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Quality, and PGE2 Induces Moderate Expansion of the Bovine Cumulus In Vitro1
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ABSTRACT

Expression of cyclooxygenase-2 (COX-2) and prostaglandin E2

(PGE2) receptor 2 (EP2) are necessary for rodent cumulus ex-
pansion in vivo. Prostaglandin E2 receptor 3 (EP3) has been de-
tected in bovine preovulatory follicles and corpora lutea. The
current experiments examined the effect of PGE2 on bovine cu-
mulus expansion in vitro and expression of COX-2, EP1, EP2,
EP3, and EP4 mRNAs in bovine cumulus-oocyte complexes
(COCs) at 0, 6, 12, 18, and 24 h time points during maturation
in vitro. Concentrations of PGE2 above 50 ng/ml resulted in
moderate cumulus expansion of bovine COCs, but expansion did
not occur in the absence of serum. COX-2 mRNA expression
increased in bovine COCs at 6 h and 12 h of maturation, then
decreased. EP2 mRNA was detectable by reverse transcription-
polymerase chain reaction at all time points. EP3 mRNA ex-
pression increased in COCs from 0 to 6 h and remained at this
higher level through the culture period. Very low levels of EP4
mRNA expression were detectable, but EP1 was not detected in
bovine COCs. Because EP receptor mRNAs and COX-2 mRNA
are expressed in bovine COCs, there exists the potential for a
prostaglandin autocrine/paracrine regulatory pathway during
oocyte maturation. Differential expression of the EP3 mRNA
among varying COC classes indicates that this gene product may
be a useful marker of oocyte competence. Although the PGE2

pathway is involved in cumulus expansion, serum factors are
required to mediate PGE2-induced expansion.

cumulus cells, gene regulation, in vitro fertilization, oocyte de-
velopment, ovary

INTRODUCTION

Early experiments have shown a role for prostaglandin
E2 (PGE2) in cumulus expansion in vitro in mice [1] and
rats [2]. There are two isoforms of an enzyme known to
control the prostaglandin synthesis pathway: the constitu-
tively active cyclooxygenase-1 (COX-1) and the inducible
cyclooxygenase-2 (COX-2) [3, 4]. Although both COX-1
and COX-2 mRNAs are expressed in the uterus during the
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time of implantation [5], COX-1 knockouts display normal
fertility but have difficulties in parturition [6], while COX-
2 knockouts have defects in ovulation, fertilization, deci-
dualization, and implantation [7]. In rodents, COX-2 pro-
tein is first detected in the granulosa of eCG-induced pre-
ovulatory follicles following hCG treatment [8, 9]. In cattle,
COX-2 protein is expressed in the granulosa of some pre-
ovulatory follicles by 18 h after hCG, and more preovula-
tory follicles express COX-2 protein by 24 h [10]. COX-1
protein is not induced by hCG in bovine preovulatory fol-
licles [11]. Thus, the COX-2 isoform is more likely than
the COX-1 isoform to have an important role in early re-
productive events in cattle, including oocyte maturation,
ovulation, and fertilization.

Prostaglandin E2 concentrations are very low in bovine
follicular fluid before the gonadotropin surge and remain
low at 18 h but increase to 13 ng/ml in preovulatory fol-
licles 24 h after hCG [10]. Systemic treatment with PGE2
restores the ability of COX-2 knockout mice to ovulate [9].
A small amount of PGE2 is synthesized by maturing bovine
cumulus-oocyte complexes (COCs) in vitro [12, 13]. How-
ever, the predominant source of intrafollicular PGE2 is
granulosa cells [14]. Although murine granulosa cells se-
crete sufficient PGE2 to induce cumulus expansion, cumuli
will not expand in the absence of serum [14]. Serum factors
are required for hyaluronic acid retention within the ex-
panding cumulus [1, 15, 16]. In recent years, this serum
factor was determined to be of the inter-a-inhibitor family
(IaI) [16, 17].

Prostaglandin E2 receptors are members of the G-type
receptor family; there are currently four subtypes (EP1–
EP4) known that activate different and often conflicting
pathways. Activation of EP1 and EP3 generally results in
contraction of smooth muscle, while activation of EP2 and
EP4 receptors generally results in relaxation; activation of
EP2 and EP4 receptors increase cAMP, EP1 increases Ca21

mobilization, EP3A decreases cAMP, EP3B and C isoforms
increase cAMP, and EP3D increases Ca21 [18]. EP2 has
recently been detected in the mouse cumulus [19], targeted
deletions for EP2 have been generated by three groups, and
all null mouse lines have defects in ovulation and fertiliza-
tion [19–21] with one strain displaying defects in cumulus
expansion [19]. In addition, another PGE receptor mRNA
(EP3) has been recently detected in bovine and ovine pre-
ovulatory follicles and corpora lutea [22, 23].

For over 20 yr, research has focused on the induction of
bovine oocyte maturation in vitro. However, with even the
best systems developed thus far, including maturation in
TCM-199 (tissue culture media) containing serum, gonad-
otropins, and estradiol at 38.58C in 5% CO2 in air, and
embryo culture in TCM-199 or cSOFMaa (citrate supple-
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TABLE 1. Primers for COX-2 and bovine prostaglandin E2 receptors.

Product 59 39
Temperature

(8C)
Size
(bp)

COX-2
EP1
EP2
EP3
EP4

GCCTGGTCTGATGATGTATGC
CCAGCTCGTAGGCATCATGG
CCTGCAACTTCAGCGTCAT
CAAGCCACATGAAGACCAGC
CAAGGAGCAGAAGGAGACGA

GGTGAGGTGCGTATCTTGAAC
CTTGAAGGCAGCAGGCGAAC
TCTAAGAGCTTGGAGGTCCC
TCATTATCAGCAACGGCGAC
GGCTGTAGAAGTAGGCGTGG

54
57
54
58
57

880
216
251
408
248

mented synthetic oviductal fluid media with amino acids)
in a reduced O2 gas atmosphere; only 30%–35% of im-
mature COCs collected develop to the blastocyst stage [24,
25]. Therefore, the purpose of these experiments was to
investigate the role of PGE2 and serum factors in inducing
bovine cumulus expansion in vitro. In addition, expression
of COX-2, EP1, EP2, EP3, and EP4 mRNAs was examined
in bovine COCs of differing qualities during maturation in
vitro.

MATERIALS AND METHODS
Bovine COCs were isolated by follicular aspiration using an 18-gauge

needle connected to a vacuum system from slaughterhouse ovaries pro-
vided by ABEL Laboratories (Guelph, ON, Canada). Serum-free TCM-
199 (Gibco BRL, Burlington, ON, Canada), buffered with Hepes and bi-
carbonate, with 50 IU/ml heparin (Leo Pharma, Ajax, ON, Canada) was
used for washing COCs. Pools of 35–65 COCs were matured in vitro in
0.5 ml TCM-199 containing bicarbonate and pyruvate in four-well plates
(Nalge Nunc International, Roskilde, Denmark) at 38.58C in a 5% CO2 in
air atmosphere. There were seven replicates with a total of about 400
COCs/treatment. Serum (newborn calf serum) was obtained from Gibco
BRL. PGE2 (Cayman Chemical, Ann Arbor, MI) was dissolved in 100%
ethanol to produce a stock solution of 100 ng/ml. COCs were evaluated
for cumulus expansion at 21–22 h of maturation as I, little to no expansion;
II, moderate expansion; and III, full expansion [26].

For analysis of COX-2, EP1, EP2, EP3, and EP4 mRNAs, COCs were
matured in TCM-199 containing pyruvate, pFSH (1 mg/ml FSH; Vetre-
pharm, Ottawa, ON, Canada), oLH (5 mg/ml LH; Vetrepharm), estradiol-
17b (1 mg/ml estradiol-17b; Sigma-Aldrich, Oakville, ON, Canada), and
10% serum. COCs were divided into three quality grades prior to place-
ment in maturation media, similar to previous reports [27, 28]. Quality
grade one consisted of COCs with even oocyte granulation and multiple
layers of cumulus cells, quality grade two COCs had uneven granulation
of the oocyte or only one or two layers of cumulus cells, while quality
grade three COCs had several defects: small oocyte, very uneven granu-
lation of oocyte, cumulus already expanded or incomplete or absent cu-
mulus cell layers. In previous experiments, small oocytes have been re-
ported to be incompetent to complete meiosis [29], and in other experi-
ments, developmental rates have been reported to be lower with poorer
quality oocytes [28], thus this group may be expected to have altered
mRNA expression levels. The experiment was replicated four times. Ali-
quots of COCs (50) of each quality grade were removed and placed into
0.5-ml microcentrifuge tubes at 0 h (following final wash) or 6, 12, 18,
or 24 h after dishes were placed into the incubator for maturation. Excess
medium was removed after brief centrifugation, and COCs were frozen in
liquid nitrogen before being transferred to a 2708C freezer. Total RNA
was extracted from COCs with 24 mg Escherichia coli rRNA (Roche Mo-
lecular Biochemicals, Laval, PQ, Canada) as a carrier, by using a standard
phenol/chloroform extraction method [30]. The RNA samples were quan-
tified by measuring 260/280 nm OD absorbance using spectrophotometry.
For analysis of COX-2, EP2, EP3, and EP4 expression, RNA samples
representing 40 COC equivalents were reverse transcribed as reported pre-
viously [31] with oligo (dT)12–18 primer (Gibco BRL) and Superscript
(Gibco BRL), except the volume was doubled to 40 ml (1 COC/ml). Just
prior to reverse transcription, 0.1 pg rabbit globin mRNA (Gibco BRL)
was added per COC equivalent [31]. For EP1, RNA samples were reverse
transcribed using random hexamers (2 ml/20 ml reaction; Boehringer-
Mannheim, Germany). RNA from positive control bovine tissues (liver for
b-actin, kidney for COX-2 and EP2, lung for EP4, corpus luteum for EP3)
was extracted using a standard phenol/chloroform technique, and 1–2.5
mg of RNA was reverse transcribed as above. For EP1, kidney was reverse
transcribed with random hexamers.

The b-actin primers were as reported previously [31]. These primers

amplify a 243-base pair (bp) product at an annealing temperature of 568C
for 37 cycles and, because they are intron-spanning, were used to detect
possible genomic contamination (408-bp product). The a-globin primers
were as reported previously [31] and amplified a product of 257 bp at
558C for 30 cycles. Primers for COX-2 and EP1–EP4 are in Table 1.
Bovine primers for COX-2 were designed from the published sequence
(Genbank accession number AF031698). The primers amplified a product
of 880 bp at 548C. EP1 primers were designed from a partial ovine se-
quence (Genbank accession number AF035415) [32], and these primers
amplified a product of the expected size of 216 bp from kidney at 578C
for 45 cycles; however, a product was never amplified from COCs despite
variations made in MgCl2, cycle number, and temperature. The EP2 prim-
ers were designed to amplify a conserved region of EP2 mRNA by run-
ning a sequence comparison of rat, mouse, human, ovine, and canine se-
quences (Genbank accession numbers U48858, D50589, U19487,
AF035416, and AF075602). Primers amplified a product of 251 bp at
548C. Sequences for bovine EP3 [33] (Genbank accession numbers
D21345, D21346, D21347, D21348) were known and primers were de-
signed from these sequences. The EP3 primers amplified a single product
of 408 bp (common to all isoforms) at 588C. EP4 primers were designed
from a partial ovine sequence (Genbank accession number AF035418)
[32]. The EP4 primers amplified a product of 248 bp at 578C for 40 cycles.
All primers were synthesized by Gibco BRL. The identity of the COX-2,
EP2, EP3, and EP4 products was confirmed by dye-deoxysequencing (Ro-
barts Research Institute, London, ON, Canada).

COX-2, EP2, and EP3 mRNAs were subjected to reverse transcription-
polymerase chain reaction (RT-PCR) and agarose gel electrophoresis.
Bands were quantified by comparing the ratio of band intensity to the a-
globin standard [31, 34]. EP4 mRNAs were not quantified due to low
abundance. Two microliters of cDNA (two COC equivalents) was added
to each PCR reaction; for positive control tissues, 1–2 ml cDNA was added
per tube. PCRs were carried out with 103 PE Gold buffer (Perkin-Elmer,
Canada Ltd., Mississauga, ON, Canada) with a final concentration of 1.25–
2 mM MgCl2 (Perkin Elmer), primer concentration 1 mM (2 mM for actin),
200 mM dNTPs (Gibco-BRL), and 1 unit AmpliTaq Gold DNA Polymer-
ase (Perkin-Elmer). The basic program included a soak of 958C for 10
min, followed by a cycle program of 958C for 1 min, gene-specific an-
nealing temperature for 30 sec, and 728C for 1 min, followed by a final
extension at 728C for 10 min. The numbers of cycles required to achieve
amplification in the linear range were tested in a preliminary experiment.
All PCR reactions were done in Perkin-Elmer GeneAmp 2400 thermo-
cyclers (PE Applied Biosystems, Mississauga, ON, Canada). Twenty mi-
croliters of product was resolved on a 2% agarose gel containing ethidium
bromide and a Gene-Ruler 100-bp DNA ladder (MBI Fermentas Inc.,
Flamborough, ON, Canada). Photographs were taken with a UV camera
system (Amersham Pharmacia Biotech, Baie d’Urfe, PQ, Canada). Image
analysis and quantification was done with the ImageMaster VDS program
(Amersham Pharmacia Biotech).

Statistical Analyses
For studying the effects of PGE2 on expansion, x2 tests were performed

according to the method of Snedecor [35]. For gene expression, multiple
ANOVA was performed using the Practical Statistics program (Canadian
Academic Technology Inc., West Flamborough, ON, Canada) with main
effects of quality grade and time of maturation. There was no interaction
between grade and time effects. Where significant main effects existed,
mean separation procedures were performed to detect differences.

RESULTS

Effect of PGE2 on Bovine Cumulus Expansion

An experiment was carried out to determine whether, in
agreement with rodent data, PGE2 has an effect on expan-
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FIG. 1. Percent cumulus expansion of bovine COCs matured 24 h in
vitro with varying doses of PGE2 (ng/ml) with and without 10% serum
compared to positive control COCs matured in TCM-199 containing 10%
serum and 1 mg/ml FSH, 5 mg/ml LH, and 1 mg/ml estradiol-17b. I is no
expansion, II is moderate expansion, III is full expansion. x2 tests were
performed to determine differences in the percentage of COCs that un-
derwent partial or full expansion (II or III). a–dValues with no superscripts
in common are different at P , 0.05.

FIG. 3. Expression of COX-2 mRNA in three quality grades of bovine
COCs during maturation in vitro. Solid bars: Expression in quality grade
1 COCs at 0, 6, 12, 18, and 24 h, respectively. Hatched bars: Expression
in quality grade 2 COCs at 0, 6, 12, 18, and 24 h, respectively. White
bars: Expression in quality grade 3 COCs at 0, 6, 12, 18, and 24 h, re-
spectively. Mean 6 SEM (n 5 4 replicates). w–zTime points with no su-
perscripts in common are different at P , 0.05.

FIG. 4. Partial sequence of bovine EP2. The PCR-amplified product has
97% homology at the nucleotide level to the partial ovine EP2 sequence
(AF035416). Bovine sequence is on top, ovine on the bottom. Dashes
indicate identical bases; gaps indicate nucleotide differences from the
ovine sequence.

FIG. 2. Representative RT-PCR figures with gene on the left and PCR
product size in bp on right. The leftmost lane is the 100-bp DNA marker
lane followed by oocyte quality 1, hour 0; quality 1, hour 6, etc. The (2)
lane is the PCR blank that contains all components except cDNA. This is
followed by another marker lane and then a (1) positive tissue control
lane.

sion of bovine COCs in vitro. A dose-dependent effect of
PGE2 was seen on bovine cumulus expansion in the pres-
ence of 10% serum. Doses of PGE2 above 50 ng/ml con-
sistently increased expansion of bovine COCs (Fig. 1).
However, COCs matured with the highest PGE2 dose test-
ed, 500 ng/ml, did not achieve expansion equivalent to that
of COCs matured in media containing serum and gonado-
tropins. Bovine COCs did not expand when cultured with
500 ng/ml PGE2 in the absence of serum.

Effect of COC Quality and Maturation on Expression
of COX-2, EP2, and EP3 mRNAs

Because PGE2 was shown to induce cumulus expansion,
it was necessary to determine whether COX-2 mRNA, an
enzyme required for synthesis of PGE2, was present in the
cumulus cells, which could indicate an autocrine action. In

addition, it was important to determine which PGE2 recep-
tor mRNAs were present and could be involved in signaling
in the bovine COC and the time course of expression during
in vitro maturation. Representative pictures of PCR-ampli-
fied products are shown in Figure 2. Weak expression of
COX-2 mRNA was detected by RT-PCR in bovine COCs
of all COC quality grades at 0 h (Fig. 3), prior to initiation
of maturation. There was no effect of COC quality grade
on expression of COX-2 mRNA. However, there was an
overall effect of maturation time (P , 0.002), with in-
creased expression at 6–12 h of maturation compared to 0
h (P , 0.002, Fig. 3). Expression decreased and was again
lower at 24 h than at 6 and 12 h (P , 0.02). Increased
COX-2 mRNA expression was apparent in COCs at 6 h,
which was prior to morphological evidence of cumulus ex-
pansion (12 h).

The partial sequence of bovine EP2 is reported in Figure
4. EP2 mRNA was detected by RT-PCR in bovine COCs
of all quality grades at 0 h of oocyte maturation (Fig. 5).
There were no differences among COC quality grades, but



138 CALDER ET AL.

FIG. 5. Expression of EP2 mRNA in three quality grades of bovine COCs
during maturation in vitro. Solid bars: Expression in quality grade 1 COCs
at 0, 6, 12, 18, and 24 h, respectively. Hatched bars: Expression in quality
grade 2 COCs at 0, 6, 12, 18, and 24 h, respectively. White bars: Ex-
pression in quality grade 3 COCs at 0, 6, 12, 18, and 24 h, respectively.
Mean 6 SEM (n 5 4 replicates).

FIG. 6. Expression of EP3 mRNA in three quality grades of bovine COCs
during maturation in vitro. Solid bars: Expression in quality grade 1 COCs
at 0, 6, 12, 18, and 24 h, respectively. Hatched bars: Expression in quality
grade 2 COCs at 0, 6, 12, 18, and 24 h, respectively. White bars: Ex-
pression in quality grade 3 COCs at 0, 6, 12, 18, and 24 h, respectively.
Mean 6 SEM (n 5 4 replicates). abCOC quality grades with no superscripts
in common are different, at least P , 0.05. x–zTime points with no su-
perscripts in common are different, at least P , 0.05.

FIG. 7. A partial sequence of bovine EP4. The PCR-amplified product
has 94% homology at the nucleotide level to the partial ovine EP4 se-
quence (AF035418). The bovine sequence is on top, ovine on the bottom.
Dashes indicate identical bases, gaps indicate nucleotide differences from
the ovine sequence.

there was an overall trend (P , 0.07) toward decreased
expression throughout the maturation period.

There was an overall effect of COC quality grade on
abundance of EP3 mRNA (Fig. 6). Higher expression of
EP3 mRNA was detected in COC quality grades 1 and 2
than in quality grade 3 COCs (P , 0.003 and P , 0.05,
respectively). There was an overall effect of maturation
time on abundance of EP3 mRNA (P , 0.003). Expression
of EP3 mRNA was lowest at 0 h but increased and re-
mained elevated from 6 to 24 h of maturation (all at least
P , 0.02). The partial sequence of bovine EP4 is reported
in Figure 7. EP4 was detected inconsistently at low levels
in bovine COCs (data not shown).

DISCUSSION

Doses of 100 ng/ml PGE2 caused maximal expansion of
mouse COCs in vitro in the presence of serum [1]. It is
reported that preovulatory bovine follicular fluid concentra-
tions of PGE2 increase to 13 ng/ml after hCG [10] or 88
ng/ml 20 h after an endogenous LH surge [36]. A signifi-
cant increase in cumulus expansion was observed in bovine
COCs matured in vitro with concentrations of PGE2 over
50 ng/ml but only in the presence of serum. In the absence
of serum, there was little cumulus expansion of bovine
COCs with 500 ng/ml PGE2. Rat COCs failed to expand
with 352 ng/ml PGE2 in the presence of fetal bovine serum
[37], but the same PGE2 concentration induced cumulus
expansion in the presence of granulosa cells [2]. It is pos-
sible that incompatibility between serum and factors pro-
duced by the expanding cumuli of different species could
affect response to PGE2, as it has been reported that the
composition of serum IaIs differ among species [38, 39].
It is not known what the granulosa contributes to cumulus
expansion in vivo; however, the bovine COCs employed in
these experiments were not cocultured with granulosa cells
during in vitro maturation.

In rats, COX-2 protein was induced in preovulatory fol-
licles only by hCG, not by FSH or E2 treatments [8].
COX-2 protein and mRNA expression increased in preovu-
latory bovine granulosa cells in vivo by 16–24 h after hCG
or the endogenous LH surge [10, 11, 22, 36]. COX-2 im-
munoreactivity increased 79-fold in granulosa cells at 24 h
compared to 0 h of estrus [36], while the mRNA was re-
ported to increase 3000-fold in the same time period [22].
In addition, COX-2 mRNA expression increased in bovine

granulosa cells cultured with serum or hCG [22]. It has not
often been reported whether COX-2 is also expressed in
cumulus cells; however, one study reported intense COX-2
immunoreactivity in mouse cumulus as well as in mural
granulosa 8 h after hCG [9]. This is the first instance in
which COX-2 mRNA was reported to be expressed in bo-
vine COCs. In the current experiment, COX-2 mRNA was
detected by RT-PCR in bovine COCs at 0 h, prior to place-
ment in maturation culture. Expression increased in all
quality grades at 6–12 h of maturation, then decreased from
18 to 24 h (Fig. 3). In a previous study, the cumulus was
reported to exhibit expansion in vivo prior to detection of
COX-2 protein in the bovine follicle [10]. Because
COX-2 mRNA was detected in bovine cumulus prior to
expansion (this study) but is not detected in granulosa until
after cumulus expansion [10], it is possible that COX-2 has
two temporally distinct functions in bovine preovulatory
follicles, the first being production of PGE2 in the cumulus
for expansion, and the second, to induce follicular rupture.

Recently, three groups have produced targeted gene de-
letions of the mouse PGE receptor 2 (EP2). Two strains
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have decreased ovulation rates [19, 21], and all three strains
have severely impaired fertilization [19–21]. One mouse
strain demonstrated defects in cumulus expansion [19],
while another mouse strain was reported to be normal in
this respect [20]. The severity of the EP2 phenotype may
depend on the genetic background of the mice, as two
strains also differed in blood pressure [20, 21]. It is thought
that other EPs may potentially compensate for the lack of
EP2 function in null mice [19, 20]. In the mouse strain with
the most severe cumulus defect, the COCs failed to expand
in vitro when cultured with PGE2, although expansion was
normal in response to gonadotropins [19]. Of the PGE2 re-
ceptors, it was suspected that EP2 would have the most
important role in the bovine ovary. The present experiments
are the first to report expression of the EP2 receptor mRNA
in bovine COCs. EP2 mRNA was detectable by RT-PCR
from 0 to 24 h of maturation in bovine COCs, and there
were no differences in expression among oocyte qualities.
Although in mouse cumulus, EP2 mRNA expression in-
creased following hCG [19], in bovine COCs there was a
tendency toward decreased EP2 mRNA expression over
maturation time.

In a recent paper, EP3 mRNA was detected at very low
copy number in granulosa of preovulatory bovine follicles
collected prior to the LH surge [22] and did not increase
in granulosa cells of preovulatory follicles 24 h after an
induced LH surge. However, expression of EP3 mRNA in-
creased following in vitro culture of granulosa cells in me-
dia containing serum for 24 h [22]. This is the first time
that EP3 mRNA has been reported to be present in bovine
COCs. The EP3 sequence is not reported here, as it was
100% identical to the bovine EP3 sequence reported in
Genbank. In the current experiments, expression of EP3
mRNA was detected in bovine COCs at 0 h. EP3 mRNA
expression increased at 6 h, then remained at a fairly con-
stant level throughout the culture period. EP3 mRNA was
more highly expressed in COCs of the better quality grades;
however, it is unclear whether increased EP3 expression is
related to increased developmental competence of these oo-
cytes. Perhaps the association of increased expression with
increased COC quality was more evident with EP3 than
EP2 and COX-2 mRNAs due to the lower variability of
EP3 among replicates. The function of EP3 in COCs and
corpora lutea is not clear, as mouse knockouts of EP3 do
not display any obvious reproductive impairments [40], and
expression of EP3 mRNA is higher in adrenal, myometri-
um, and heart tissue than in corpora lutea [23]. Possibly,
increased expression of EP3 in COCs or granulosa is re-
lated to luteinization. Although EP4 mRNA is expressed at
very low levels in bovine COCs, it is unlikely to be essen-
tial for reproduction, as surviving mouse EP4 knockouts
were able to reproduce [41, 42]. Thus far, we have been
unable to detect EP1 in bovine COCs but EP1 seems to be
the PGE2 receptor most restricted in expression and has
only been detected in mouse kidney, lung, and hypothala-
mus [43, 44].

Several mRNAs such as COX-2 [10], LHr [45], and 3b-
hydroxysteroid dehydrogenase [46] are not detectable in
granulosa until bovine follicles reach at least 8–9 mm or
potentially preovulatory in size. However, bovine COCs are
commonly collected from follicles 2–8 mm in size for in
vitro procedures. Oocytes from smaller follicles have a low-
er development rate than those from larger follicles [28,
47], and oocytes matured in vitro have lower developmental
rates than ovulated oocytes [48, 49]. Little is known about
gene expression in preovulatory COCs; therefore, it is not

known whether current bovine in vitro maturation proce-
dures induce equivalent mRNA expression (timing and
amount) as in vivo-matured COCs. COCs collected from
follicles maturing in vivo at various times from the LH
surge would be the best controls to examine gene expres-
sion, but these would be difficult and expensive to collect.
It is feasible to study how advancements in maturation con-
ditions that improve development rate (gas atmosphere,
hormones, growth factors, etc.) affect gene expression dur-
ing maturation and culture in vitro.

Because COX-2 mRNA and protein are expressed in ma-
turing COCs, and PGE2 is detected in follicular fluid and
culture media, it is likely the PGE2 pathway is involved in
oocyte maturation and cumulus expansion in vivo. As well,
defects in cumulus expansion and fertilization in EP2
knockout mice suggest that this is an important pathway
for female reproduction in vivo. However, it may not be as
critical to achieve optimal cumulus expansion in vitro be-
cause the oocyte does not need to escape from the follicle.
In addition, sperm numbers may be high enough to achieve
satisfactory fertilization in vitro, whereas the lower sperm
numbers in vivo require that the cumulus be sufficiently
expanded to achieve optimal fertilization rates.

Despite many years of research, even the best maturation
and oocyte culture systems result in the development in
vitro of only 30–35% oocytes to the blastocyst stage [24,
25], which is substantially lower than the in vivo devel-
opmental rate. It is necessary to define marker genes that
predict developmental competence of oocytes and embryos
in vitro and in vivo and that would allow design of more
appropriate maturation and culture media. This study is the
first to examine expression of COX-2 and prostaglandin
receptor mRNAs in bovine COCs and underscores that ex-
pression of these mRNAs is dependent on time of matu-
ration and oocyte quality. The differential expression of the
EP3 mRNA among varying COC qualities indicates that
this gene product may be a useful marker to predict embryo
development.

ACKNOWLEDGMENTS

We thank Lisa Barcroft, Dave Natale, John Looye, Derek Williamson,
Matt Firman, and ABEL Laboratories (University of Guelph) for assisting
with ovary and oocyte collections. We also thank members of the National
Institutes of Health ‘‘culture club’’ for critical comments and assistance
throughout the course of these experiments.

REFERENCES
1. Eppig JJ. Prostaglandin E2 stimulates cumulus expansion and hyalu-

ronic acid synthesis by cumuli oophori isolated from mice. Biol Re-
prod 1981; 25:191–195.

2. Phillips DM, Dekel N. Effect of gonadotropins and prostaglandin on
cumulus mucification in cultures of intact follicles. J Exp Zool 1982;
221:275–282.

3. Herschman HR. Review: prostaglandin synthase-2. Biochim Biophys
Acta 1996; 1299:125–140.

4. Williams CS, Dubois BN. Prostaglandin endoperoxide synthase: why
two isoforms? Am J Physiol 1996; 270:G393–400.

5. Chakraborty I, Das SK, Wang J, Dey SK. Developmental expression
of the cyclooxygenase-1 and cyclooxygenase-2 genes during preim-
plantation mouse uterus and differential regulation by the blastocyst
and ovarian steroids. J Mol Endocrinol 1996: 16:107–122.

6. Langenbach R, Morham SG, Tiano HF, Loftin CD, Ghanayem BI,
Chulada PC, Mahler JF, Lee CA, Goulding EH, Kluckman KD, Kim
HS, Smithies O. Prostaglandin synthase-1 gene disruption in mice
reduces arachidonic acid-induced inflammation and indomethacin-in-
duced gastric ulceration. Cell 1995; 83:483–492.

7. Lim H, Paria BC, Das SK, Dinchuk JE, Langenbach R, Trzaskos JM,
Dey SK. Multiple female reproductive failures in cyclooxygenase 2-
deficient mice. Cell 1997; 91:197–208.



140 CALDER ET AL.

8. Hedin L, Gaddy-Kurten D, Kurten R, DeWitt DL, Smith WL, Rich-
ards JS. Prostaglandin endoperoxide sythase in rat ovarian follicles:
content, cellular distribution, and evidence for hormonal induction
preceding ovulation. Endocrinology 1987; 121:722–731.

9. Davis BJ, Lennard DE, Lee CA, Tiano HF, Morham SG, Wetsel WC,
Langenbach R. Anovulation in cyclooxygenase-2-deficient mice is re-
stored by prostaglandin E2 and interleukin-1 beta. Endocrinology
1999; 140:2685–2695.

10. Liu J, Sirois J. Follicle-size-dependent induction of prostaglandin G/
H synthase-2 during superovulation in cattle. Biol Reprod 1998; 58:
1527–1532.

11. Sirois J. Induction of prostaglandin endoperoxidase synthase-2 by hu-
man chorionic gonadotropin in bovine preovulatory follicles in vivo.
Endocrinology 1994; 135:841–848.

12. Gurevich M, Harel-Markowitz E, Marcus S, Shore LS, Shemesh M.
Prostaglandin production by the oocyte cumulus complex around the
time of fertilization and the effect of prostaglandin E on the devel-
opment of the early bovine embryo. Reprod Fertil Dev 1993; 5:281–
283.

13. Gurevich M, Shemesh M. Induction of cyclooxygenase and prosta-
glandin E2 production by the bovine pre-embryo. Reprod Fertil Dev
1994; 6:687–691.

14. Salustri A, Petrungaro S, Siracusa G. Granulosa cells stimulate in vitro
the expansion of isolated mouse cumuli oophori: involvement of pros-
taglandin E2. Biol Reprod 1985; 33:229–234.

15. Eppig JJ. Role of serum in FSH stimulated cumulus expansion by
mouse oocyte-cumulus cell complexes in vitro. Biol Reprod 1980; 22:
629–633.

16. Chen L, Mao ST, Larsen WJ. Identification of a factor in fetal bovine
serum that stabilizes the cumulus extracellular matrix. J Biol Chem
1992; 267:12380–12386.

17. Hess KA, Chin L, Larsen WJ. Inter-a-inhibitor binding to hyaluronan
in the cumulus extracellular matrix is required for optimal ovulation
and development of mouse oocytes. Biol Reprod 1999; 61:436–443.

18. Coleman RA, Smith WL, Narumiya S. International union of phar-
macology classification of prostanoid receptors: properties, distribu-
tion, structure of the receptors and their subtypes. Pharmacol Rev
1994; 46:206–229.

19. Hizaki H, Segi E, Sugimoto Y, Hirose M, Saji T, Ushikubi F, Matsuoka
T, Noda Y, Tanaka T, Yoshida N, Narumiya S, Ichikawa A. Abortive
expansion of the cumulus and impaired fertility in mice lacking the
prostaglandin E receptor subtype EP2. Proc Natl Acad Sci U S A
1999; 96:10501–10506.

20. Tilley SL, Audoly LP, Hicks EH, Kim H-S, Flannery PJ, Coffmann
TM, Koller BH. Reproductive failure and reduced blood pressure in
mice lacking the EP2 prostaglandin receptor. J Clin Invest 1999; 103:
1539–1545.

21. Kennedy CRJ, Zhang Y, Brandon S, Guan Y, Coffee K, Funk CD,
Magnuson MA, Oates JA, Breyer MD, Breyer RM. Salt-sensitive hy-
pertension and reduced fertility in mice lacking the prostaglandin EP2
receptor. Nat Med 1999; 5:217–220.

22. Tsai S-J, Wiltbank MC, Bodensteiner KJ. Distinct mechanisms regu-
late induction of messenger ribonucleic acid for prostaglandin (PG)
G/H synthase-2, PGE (EP3) receptor, and PGF2a receptor in bovine
preovulatory follicles. Endocrinology 1996; 137:3348–3355.

23. Tsai S-J, Anderson LE, Juengel J, Niswender GD, Wiltbank MC. Reg-
ulation of prostaglandin F2a and E receptor mRNA by prostaglandin
F2a in ovine corpora lutea. J Reprod Fertil 1998; 114:69–75.

24. Keskintepe L, Burnley CA, Brackett BG. Production of viable bovine
blastocysts in defined in vitro conditions. Biol Reprod 1995; 52:1410–
1417.

25. Keskintepe L, Brackett BG. In vitro developmental competence of in
vitro matured bovine oocytes fertilized and cultured in completely
defined media. Biol Reprod 1996; 55:333–339.

26. Hensleigh HC, Hunter AG. In vitro maturation of bovine cumulus
enclosed primary oocytes and their subsequent in vitro fertilization
and cleavage. J Dairy Sci 1985; 68:1456–1462.

27. Chauhan MS, Singla SK, Palta P, Manik RS, Madan ML. In vitro
maturation and fertilization, and subsequent development of buffalo
(Bubalus bubalus) embryos: effects of oocyte quality and type of se-
rum. Reprod Fertil Dev 1998; 10:173–177.

28. Blondin P, Sirard MA. Oocyte and follicular morphology as deter-
mining characteristics for developmental competence in bovine oo-
cytes. Mol Reprod Dev 1995; 41:54–62.

29. Fair T, Hyttel P, Greve T. Bovine oocyte diameter in relation to mat-

urational competence and transcriptional activity. Mol Reprod Dev
1995; 42:437–442.

30. Harvey MB, Arcellana-Panlilio MY, Zhang X, Schultz GA, Watson
AJ. Expression of genes encoding antioxidant enzymes in preimplan-
tation mouse and cow embryos and primary bovine oviduct cultures
employed for embryo cultures. Biol Reprod 1995; 53:532–540.

31. De Sousa PA, Westhusin ME, Watson AJ. Analysis of variation in
relative mRNA abundance for specific gene transcripts in single bo-
vine oocytes and early embryos. Mol Reprod Dev 1998; 49:119–130.

32. Tai T-C, Lye SJ, Adamson SL. Expression of prostaglandin E2 recep-
tor sub-types in the developing sheep brainstem. Mol Brain Res 1998;
57:161–168.

33. Namba T, Sugimoto Y, Negishi M, Irie A, Ushikubi F, Kakizuka A,
Ito S, Ichikawa A, Narumiya S. Alternative splicing of C-terminal tail
of prostaglandin E receptor subtype EP3 determines G-protein speci-
ficity. Nature 1993; 365:166–170.

34. Watson AJ, de Sousa P, Caveney A, Barcroft LC, Natale D, Urquhart
J, Westhusin ME. Impact of bovine oocyte maturation media on oo-
cyte transcript levels, blastocyst development, cell number and apo-
ptosis. Biol Reprod 2000; 62:355–364.

35. Snedecor GW. Statistical Methods. Ames, IA: Iowa State University
Press; 1956.

36. Liu J, Carriere P, Dore M, Sirois J. Prostaglandin G/H synthase is
expressed in bovine preovulatory follicles after the endogenous surge
of luteinizing hormone. Biol Reprod 1997; 57:1524–1531.

37. Dekel N, Phillips DM. Cyclic AMP, prostaglandin E2 and steroids:
possible mediators of the rat cumulus oophorus mucification. Biol
Reprod 1980; 22:289–296.

38. Castillo GM, Templeton DM. Subunit structure of bovine ESF (extra-
cellular matrix stabilizing factors). FEBS Lett 1993; 318:292–296.
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