and 9 were tested by culturing granulosa cells from
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preovulatory follicles with LH + graded doses of the specific COX-2 inhibitor NS398. All
three doses of the inhibitor decreased both PGs to the levels observed in control medium
(data not shown) and inhibited the LH-induced increase in mRNA for ADAMTS1 during the
second day of culture (the time when PGs are transiently secreted by granulosa cells in
vitro), but had no effect on mRNA for ADAMTS9 (Table 1).

Our results suggest that P4/PGR and PGs may regulate mRNA for ADAMTS proteases and
that their effects may be negative or positive and are time-, ADAMTS subtype- and cell
type-specific. ADAMTS proteases degrade a variety of substrates, which vary depending on
the subtype. ADAMTS1 and 9 share an identical enzymatic domain and both have been
shown to degrade proteoglycans (e.g., versican; Kuno et al., 2000; Rodriguez-Manzaneque
et al., 2002; Somerville et al., 2003). Since versican is a component of the basement
membrane in bovine follicles (McArthur et al., 2000), it is possible that these proteases are
involved in dissolution of the basement membrane to allow intermixing of the theca and
granulosa cells as the corpus luteum forms. More research is needed to expand these initial
studies on the regulation of ADAMTS subtypes in bovine periovulatory follicles and
research on their specific effects within bovine follicles is completely lacking thus far.

Summary
Rodent species, especially mice, provide powerful genetic models and analysis of those
models has suggested obligatory roles for the periovulatory increases in P4/PGR and PGs.
However, the larger size of the ovulatory follicles of species of practical interest, such as
cattle and humans, and the longer periovulatory interval may have led to variations on the
“themes” that have emerged from research with rodents. Thus, studies of the intrafollicular
changes that precede ovulation in these species seems essential. The results of our studies on
P4/PGR, the prostaglandins, and OT during the periovulatory period have suggested positive
feedback relationships among these hormones that are summarized in Fig. 11. Since
ovulation and luteinization are processes in which homeostasis is not maintained, it is
logical that positive feedback mechanisms would be present. Studies on ADAMTS proteases
have suggested that both P4/PGR and the PGs play a role in the complex periovulatory
changes in those proteases. It is logical that an event like ovulation, which is essential for
successful reproduction, may involve redundant mechanisms and it is possible that this may
be the reason for at least some of the apparent contradictions among studies. It seems clear
that the cascade of changes that lead to bovine ovulation and luteinization is complex and far
from completely understood.
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Figure 1.
Concentrations of progesterone (ng/ml ± SEM) in follicular fluid (A) and abundance of
mRNA (B) for progesterone receptor (PGR) in follicle wall tissue of bovine pre/
periovulatory follicles obtained at 0, 3.5, 6, 12, 18, or 24 h after injection of GnRH to induce
an LH/FSH surge. Levels of PGR mRNA were determined by RNase protection assay and
relative levels were calculated by correcting for the intensity of the 18S rRNA band in each
sample. Values are means ± SEM (n = 3 follicles/time point). Within each panel values with
no common superscripts differ (P < 0.05). (Data are derived from Fortune et al., 2001 and Jo
et al., 2002).
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Figure 2.
Concentrations of PGE and PGF2α in the follicular fluid of preovulatory follicles collected at
36 h after PGF2α (0 h post-GnRH) and periovulatory follicles collected at 3.5, 6, 12, 18 and
24 h after heifers were injected with GnRH to induce the LH/FSH surge. Data are means
±SEM of 3 follicles per time point. For each PG, values with different superscripts differ (P
< 0.05). (Bridges et al., 2006, with permission).
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Figure 3.
Secretion of PGE (A) and PGF2α (B) by granulosa cells from preovulatory follicles collected
at 36 h after PGF2α (0 h post-GnRH) and cultured for 96 h with 0 or 100 ng/ml LH or FSH.
Data are the means ± SEM of duplicate cultures from each of 4 preovulatory follicles. In
each panel, within a time in vitro values with different superscripts differ (P < 0.05). (Data
are derived from Bridges et al., 2006).
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Figure 4.
Secretion of PGE (A) and PGF2α (B) by granulosa cells from preovulatory follicles collected
at 0 h post-GnRH and cultured for 96 h in medium alone or with LH (100 ng/ml), LH +
mifepristone (MIFE, 1 μM), LH + MIFE + medroxyprogesterone acetate (MPA, 1 or 10
μM), and LH + MIFE + dexamethasone (DEX, 1 or 10 μM). Panels A and B show
accumulation of PGs during the first 72 h of culture; treatment effects from 72–96 h were
similar to 48–72 h, but absolute values were very low (data not shown). Data are the means
± SEM of duplicate cultures from each of 5 preovulatory follicles. nd = not detectable. In
each panel, within a time in vitro values with no common superscript differ (P < 0.05). (Data
are derived from Bridges et al., 2006).
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Figure 5.
Inhibition of LH-induced mRNA for COX-2 (also known as PTGS2) by mifepristone
(MIFE) is overcome by concurrent progestogen (MPA) treatment. Relative levels of mRNA
for COX-2 were determined by semi-quantitative RT-PCR and calculated by correcting for
the intensity of the band for the 18S subunit of rRNA in each sample. Data are the means ±
SEM of cultures from each of 4 preovulatory follicles. nd = not detectable. Within a time in
vitro values with different superscripts differ (P < 0.05). (Data are derived from Bridges et
al., 2006).
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Figure 6.
Accumulation of progesterone in cultures of theca interna cells isolated from preovulatory
follicles 36 h after injection of PGF2α to induce luteal regression and cultured in control
medium (CM), with a luteinizing dose of LH (100 ng/ml), or with graded doses of PGE2 or
PGF2α. Data are means ± SEM of duplicate cultures from each of 5 follicles. Within each
time in vitro, values with different superscripts differ (P < 0.05).

Fortune et al. Page 17

Anim Reprod. Author manuscript; available in PMC 2010 April 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Accumulation of progesterone in cultures of granulosa cells isolated from preovulatory
follicles 36 h after injection of PGF2α to induce luteal regression and cultured in control
medium (CM), with a luteinizing dose of LH (100 ng/ml), or LH + graded doses of NS398
(specific PTGS2 inhibitor). Data are means ± SEM of duplicate cultures from each of 5
follicles. Within each time in vitro, values with different superscripts differ (P < 0.05).
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Figure 8.
Secretion of oxytocin in cultures of follicle wall (theca + attached granulosa cells) from
periovulatory follicles collected at 6 h post-GnRH and cultured for 96 h in medium alone, or
with the PGR antagonist mifepristone (MIFE, 1 μM), MIFE + progesterone (P4, 10, 100,
1000 ng/ml) or MIFE + medroxyprogesterone acetate (MPA, 1 or 10 μM). Data are the
means ± SEM of duplicate cultures from each of 4 periovulatory follicles. Within a time in
vitro, values with no common superscripts differ (P < 0.05; Bridges and Fortune, 2007, with
permission).

Fortune et al. Page 19

Anim Reprod. Author manuscript; available in PMC 2010 April 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
Secretion of PGE (A) and PGF2α (B) by granulosa cells from preovulatory follicles collected
at 36 h after injection of PGF2α and cultured for 96 h with 0, 1, 10, 100 or 1000 ng/ml
oxytocin. Data are the means ± SEM of duplicate cultures from each of 6 follicles. In each
panel, within a time in vitro, values with different superscripts differ (P < 0.05). (Data are
derived from Bridges and Fortune, 2007).
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Figure 10.
Schematic representation of changes in abundance of mRNA for ADAMTS subtypes in
theca interna and granulosa cells isolated from bovine pre/periovulatory follicles between
the injection of GnRH and ovulation. The large arrows indicate a transient change in
ADAMTS7 and 2 at one time point.
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Figure 11.
Hypothesized model of the relationships among progesterone/progesterone receptor (P4/
PGR), prostaglandins (PGs), oxytocin (OT), and ADAMTS proteases in bovine
periovulatory follicles, based on data discussed in the manuscript. Positive effects and
potential intra-follicular positive feedback loops are indicated by “+”, whereas “+/−”
indicates that the effect varies depending on the putative regulator, ADAMTS subtype, and
follicular cell type.
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