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a b s t r a c t

Prostaglandins F2� levels increase during ovulatory period in Xenopus laevis in response to stimulation
by gonadotropins and progesterone. PGF2� exerts its effects on ovulation through interaction with its
receptor (FP) in ovaries. Little is known about the characteristics of the FP receptor and its regulation dur-
ing the ovulatory period in non-mammalian species. In the present study, two isoforms of prostaglandin F
receptor (FP A and B) cDNAs were isolated from Xenopus laevis ovarian tissues using reverse transcription-
polymerase chain reaction (RT-PCR) followed by rapid amplification of cDNA ends (RACE). The cDNAs
GF2�
rostaglandins
vulation
enopus laevis

of FP A and FP B were sequenced. In Xenopus laevis ovary, FP A and B mRNA levels were up-regulated
during gonadotropin- and progresterone-induced ovulation in vitro. The mRNA level of FP B was higher
than that of FP A. Moreover, FP A and FP B mRNA levels were measured in various tissues including eye,
liver, lungs, heart, muscle, ovary, and skin. Overall, FP B mRNA level was approximately 10- to 100-fold
higher than that of FP A, except in the muscle and skin where FP A mRNA level was comparable to that
of FP B. The results suggest that in Xenopus ovarian follicles FP receptors play an important role during
gonadotropin- and progesterone-induced ovulation.
. Introduction

Prostaglandins (PGs) mediate an array of physiological pro-
ess such as inflammation, gastric secretions, blood flow; as wells
s reproductive process such as ovulation, luteolysis, fertilization,
mplantation, and parturition [1–6]. Abnormalities in the produc-
ion and function of PGs can lead to deficiencies in reproductive
rocesses [2,7–9]. Five types of prostaglandins have been identi-
ed; PGD2, PGE, PGF2�, PGI2 and thromboxane (TXA). PGE and
GF2� along with their receptors (EP and FP) are the primary PGs
nvolved in reproduction and are required for ovulation [10]. In fact,
P subtype 2 knockout mice fail to ovulate normally [11,12]. How-
ver, mice null for the FP receptor show no aberrations in ovulation
5]. In contrast, experimental evidence suggests that PGF2� is the
rimary PG involved in ovulation in sheep [13]. In several teleost
sh species, PGs have been shown to increase during spontaneous

r artificially induced ovulation, also indomethacin (PG biosynthe-
is inhibitor) blocks ovulation both in vivo and in vitro [14–20]. In
ana esculenta, PGF2� levels are higher during the reproductive
eriod than in other periods [21]. Similarly, in Rana pipiens, ovula-
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tion is induced by treatment with exogenous PGF2� but not PGE
[22]. In our previous experiments, we observed in Xenopus leavis
(X. laevis) ovarian follicles, that PGF2� is synthesized during the
periovulatory period similar to mammals [23]. Secondly, PGF2�
synthesis is regulated by de novo transcription of COX-2 but not
COX-1. We also found that in vitro inhibition of ovulation via acti-
nomycin D could be rescued by treatment with exogenous PGF2�.
In contrast, PGE2 did not rescue ovulation and in fact, increased
inhibition. Together these studies suggest that PGs are important
for ovulation in non-mammalian vertebrate as well, particularly
PGF2� in the case of X. laevis. PG biosynthesis begins with the
release of arahidonic acid (AA) from plasma membrane phospho-
lipids via phospholipase A2 (PLA2) [24]. Free AA is then converted to
PGs via cyclooxygenases (COX). PGs are then moved out of the cell
by prostanoid transporters (PGT) where they bind to PG-specific,
seven-transmembrane domain G-protein coupled receptors and
elicit their actions in an autocrin–paracrine manner.

FP receptors (FP) have been cloned in a few species [25] and exist
as two subtypes FP A and FP B [26]. Subtype FP B is a truncated form
of FP A, differing in the carboxyl-terminal. Many studies have exam-

ined the role of PGF2� as well as the FP receptor during ovulation in
mammals; however, little information regarding the involvement
of the FP receptor in non-mammalian vertebrates is available. In
fact, this is the first report of the isolation and molecular cloning of
the FP receptor in a non-mammalian vertebrate species. The aim

dx.doi.org/10.1016/j.prostaglandins.2010.07.001
http://www.sciencedirect.com/science/journal/10988823
mailto:zhiming.liu@enmu.edu
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f our study was to isolate the X. laevis FP from ovarian follicles.
P cDNA was identified from X. tropicalis genome database using in
ilico screening. The putative X. tropicalis FP sequence was used as
reference for isolation of X. laevis FP A and FP B from the ovary.
e also investigated the expression levels of FP A and B during

onadotropin-induced maturation and ovulation. Furthermore, we
xamined the expression levels of FP A and B in the eye, lung, liver,
eart, leg muscle, ovary and skin of X. laevis.

. Materials and methods

.1. Animals and chemicals

Adult X. laevis females were purchased from Nasco (Fort Atkin-
on, WI). For all experiments, frogs were used within 5 days after
rrival. Prior to tissue collection, frogs were deeply anesthetized
ith 0.2% tricaine methanesulfonate and spinally transected.
varies were surgically removed and used in the following exper-

ments. Also, eye, heart, liver, lung, muscle, ovary, and skin were
ollected from each frog, stored in RNAlater RNA Stabilization
eagent (QIAGEN) and stored at −70◦ C until use in gene expression
xperiments. All procedures were reviewed and approved by the
nimal Care and Use Committee of Eastern New Mexico University.
eneral chemicals, human chorionic gonadotropin (hCG), antibi-
tics, progesterone (P4) and actinomycin D (ActD) were purchased
rom Sigma (St. Louis, MO).

.2. Ovarian tissue culture

Ovarian tissues were surgically removed and placed in mod-
fied Barth’s solution (MBS: 88 mM NaCl, 1 mM KCl, 0.33 mM
a (NO3)2·4H2O, 0.41 mM CaCl2·2H2O, 0.82 mM MgSO4, 2.4 mM
aHCO3, 10 mM HEPES, pH 7.6) supplemented with streptomycin

ulfate (50 mg/L) and penicillin (30 mg/L). Subsequently, ovarian
issues were cut into small pieces (approximately 100 mg of ovar-
an fragment containing full-grown ovarian follicles) and washed

ith MBS for 30 min under gentle agitation to remove the yolk
omponents from damaged oocytes.

The effects of a general transcription inhibitor, actinomycin D
Act D), on maturation and ovulation were examined. In these
xperiments, progesterone P4 (maturation inducing hormone) or
CG (luteinizing hormone analog) was applied to induce oocyte
aturation and ovulation. The series of incubations focused pri-
arily on the inhibitory effects of Act D on maturation and

vulation. Ovarian fragments containing 30–50 full-grown (stage
I) oocytes were prepared and mass incubated with a low dose
f hCG (5 IU/ml) for 30 min. The reason of this priming incubation
s that our preliminary experiments showed that oocyte matu-
ation rates in P4 treated samples are low, not infrequently and
hort-time hCG incubation seems to overcome this problem. Subse-
uently, fragments were washed three times with fresh MBS, then,

ncubated in 2 ml of MBS with P4 (5 �M) or hCG (25 IU/ml) in the
resence or absence of Act D (5 �M). Incubation was carried out
or 24 h. Ovarian fragments incubated in MBS only, were used as a
egative control. After incubation, ovarian fragments were individ-
ally fixed with 2% trichloroacetic acid, and the number of germinal
esicle breakdown (GVBD) and ovulated eggs were counted under
he light microscope. A second series of incubations were carried
ut as described above to examine FP mRNA expression during the
vulatory period. Ovarian fragments were washed three times with

resh MBS, then, incubated in 2 ml of MBS with P4 (5 �M) or hCG
25 IU/ml) in the presence or absence of Act D (5 �M) under gentle
gitation. At time 0 (initial control), 2, 4, 6, 8, and 12 h, hCG and
4 treated tissue samples were collected serially for subsequent
nalysis. Act D treated samples were collected at the peak of ovula-
pid Mediators 93 (2010) 93–99

tion (8 h) only. During the incubation period, conditions of ovarian
fragments were inspected under the dissecting microscope to mon-
itor maturational and ovulatory progression at the morphological
level. FP cDNA levels in cultured ovarian tissues were quantified by
reverse transcriptase real-time polymerase chain reaction (RT real-
time PCR). Each individual experiment was conducted with ovarian
tissue fragments from a single donor frog, and duplicate samples
per treatment per incubation time were used. The experiment was
repeated three times with a different donor frog.

2.3. Molecular cloning of X. laevis FP A and FP B cDNA

To isolate X. laevis (Xl) FP cDNA, genome sequences of X.
tropicalis, a close relative of X. laevis were applied since its
genome project has been ongoing and available (US Department
of Energy Joint Genome Institute website: http://genome.jgi-
psf.org/Xentr4/Xentr4.home.html). Firstly, a BLAST alignment
search was conducted in the X. tropicalis genome by using amino
acid sequence for human FP A as a query. As a result, putative X. trop-
icalis (Xt) FP was identified. Polymerase chain reaction (PCR) primer
pairs, XtFP-Forward (5′-AAAGGGACTGGCTACGGTTT-3′) and XtFP-
Reverse primers (5′-GTGTGTCTCGTGC ATTTGCT-3′) were designed
based on putative XtFP nucleotide sequences. Next, total RNA
was prepared from X. laevis ovarian tissue using TRIzol reagent
(Invitrogen, Carlsbad, CA) as recommended by the manufacturer.
First-strand cDNA was synthesized from 5 �g of total RNA using
oligo (dT) primer and PowerScript reverse transcriptase (BD Bio-
sciences).

The PCR amplification was performed with the XtFP-Forward
and XtFP-Reverse primers in a 50 �l final volume reaction mix-
ture containing 1 �l of cDNA template, 5 �l of 10× reaction buffer,
200 �M of dNTPs, 1 �M of each primer, and 2.5 U of Platinum Taq
DNA polymerase (Invitrogen). The PCR condition was 94 ◦C for 20 s,
54 ◦C for 30 s, and 72 ◦C for 1 min 10 s for 35 cycles with an initial
4 min 94 ◦C denaturation step and a final 7 min 72 ◦C extension step.
After the initial PCR, products were analyzed on 1.5% agarose gel,
however no bands were visible. Thus, the PCR product was diluted
100 times and used as a template in a second PCR (conditions were
the same as above). Following the second PCR, products (expected
size ∼500 bp) were analyzed on 1.5% agarose gel, T-A cloned with a
pCR2.1 cloning vector (Invitrogen), and both strands of cDNA were
sequenced using an automated sequencing 7 system with fluores-
cent dye terminator (PE Applied Biosystems, Foster City, CA).

Based on partial sequence information of the putative XlFP cDNA
fragments, rapid amplification of cDNA ends (RACE) was performed
to isolate the 5′- and 3′-ends of the cDNA using SMART RACE cDNA
amplification kit (BD Biosciences, Clontech).

Briefly, the 5′- and 3′-RACE-Ready cDNA were synthesized
from 5 mg of ovarian total RNA according to the manufac-
turer’s protocol. For the 5′- and 3′-RACE of FP, the first PCRs
were performed with Universal Primer A Mix (UPM; supplied
with Kit) and gene specific primers (GSPs: 5′-RACE primer,
5′-GGCAAGGGACAGGATCCCCAAGAAGGAG-3′; 3′-RACE primer, 5′-
CGGAAGCGTGATGGCAGTGGAACGATGC-3′) using 5′-or 3′-RACE-
Ready cDNA as a template. PCR conditions were 94 ◦C for 3 min,
then 5 cycles at 94 ◦C for 10 s and 72 ◦C for 3 min, 5 cycles at
94 ◦C for 10 s and 70 ◦C for 10 s and 72 ◦C for 3 min, 25 cycles
at 94 ◦C for 10 s and 68 ◦C for 10 s and 72 ◦C for 3 min fol-
lowed by a final extension at 72 ◦C for 5 min. Then, a second
PCR (nested PCR) was performed using a 100- to 3-fold diluted
first PCR mixture as a template with nested UPM and the follow-

ing nested GSPs: for 5′-RACE, (5′-CCAAGTTCTGCTTGCCTGAATG-3′);
and for 3′-RACE, (5′-CTGTCCCTTGCCATC TCTTTCT-3′). PCR con-
ditions were 94 ◦C for 20 s, 55 ◦C for 30 s, and 72 ◦C for 1.5 min
for 30 cycles with a 3 min initial 94 ◦C denaturation step and
a 5 min final extension step. Electrophoresis, subcloning, and

http://genome.jgi-psf.org/Xentr4/Xentr4.home.html
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equencing were performed as described above and sequences
ere identified as FP A. Subsequently, a different set of 5′-RACE,

5′-CGGAAGCGTGATGGCAGTGGAACGATGC-3′); and 3′-RACE, (5′-
CTTGTCTGTATTGGTGATTCCTTA-3′) GSPs were designed from
equence data of the partial XlFP. A second PCR was performed
sing the same conditions as the nested RACE described above.
lectrophoresis and subcloning were performed as described
bove; however 3′-and 5′-RACE clones were sequenced using
he ABI 3730xl DNA Analyzer platform (Cogenics Houston, TX).
equences were identified as FP B. The deduced amino acid
equences of the FPs in Xenopus and other vertebrates were
ligned and used to construct a Neighbor-Joining tree (TreeView
oftware http://rana.lbl.gov/Eisen Software.htm) using ClustalW
http://www.ddbj.nig.ac.jp/search/clustalw-e.html) with default
ettings.

.4. RT real-time PCR

X. laevis FP A and B gene expression was measured in
varian follicles during the ovulatory period (0, 4, 6, 8, 12 h)
s well as in the eye, heart, liver, lung, muscle, ovary (0 h)
nd skin via RT real-time PCR using the MyIQ real-time PCR
etection system (Bio-Rad laboratories Inc.). Initially, using full-

ength XlFP sequences, Forward and Reverse PCR primers were
esigned for FP A (Forward: 5′-GCAGACTCGGGAGACAATTCTA-3′,
everse: 5′-GGGTACAACTTGGTGAGTCAG-3′) and FP B (For-
ard: 5′-TGGA GGCAGAACAG TGATGTAGGCTAT-3′, Reverse: 5′-
GACCTTCCACCTCTGCTCAAAA AC AC-3′). X. laevis �-actin was used
s an internal control (Forward: 5′-ACAGCTTCACC ACCACAGCCGA-
′, Reverse: 5′-AGAAGAGGCAGCTGTGGCC ATCTC-3′). Total RNA
as extracted from ovarian follicles as well as from the eye, heart,

iver, lungs, muscle and ovary, using the RNeasy Lipid Tissue mini
it (QIAGEN) as specified by the manufacturer’s instructions. On-
olumn DNA digestion was performed using the RNase-free DNase
et (QIAGEN) as specified by the manufacturer. cDNA was synthe-
ized from total RNA (3 �g/60 �l reaction/sample) using the iScript
DNA synthesis kit (Bio-Rad laboratories Inc.). Real-time PCR for FP
an B was performed with the iQ SYBR Green Supermix (Bio-Rad

aboratories Inc.). All PCRs had a final volume of 25 �l. For ovarian
issue samples, 4 �g of total cDNA was used per sample. For tissue
xpression, 100 ng of total cDNA was used per sample. PCR condi-
ions were 95 ◦C for 10 s, 55 ◦C for 30 s, and 72 ◦C for 30 s for 45 cycles
ith a 3 min initial 95 ◦C denaturation step. For all expression stud-

es data were analyzed using the �CT method and normalized to
P A (0 h initial control). For real-time PCR experiments conducted
ith ovarian tissue, fragments came from three donor frogs, and
uplicate samples per frog per incubation time were used. For all
ther expression studies, tissues came from two donor frogs and
uplicate samples per frog were used.

.5. Statistical analysis

Data for maturation and ovulation are expressed as
eans ± standard error of the mean (SEM). Maturation and

vulation rates were analyzed by a two-way analysis of variance
ANOVA) followed by a Tukey’s multiple comparison test to
etermine significant differences between group means. Data
or FP expression are expressed as means ± standard deviation.
xpression rates were analyzed by a one-way ANOVA followed by

Holm–Sidak multiple comparison test to determine significant

ifferences between group means. Analyses were conducted using
igma Plot, version 10.0 software. For all statistical tests, values
ere considered significantly different with P-values of less than

.05.
pid Mediators 93 (2010) 93–99 95

3. Results

3.1. Cloning of Xenopus FP A and FP B

Using human amino acid sequences, the X. tropicalis (Xt)
genome database was searched using the BLAST program at the
JGI website: http://genome.jgipsf.org/Xentr4 /Xentr4.home.html,
to identify the X. tropicalis orthologs. As a result, a putative FP (XtFP)
was identified. XtFP had a 1131 bp open reading frame (ORF) and
encoded 376 amino acids and had 73% identity with house cat FP.
From the sequence information of XtFP, PCR primers were designed
and RT-PCR was employed to isolate XlFP A and B cDNA from X. lae-
vis ovary. Consequently, a partial fragment of putative XlFP (501 bp)
was isolated. Nucleic acid sequences showed high homology to
previously reported FP.

The full-length cDNA of XlFP A (EU290602) and XlFP B
(EU290603) was determined from 5′- and 3′-RACE products. The
XlFP A cDNA consisted of 1613 bp (excluding poly(A)+ tail) that
encoded 367 amino acids (including the stop codon), comparising
a 363 bp 5′-untranslated region (5′-UTR), a 1104 bp open reading
frame (ORF), and a 146 bp 3′-untranslated region (3′-UTR). XlFP B
consisted of 1990 bp (excluding poly(A)+ tail) that encoded 271
amino acids (including the stop codon), comprising a 333 bp 5′-
untranslated region (5′-UTR), a 813 bp open reading frame (ORF),
and a 844 bp 3′-untranslated region (3′-UTR). XlFP A and B shared
96% identity. In the 3′-UTR of XlFP A, a putative polyadenylation
signal (ATTAAA) was present 152 bp upstream from the poly(A)+
tail. In the 3′-UTR of XlFP B, putative polyadenylation signals were
present at 18, 203, and 544 bp upstream from the poly(A)+ tail.
Fig. 1 shows the deduced amino acid sequence of the XlFP A and
B versus predicted X. tropicalis FP and human FP A and B. XlFP
A and B deduced amino acid sequences contained the two con-
served cysteine residues found in extracellular loops 1 and 2 (XlFP
A: cysteine 88 and 176, XlFP B: cysteine 107 and 185), conserved
proline residues found in transmembrane domains 4, 6 and 7 (XlFP
A: proline 158, 253 and 291, XlFP B: proline 169 and 263), puta-
tive N-glycosylation sites also exist in the amino-terminal of XlFP
B but not A (asparagine 3 and 18). Also, putative protein kinase C
phosphorylation sites exist in cytoplasmic loop 2 (XlFP A: serine
134 and threonine; 138, XlFP B: serine 143 and threonine; 147)
and in the carboxyl-terminal (XlFP A: serine 333 and 338). Then
deduced amino acid sequences of FP in Xenopus and other verte-
brates were aligned and used to construct a phylogenetic tree using
the Neighbor-Joining method (Fig. 2). Mouse EP2 was used as the
out-group and the tree was rooted with the out-group. XlFP A and
B shared 96% identity with one another. XlFP A shared 54% identity
with zebrafish, 71% with chicken, 93% identity with predicted X.
tropicalis and had 70–75% overall identity with mammals (Fig. 2).
XlFP B shared, 51% identity with zebrafish, 75% with chicken, 95%
identity with predicted X. tropicalis and 70–75% overall identify
with mammals.

3.2. Ovarian FP mRNA levels during gonadotropin-dependent
maturation and ovulation in X. laevis in vitro

Ovarian fragments containing full-grown X. laevis oocytes were
incubated with hCG or P4 to induce maturation and ovulation.
Oocytes were inspected by microscopy and germinal vesicle break-
down (GVBD), also known as maturation was observed by 4–6 h
after hCG treatment (Fig. 3A) or P4 treatment (Fig. 3B). Ovula-
tion was initiated at 6 h and peaked at 8 h (Fig. 3C). In the Act

D treated groups, maturation rate was not significantly different
from that of the hCG or P4 treated groups. However, at 4 h in the
hCG treated groups there was a slight decrease in maturation. In
contrast however, ovulation was not significantly different from
medium control and was completely inhibited in the hCG and P4

http://rana.lbl.gov/Eisen%20Software.htm
http://www.ddbj.nig.ac.jp/search/clustalw-e.html
http://genome.jgipsf.org/Xentr4%20/Xentr4.home.html
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ig. 1. Alignment of the deduced and X. laevis FP A and B amino acid sequences (with
nd gaps are represented by dashes. Small black boxes indicate potential N-glycos
ark gray boxes indicate conserved cysteines. Dotted black boxes indicate conserve

reated samples. In the medium control group, no morphological
hanges were observed throughout the experiment. The expres-
ion levels of XlFP A (Fig. 4A) and B (Fig. 4B) cDNA in the ovaries
uring oocytes maturation and ovulation were determined by RT
eal-time PCR. FP A expression (Fig. 4A) increased approximately
4-fold at 4 h relative to 0 h control in the hCG treated group. FP A
xpression decreased significantly at 6 and 8 h and increased sig-
ificantly at 12 h similar to 4 h hCG treatment. On the other hand,
lFP A levels in the P4 treated group increased significantly at 6 h
elative to the 0 h control and peaked at 12 h. At the peak of FP A
xpression in hCG treated groups, cDNA levels were approximately
0-fold higher than peak expression of cDNA in P4 treated groups.
n the other hand, FP B expression in hCG treated groups increased

ignificantly at 4–6 h and peaked at 8 h followed by a small decrease
t 12 h. FP B expression in P4 treated groups was relatively con-
tant and did not differ relative to the 0 h control except at 6 and
h where there was a very small but significant decrease in FP
expression. In contrast to FP A, FP B expression was approxi-
ately 10-fold higher in P4 treated samples than in hCG treated

amples.
.3. Expression of FP A and FP B in tissues of Xenopus laevis

The expression of FP A and FP B was examined in the eye, heart,
iver, lung, muscle, ovary and skin of X. laevis (Fig. 4C). FP A expres-
top codon) with X. tropicalis FP and human FP A and FP B. Asterisks indicate identity,
n sites. Light gray boxes indicate potential protein kinase C phosphorylation sites.
lines. Transmembrane domains are outlined and specified TM.

sion was higher in the muscle and in the skin (10- to 100-fold), than
in other tissues followed by the eye, heart, liver, and ovary. On the
other hand FP B expression was only slightly higher in the ovary
than in other tissues.

Basal level expression of FP B in the ovary was approximately
100-fold higher than that of FP A (Fig. 4C).

4. Discussion

In the present study, we described the cloning of Xenopus FP
A and B, and examined the differential expression FP A and B in
ovarian follicles during the ovulatory period. Secondly, we exam-
ined FP gene expression in the eye, heart, liver, lung, muscle, ovary
and skin. We performed in silico screening for isolation of Xenopus
FP. Sequences of previously reported FP were used as a probe. As
a result, a putative FP was rapidly identified from the X. tropicalis
genome database. Moreover, from sequence information of XtFP,
we designed gene specific primers for PCR and isolated XlFP. This
method enabled us to avoid complicated methods such as cDNA
library screening and degenerate PCR for molecular cloning [23].

Multiple sequence alignment indicates that amino acid sequences
are highly conserved (Fig. 1). Hydropathicity analysis, using the
Kyte Doolittle method, revealed seven-transmembrane domains
for FP A but only six for FP B, which is consistent with human FP B.
We found in the 3′-UTR of XlFP A, a putative polyadenylation signal
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Fig. 2. Phylogenetic tree of vertebrate FP A and B proteins. The tree was constructed
by neighbor-joining method after alignment of deduced amino acid sequences.
The scale bar indicates an evolutionally distance of 0.1 amino acid substitu-
tion per position in the sequence. The sequences were taken from the GenBank
database: human FP A and B (NP 000950.1 and NP 001034674.1); Xenopus laevis
FP A and B (ABX89594.1 and NP 001108252.1), mouse FP A (Q62053.1); sheep FP
A
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Fig. 3. Induction of maturation (A, B) and ovulation (C) by hCG and P4 treatment in
X. laevis ovarian follicles in vitro. Time-course of maturation and ovulation induc-
tion in X. laevis ovarian follicles after hCG (A) or P4 (B) treatment. Ovarian fragments
were observed by light microscopy during incubation, and categorized by the stage
of oocyte maturation: Full-grown, central germinal vesicle; GVM, germinal vesi-
cle migration; GVBD, germinal vesicle breakdown (onset of meiosis). Time-course
of ovulation induction by hCG and P4 treatment in X. laevis follicles in vitro (C).
After incubation, number of GVBD and ovulated eggs were counted under the light
microscopy, and the percentage of GVBD and ovulation were calculated. Bars repre-
(NP 001009789.1); dog FP A (AAZ53353.1); pig FP A (BAF34666.1); cattle FP A
NP 851368.1); chicken FP A (ABA42169.1); zebrafish FP predicted (XP 700529.2);
at FP A (AAL36977.1), chimpanzee FP(XP 513513.2) and horse (ABC96793.1).
ouse EP2 was used as the out-group.

ATTAAA) located 152 bp upstream from the poly(A)+ tail. In the 3′-
TR of XlFP B, putative polyadenylation signals were present at 18,
03, and 544 bp upstream from the poly(A)+ tail. Polyadenylation
nd the addition of the poly(A)+ is a key event in the formation of
ature RNA as well as enhancing transcript stability and transla-

ion [27]. XlFP A and B deduced amino acid sequences contained
he two conserved cysteine residues found in extracellular loops 1
nd 2 (XlFP A: cysteine 88 and 176, XlFP B: cysteine 107 and 185)
hich are thought to be important for stabilization of the protein

tructure [28].
Conserved proline residues which are important in the forma-

ion of the ligand binding pocket, were found in transmembrane
omains 4, 6 and 7 (XlFP A: proline 158, 253 and 291, XlFP B: proline
69 and 263) [28]. Putative N-glycosylation sites also exist in the
mino terminal of XlFP B but not A (asparagine 3 and 18), these sites
re thought to be involved in the correct targeting and cell-surface
xpression of the protein [29,30]. Also, putative protein kinase C

PKC) phosphorylation sites exist in cytoplasmic loop 2 (XlFP A:
erine 134 and threonine 138, XlFP B: serine 143 and threonine
47) and in the carboxyl-terminal (XlFP A: serine 333 and 338).
hese PKC phosphorylation sites are thought to be important for
esensitization of the receptor [31].
sent the mean values (±SEM). Bars associated with different letters or numbers differ
significantly (P < 0.05) within each graph. Asterisk indicates significant difference
between hCG and P4 treated groups at corresponding time points.

Ovulation is the rupture of the ovarian follicle at the surface
of the ovary, resulting in the release of the oocyte for subse-
quent fertilization, thus; it is a key reproduction event [32]. During
ovulation the ovarian follicle must undergo a series of highly
regulated events. The theca and granulosa cells of the ovarian fol-
licle acquire many functional traits which allow the oocytes to

undergo resumption of maturation. Moreover, follicular cells must
acquire the ability to ovulate under maturation inducting hormone
(MIH) stimulation, defined as “ovulatory competence” [20]. Ovula-
tion is a very complex phenomenon that involves gonadotropins,
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Fig. 4. Effects of hCG and P4 on FP A (A) and FP B (B) expression during the peri-
ovulatory period in X. laevis ovarian follicles and expression of FP A and B in various
tissues of X. laevis (C). (A) Expression of FP A in response to hCG or P4 treatment at
different time points. (B) Expression of FP B in response to hCG or P4 treatment at
different time points. Ovarian fragments were incubated with hCG (25 IU/�l) or P4
(5 �M) for 12 h. Cultured tissues were collected after at 0, 4, 6, 8 and 12 h incuba-
tion. (C) Expression of FP A and B in the eye, liver, lungs, heart, muscle, ovary and
skin. For all expression studies, expression was measured relative to FP A (0 h) using
t
c
g
p

s
t
i
i
(
a
(
w
l
P
o

he �CT method. Bars represent the mean values (±standard deviation). Bars asso-
iated with different letters or numbers differ significantly (P < 0.05) within each
raph. Asterisks indicate the significant differences (P < 0.05) in corresponding time
oints between hCG and P4 treatments.

teroid hormones, and also many mediators involved in inflamma-
ory processes [33–35]. Ovulation is accompanied by intrafollicular
ncreases in PGE and PGF2� as well as in FP mRNA [36]. Generally, it
s thought that the LH surge stimulates the release of progesterone
P4) in the ovarian follicle and that P4 stimulates PG production
nd then subsequent ovulation. However, in Rana dybowskii, TPA

PKC activator) was able to induce oocyte maturation and ovulation
ithout the apparent involvement of P4 [37], suggesting that ovu-

ation may be stimulated via an alternative pathway that involves
KC-induction. In our previous studies we found that in Xenopus
varian follicles, PGF2� is synthesized during the periovulatory
pid Mediators 93 (2010) 93–99

period, similar to mammals; and that PGF2� synthesis is regulated
by de novo transcription of COX-2 but not COX-1. We also found
that COXs inhibitors block P4-induced ovulation but seem to have
no inhibitory effects on hCG-induced ovulation. This suggests that
PGF2� may be necessary for P4-induced ovulation but not essen-
tial for hCG-induced ovulation, suggesting alternative pathways for
hCG and P4-induced ovulation [23].

In addition to differential regulation of PG-mediate ovulation
by hCG and P4 [23], our current study indicates that hCG and P4
regulate FP A and B in Xenopus ovarian follicles differentially as
well (Fig. 4A and B). In this study, FP B expression was much higher
than FP A in both hCG and P4 treated samples. FP B expression was
approximately 10- to 100-fold higher than FP A in the hCG treated
ovarian follicles.

However, FP B was approximately 3000- to 5000-fold higher
than FP A in P4 treated follicles. Furthermore, FP A expression
increased significantly at 4 h and peaked at 12 h in the P4 treated
group (Fig. 4A), which corresponds with the increase in ovulation
(Fig. 3C) and well as with PGF2� [23]. However, FP A expres-
sion increased drastically at 4 h in the hCG treated samples and
decreased to basal levels (0 h) by 8 h and again increased at 12 h.
FP expression was very low in all tissues examined approximately,
70- to 300,000-fold lower than that of �-actin (data not shown),
in fact, during isolation of the FP receptor, two rounds of PCR
were needed to detect amplification. Although, FP receptor iso-
forms have been identified in a variety of species, relatively little is
known in regards to the molecular and physiological actions of the
FP isoforms. Studies suggest that PGF2� acting through FP recep-
tors modulate COX-2 expression as wells as PGF2� biosynthesis
[38–40]. In human embryo kidney (HEK)-293 cells, FP B was shown
to stimulate COX-2 promoter activity via a Rho dependant signaling
pathway that is independent of protein kinase C (PKC) [38]. More-
over, through �-catenin/Tcf signaling, FP B is thought to induce a
positive feedback loop, initiating transcription of COX-2 [38]. FP
receptors are also thought to play a role in cell morphology and
transformation as well [41–43]. Pierce et al. [41] showed differen-
tial resensitization of FP A and B receptor isoforms, in which FP B
resensitizes more slowly than FP A which could be responsible for
prolonged signaling. In addition, FP isoforms have been shown to
exhibit differential regulation of second messenger signaling [44]
as well as in their abilities to activate Ca2+-dependent Cl-channels
[45]. These studies have shed some light on the functional differ-
ences between FP A and B isoforms, however, more research must
be done to elucidate how FP isoforms interact to regulate specific
physiological processes. In summary, this is the first study to report
the molecular cloning of FP receptor isoforms in a non-mammalian
species. Moreover, these results suggest that FP receptor expression
increases during the ovulatory period in Xenopus ovarian follicles.
Also, FP A and FP B synthesis is regulated differentially by proges-
terone and hCG. In addition, expression of FP A and FP B genes are
distributed differently in various tissues in Xenopus.
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