K. Toda et al. /Molecular and Cellular Endocrinology 362 (2012) 176-182

et al,, 1979; De Silva and Reeves, 1985; Duffy and Stouffer, 2002;
Espey et al., 1986; Mikuni et al., 1998; Priddy et al., 1990).

In brief, Ptgs2 converts arachidonic acid, which is released from
membrane phospholipid by the enzyme cytosolic phospholipase
A2 (Pla2g4a) (Duffy et al., 2005; Kol et al., 1997), to the endoperox-
ide PGH,. PGH; is then isomerized to PGE; by one of three PGE syn-
thases, cytosolic PGE synthase (Ptges3) and two membrane-bound
PGE synthases, Ptges and Ptges2 (Samuelsson et al., 2007; Sun
et al., 2006). It has been reported that Ptges is the enzyme respon-
sible for ovarian production of PGE, using Ptgs2-derived PGH, as a
substrate (Hara et al., 2010; Murakami et al., 2000). Ovulatory
stimuli were reported to up-regulate the expression of Ptges to-
gether with that of Ptgs2 (Filion et al., 2001; Guan et al,, 2001).
However, correlations between these molecular events and the
anovulatory phenotype of ArKO mice have not been elucidated.

Recently, we demonstrated that administration of appropriate
doses of 17p-estradiol (E2) and gonadotropins at certain time
points could induce ovulation in immature ArKO females (Toda
et al., 2012). These observations prompted us to examine whether
the ovulatory induction in ArKO mice is accompanied by altera-
tions in PGE; metabolism, as reported in the wild-type (WT) ovary.
To this end, we measured expression levels of genes related to
PGE, metabolism and ovarian contents of PGE; in the ArKO ovary
before and after ovulatory stimulations.

2. Materials and methods
2.1. Animals and treatments

Animal experiments were carried out in accordance with our
institutional guidelines. All animals were maintained on a 12-h
light/dark cycle at 22-25 °C and given water and phytoestrogen-
low rodent chow (NIH-07PLD, Oriental Yeast Ltd., Tokyo, Japan).
ArKO mice were generated by targeted disruption of Cyp19 by
homologous recombination (Toda et al.,, 2001). They were back-
crossed repeatedly to yield a C56BL/6j genetic background. Female
mice at 4 weeks old were used in the present study. WT mice were
randomly divided into three groups. One group was an untreated
group (Group 1). The mice in the other two groups were treated
with conventional superovulation regimen: intraperitoneal (ip)
injection of 5 international units (IU) of pregnant mare serum gon-
adotropin (PMSG) (Serotropin®, ASKA Pharmaceutical Co., Ltd., To-
kyo, Japan) followed 48 h later by injection of 51U of human
chorionic gonadotropin (hCG) (Wako Pure Chemical Industries,
Osaka, Japan). The ovaries were collected at 4 h (Group 2) or 15h
(ovulated) (Group 3) after the hCG administration. Femnale ArKO
mice were randomly divided into six groups. ArKO mice in Group
4 were untreated. ArKO mice in Group 6 were injected ip with

Table 1
Summary for animal treatment.
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251U of PMSG followed 48 h later with 25 IU of hCG. The ovaries
were collected at 4 h after the hCG administration. ArKO mice in
the other four groups (Groups 5, 7-9) received subcutaneous injec-
tion of E2 (10 mg/kg body weight), which was dissolved in sesame
oil at a concentration of 15 mg/ml, on Days (D) 1, 4 and 5. The ova-
ries of ArKO mice in Group 5 were collected at 24 h after the last
injection of E2. ArKO mice in Groups 7 and 8 were injected 25 [U
of PMSG on D4 and 25 IU of hCG on D6. The ovaries were collected
at 4 h (Group 7) or 15 h (ovulated) (Group 8) after the hCG admin-
istration. ArKO mice in Group 9 were injected 5 IU of gonadotro-
pins. The ovaries were collected at 4 h after the hCG injection.
The treatments are summarized in Table 1.

2.2. RNA preparation and real-time quantitative PCR analysis

Ovaries from nine to 12 mice were pooled and used for total
RNA preparation (Zarlenga and Gamble, 1987). Conditions for
cDNA synthesis and real-time quantitative PCR (RT-QPCR) were
as described previously (Toda et al.,, 2012). Expression levels of
mRNA of the following genes were examined: Pla2g4a (phospholi-
pase A2, group IVA (cytosolic, calcium-dependent), NM_008869.3),
Ptgs2 (NM_011198.3), Ptges (microsomal prostaglandin E synthase
1, NM_022415.3), Ptges2 (prostaglandin E synthase 2,
NM_133783.2), Ptges3 (NM_019766.4), Ptger2 (PGE receptor 2,
(subtype EP2), NM_008964.4), Ptger4 (prostaglandin E receptor 4
(subtype EP4), NM_001136079.1), Ptgr2 (prostaglandin reductase
2, NM_029880.3), Hpgd (NAD*-dependent 15-hydroxyprostaglan-
din dehydrogenase, NM_008278.2) and Est (sulfotransferase family
1E, member 1, NM_023135.2). Cyclophilin A (peptidylprolyl isomer-
ase A (Ppia), NM_008907.1) was used as an invariant control, and
the relative quantification for a given gene was corrected to the
cyclophilin A mRNA level. Total RNA was independently prepared
twice from three pools of ovaries. Quantification of mRNA expres-
sion was done three times for each set of RNA samples by real
time-quantitative PCR. The nucleotide sequences of primers and
the sizes of amplified fragments are shown in Table 2.

2.3. Western blot analyses

Ovaries from five mice before or after ovulatory stimulation
were pooled and used for ovarian extract preparation as described
previously (Toda et al., 2012). Protein concentrations were quanti-
fied using a bicinchoninic acid protein assay kit (Thermo Scientific,
Rockford, IL, USA). Ovarian extracts (50 pg) were run on 7.5% SDS-
polyacrylamide electrophoresis gels and transferred onto Immobi-
lon-P membranes (Millipore Corp., Billerica, MA, USA). After
blocked in 5% bovine serum albumin (BSA) (Millipore Corp., Kanka-
kee, IL, USA) in Tris-buffered saline containing 0.1% Tween 20
(TBST), the membranes were incubated overnight at 4 °C with

Experimental group Genotype Treatment Ovary collected at
Day 1 Day 4 Day 5 Day 6

1 WT Without treatment

2 WT PMSG (5) hCG (5) 4

3 WT PMSG (5) hCG (5) 15

4 ArKO Without treatment

5 ArKO E2 E2 E2

6 ArKO PMSG (25) hCG (25) 4

7 ArkO E2 E2/PMISG (25) E2 hCG (25) 4

8 AtKO R E2/PMSG (25) E2 hCG (25) 15

9 ArKO E2 E2/PMSG (5) E2 hCG (5) 4

Immature WT mice at 4 weeks of age were injected intraperitoneally (ip) with 5 international units (1U) of PMSG on Day 4 followed 48 h later with 5 IU of hCG on Day 6 to
promote synchronized follicle growth and ovulation. ArKO mice were stimulated with E2 on Days 1, 4 and 5 (10 mg/kg BW, subcutaneous injection), PMSG on Day 4 (25 IU or
5 1U/mouse) and hCG on Day 6 (25 IU or 5 [U/mouse). Ovaries were collected at follicular growth stage as indicated at preovulatory differentiation stage as indicated by 4 (4 h
after hCG injection) and after ovulation as indicated by 15 (15 h after hCG injection).
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Table 2

Primers for RT-QPCR.
Gene Forward primer Reverse primer Size (bp)
Est GTGGAAAAATGCAAGGAGGA GGGTGGCAGGTGAGTTTTTA 135
Hpdg GGATTCACACGCTCAGCAG AATTTCATCATAGCCTTGA 170
Pla2gda ATGGCCTTGGTGAGCGACTC TCTGGATCTGCTACCGCTGC 175
Ptger2 GCTAATGGAGGACTGCAAGAGTCGTCAG GCAGGTTCCCAGCAGGTCAGTGAG 226
Ptger4 CATTCCCGCAGTGATGTTCATCTTC GCTATAGTCACACAGTGCCTGGTCTCC 220
Ptges AACGACATGGAGACAATC TGGAGAAACAGGAGAACT 199
Ptges2 TGGTGTGCTGCGAGTGATG CAGGTACCAAGGCTGGATGTG 78
Ptges3 CCTCTGCCCCGTTCACCAT TTAAAATTATCGCTTCCTC 160
Pegr2 CCCGGGCGGAGTGGATGTCT TGCAGGGGGCAGTGGAGGAG 154
Ptgs2 GTGCACTATGGTTACAAAA CATCTGCTACGGGAGGAAG 79
Ppia ATGGCACTGGCGGCAGGTCC TTGCCATTCCTGGACCCAAA 241
(Cyclophilin A)

rabbit anti-Ptgs2 antibody (Cayman Chemical Co., M, USA) diluted
1:1000 in IMMUNO SHOT (Cosmo Bio Co., Ltd., Tokyo). After
washed, they were incubated for 1 h at room temperature with
anti-rabbit immunoglobulin peroxidase-linked antibody (Cell Sig-
naling Technology) diluted 1:2000 in 5% BSA in TBST. Detection
of immunoreactive bands and quantification were carried out as
described previously (Toda et al, 2012). The same membranes
were used to detect B-actin with peroxidase-conjugated monoclo-
nal anti-B-actin antibody (clone Ac-15, Sigma-Aldrich, MI, USA) di-
luted 1:50,000 in TBST containing 5% BSA.

2.4. Measurement of ovarian PGE, contents

The ovaries were quickly dissected from each animal after the
treatments and snap-frozen in liquid nitrogen. The ovaries were
homogenized in ice-cold 0.1 M phosphate buffer containing
1 mM EDTA and 10 uM indomethacin, pH 7.4. PGE, was pre-puri-
fied through a Solid Phase Extraction Cartridge column (Cayman
Chemical, Ann Arbor, MI, USA) according to the manufacturer’s
instructions. Then, PGE; contents were measured using a PGE,
EIA Kit (514010, Cayman Chemical). Ovarian PGE, contents are
presented as pg/mg protein.

2.5. Statistical analysis

Continuous variables were expressed as mean * standard error.
Mann-Whitney U test was used for analysis (InStat software,
GraphPad Software, Inc., San Diego, CA, USA). p values less than
0.05 were considered significant.

3. Results

3.1. mRNA expression of genes involved in PGE> metabolism in ArKO
ovaries

Firstly, we assessed the effects of the current superovulation
regimen on transcript levels of a subset of genes involved in
PGE; metabolism by RT-QPCR analysis (Fig. 1). Significant induc-
tions in mRNA expression of Ptgs2 and Ptger4d were detected in
the WT ovary at 4 h after the hCG administration compared with
those in the untreated WT ovaries; nevertheless, mRNA expression
of Ptger4 was merely twofold higher than that in the untreated
ovary (Fig. 1, Groups 1 and 2). Modest induction of Ptger4 gene
after the superovulation stimulation was also reported (Takahashi
et al,, 2006; Tamba et al., 2010). In contrast, significant suppression
of mRNA expression of Hpgd, encoding an enzyme responsible for
biological inactivation of PGE, (Tai et al., 2006), was observed in
the WT ovary after the gonadotropin treatments (Group 2). In addi-
tion, suppression of mRNA expression of Ptges, Ptges2, Ptger2, and

Ptgr2 was observed by the gonadotropin treatment, reaching
approximately 50% of the untreated WT levels of the respective
genes. After ovulation, mRNA expression of Ptgs2 and Ptgerd was
decreased significantly, while the expression of Ptger2 and Ptgr2
was slightly increased when compared to the mRNA expression
levels at 4 h after the hCG administration in WT mice (Groups 2
and 3). The ovulatory stimulation did not alter the mRNA expres-
sion levels of Pla2g4a and Ptges3 significantly in the WT ovary.

In the untreated ArKO ovary, the mRNA expression of Pla2g4a,
Ptgs2 and Hpgd was enhanced as compared to the expression levels
of respective genes in the untreated WT ovary (1.8-fold, 3.2-fold,
and 2.4-fold over the untreated WT levels of the respective genes,
respectively). In contrast, the mRNA expression of Ptges, Ptges2,
Ptger2 and Ptger4 was suppressed (70%, 50%, 60% and 45% of the
untreated WT levels, respectively) (Groups 1 and 4). Treatment of
ArKO mice with E2 alone increased mRNA expression of Ptges,
Ptges2 and Pger4 (2.0-fold, 1.8-fold and 3.3-fold over the untreated
ArKO levels, respectively), whereas it reduced the mRNA expres-
sion of Pla2g4a and Ptgs2 (51% and 34% of the untreated ArKO lev-
els, respectively) (Groups 4 and 5). The ovulatory treatment
increased expression of Ptgs2, Ptges2 and Ptger4 mRNA at 4 h after
the hCG administration in E2 plus PMSG-primed ArKO mice (Group
7). Furthermore, mRNA level of Hpgd was significantly reduced
after the ovulatory stimulation in ArKO mice. Significant induction
of Pla2g4a and Ptges2 mRNA expression was noted in ArKO mice
supplemented with gonadotropin alone (Group 6): 2.3-fold and
1.5-fold over the untreated ArKO levels, respectively. In the ovu-
lated ArKO ovaries, mRNA expressions of Pla2g4a, Ptgs2, Ptges
and Ptger4 were reduced markedly as compared to the expression
levels at 4 h after the hCG administration: 39%, 5%, 42% and 26% of
the mRNA expression levels at 4 h after the hCG administration,
respectively (Groups 7 and 8), while mRNA expression of Hpgd
was left at areduced level after ovulation. Assessment of the mRNA
expression of Ptges3, Ptger2 and Ptgr2 in the ArKO ovary before and
after ovulatory stimulation revealed no significant variation in
their mRNA levels. Furthermore no significant difference was ob-
served in the mRNA levels of genes related to PGE; metabolism be-
tween the ArKO ovaries treated with ovulatory and non-ovulatory
doses of gonadotropins (Groups 7 and 9).

Induction of mRNA expression and protein of the Ptgs2 gene has
been demonstrated to be associated with estrogen inactivation cat-
alyzed by estrogen sulfotransferase (Est) (Gershon et al., 2007).
Thus, we examined the mRNA expression of Est in ArKO ovary be-
fore and after ovulatory stimulation. Marked induction was ob-
served in the WT ovary at 4 h after hCG administration (Group
2). The mRNA expression level sharply declined after ovulation
(Group 3) (Fig. 2). The basal ovarian expression of Est mRNA was
elevated significantly in the ArKKO mice (Group 4) compared with
that of the WT ovary and the mRNA expression level was signifi-
cantly reduced by E2 administration (Group 5). As observed in
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Fig. 1. RT-QPCR analysis on expression of genes related to PGE; metabolism in the ovary. WT (open bar) and ArKO (closed bar) mice were treated according to the schedule
shown in Table 1. Bar illustrates fold difference compared with the expression level in WT ovaries without treatment. The numbers under the graphs indicate the
experimental groups in Table 1. Results were expressed as mean * standard error of three independent experiments (*P < 0.05 and **P < 0.01).

the WT ovary, significant induction and reduction of Est mRNA
expression were observed at 4h after the hCG administration
and after ovulation in the ArKO ovaries, respectively (Groups 7
and 8). Furthermore, the RT-QPCR analysis revealed that the mRNA
induction was independent of the gonadotropin dose (Groups 7
and 9).

3.2. Ovarian PGE, contents

Next, we measured ovarian contents of PGE, (Fig. 3). As re-
ported by Davis et al. (1999), WT ovaries showed a significant in-
crease in PGE; contents at 4 h after the hCG treatment: 60-fold
over the amounts in untreated WT ovary (Group 2), followed by
a decrease by more than 80% of the peak level after ovulation
(Group 3). Similarly, PGE, contents increased significantly by

ovulatory doses of gonadotropins in ArKO mice and decreased after
ovulation (Groups 7 and 8). When ArKO mice were administered
gonadotropins alone, ovarian PGE, contents did not increase, but
rather decreased (Group 6). 45% of the levels of untreated ArKO
mice, indicating an absolute requirement of estrogen for preovula-
tory induction of PGE; production. When ArKO mice were stimu-
lated with non-ovulatory doses of gonadotropins, only 16% of the
content in the ArKO ovary treated with ovulatory doses was de-
tected (Group 9).

3.3. Ovarian Ptgs2 expression
Western blot analysis confirmed significant induction of Ptgs2

expression in the.ovary at 4 h after hCG treatment (Fig. 4, Groups
2 and 7), followed by reduction in the expression level after
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Fig. 2. RT-QPCR analysis of the Est gene expression in the ovary. WT (open bar) and
ArKO (closed bar) mice were treated according to the schedule shown in Table 1.
Bar illustrates fold difference compared with the expression level in WT ovaries
without treatment. The numbers under the graph indicate the experimental groups
in Table 1. Results were expressed as mean # standard error of three independent
experiments (**P < 0.01).

ovulation in both WT and ArKO ovaries (Groups 3 and 8), further
confirming that estrogen is absolutely required for the preovula-
tory induction of PGE, synthesis in the ovary (Group 6).

4. Discussion

Recent studies using ArKO mice have led to the conclusion that
actions of E2 within the ovary are vital for controlling the break-
down of oocyte nests prior to the formation of primordial follicles
(Britt et al., 2000, 2004). However, the role of E2 at late stages of
follicular maturation has not been studied in detail, in part, be-
cause of the lack of a regimen to induce ovulation in ArKO mice.
Recently, we established a procedure to induce ovulation in ArKO
mice (Toda et al., 2012), which opened the way to analyze the func-
tions of estrogen at the ovulatory stage.

In the present study, we examined the mRNA expressions of
genes related to PGE; metabolism as well as its ovarian contents
in ArKO mice before and after the ovulatory stimulations, as
PGE, has been established to regulate the expression of a great
variety of genes involved in ovulation (Hizaki et al., 1999; Russell
and Robker, 2007; Segi et al., 2003). We observed alterations in
the mRNA expression levels in nine out of 10 genes examined ex-
cept for Ptges3 at 4 h after hCG administration in the WT ovary;
nevertheless, relevance of these alterations to ovarian physiology
remains to be clarified. A similar mRNA expression pattern ob-
served in the WT ovary was detected in four out of the nine genes,
three up-regulated (Ptgs2, Est, and Pger4) and one down-regulated
(Hpgd), in the ArKO ovary after ovulatory stimulation.

The mRNA expression of the Ptgs2 gene, which encodes a key
enzyme for PGE; production (Narumiya et al.,, 1999; Segi et al.,
2003), was greatly induced after administration of E2 plus gonad-
otropins in ArKO mice. A positive correlation between expressions
of PTGS2 and CYP19 genes has been documented in breast cancers
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Fig. 3. Production of prostaglandin E2 in the ovary. WT (open bar) and ArKO (closed
bar) mice at 4weeks of age were treated according to the schedule shown'in
Table 1. Bar illustrates PGE; contents per mouse as pg/mg protein. The values in
parentheses represent the number of mice examined. The numbers under the graph
indicate the experimental groups in Table 1. Results were expressed as
mean t standard error (**P< 0.01).

(Brodie et al., 2001), in which PGE, was shown to increase E2 pro-
duction through enhancement of CYP19 gene expression (Zhao
et al,, 1996). In the present study, we showed a novel correlation
between the two components, namely that E2 is a vital factor to in-
duce PGE, production in the preovulatory ovary.

Present RT-QPCR analysis revealed that expression of the Est
gene seems to be under the direct regulation of estrogen; enhance-
ment and reduction in the mRNA levels were respectively observed
in untreated and E2-supplemented ArKO ovaries, indicating that
transcription of the Est gene is controlled by estrogen-dependent
negative feedback regulation. Although it seems paradoxical, the
current study also revealed an absolute requirement of estrogen
for the marked induction of the Est gene in the preovulatory ovary.
Thus, expression of Est gene is regulated negatively by E2 without
gonadotropins, whereas the negative effects of E2 have to be abol-
ished by co-stimulation with gonadotropin. As documented in the
human endometrium (Rubin et al,, 1999), progesterone might be
responsible for the transcriptional regulation of the Est gene in
the ovary. Actually, marked elevation in the ovarian contents of
progesterone was detected in the preovulatory ovary of ArKO mice
only when the mice were stimulated with E2 plus gonadotropins
(Toda et al., 2012). The mRNA expression of the Ptger4 gene, but
not the Ptger2 gene, was found to be induced by ovulatory stimu-
lation in both WT and ArKO mice, as reported previously by global
transcript analysis (Tamba et al., 2010). These findings support the
assertion that a signaling pathway through Ptger4 participates in
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Fig. 4. Expression of Ptgs2 protein in the ovary. WT and ArKO mice at 4 weeks of
age were treated according to the schedule shown in Table 1 (5 mice per group,
n = 3). Bar illustrates quantitative analysis of Ptgs2 protein against B-actin in WT
(open bar) and ArKO (closed bar) mice. The numbers under the graph indicate the
experimental groups in Table 1. Results were expressed as mean # standard error of
tree independent experiments (P < 0.01).

regulation of the ovulatory process (Takahashi et al,, 2006). How-
ever, it should be mentioned that changes in mRNA levels of the
Prger4 gene might not necessarily reflect its protein levels
in vivo, while studies using knockout mouse indicated that Ptger2
is more tightly associated with reproductive functions than Ptger4
(Hizaki et al., 1999). In contrast to the three up-regulated genes,
the mRNA levels of Hpgd gene, encoding an enzyme that inacti-
vates PGE; (Tai et al., 2006), were significantly decreased by the
ovulatory stimulation. Nevertheless, administration of E2 alone
was not sufficient to alter the expression levels of the gene, sug-
gesting that factors other than E2 participate in the controls of
the mRNA levels in the ovary.

In the present study, we interpreted our observations as estro-
gen actions within the ovary. However, because current study was
conducted under the in vivo conditions, the question remains as to
whether the observed effects of estrogen are results of its intrao-
varian actions or those of cross talk between ovary and other organ
systems including hypothalamus/anterior pituitary gland.

We proposed previously that the ovarian ratio between estro-
gen and androgen contents is an important parameter for ovula-
tory induction, in addition to the ovarian content of each of the
sex steroid hormones (Toda et al., 2012). In the present study, ovar-
ian PGE; contents appear to be in good agreement with outcomes
after ovulatory stimulation. It is plausible that enhanced produc-
tion of PGE, at the appropriate time points after ovulatory stimu-
lation might be achieved favorably under an ovarian sex steroid
milieu showing the appropriate ratio between estrogen and andro-
gen contents. Therefore, these results imply that the enhancement
of PGE, production might be one of the therapeutic strategies for
patients who are anovulatory due to estrogen insufficiency.
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