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PGF2� is the most abundant prostaglandin detected in urine;
however, its renal effects are poorly characterized. The present
study cloned aPGF-prostanoid receptor (FP) from the rabbit kidney
and determined the functional consequences of its activation.
Nuclease protection assay showed that FP mRNA expression pre-
dominates in rabbit ovary and kidney. In situhybridization revealed
that renal FP expression predominates in the cortical collecting
duct (CCD). Although FP receptor activation failed to increase
intracellular Ca2�, it potently inhibited vasopressin-stimulated
osmotic water permeability (Lp, 10�7 cm/(atm�s)) in in vitro
microperfused rabbit CCDs. Inhibition of Lp by the FP selective
agonist latanoprost was additive to inhibition of vasopressin action
by the EP selective agonist sulprostone. Inhibition of Lp by latano-
prost was completely blocked by pertussis toxin, consistent with a
Gi-coupledmechanism.Heterologous transfection of the rabbit FPr
into HEK293 cells also showed that latanoprost inhibited cAMP
generation via a pertussis toxin-sensitive mechanism but did not
increase cell Ca2�. These studies demonstrate a functional FP
receptor on the basolateral membrane of rabbit CCDs. In contrast
to the Ca2� signal transduced by other FP receptors, this renal FP
receptor signals via a PT-sensitivemechanism that is not coupled to
cell Ca2�.

Prostaglandin F2� is amajor prostaglandin excreted in urine (1) and is
known to exert potent biological effects via its G protein-coupled cell
membrane receptor designated the F-prostanoid (FP)2 receptor (2–6).
FP receptor mRNA is highly expressed along the genitourinary tract
including ovary � uterus and kidney (7–9). Recent studies in mouse
kidneys have shown that FP receptor expression is particularly abun-
dant in the distal convoluted tubules and cortical collecting duct (10).
The cellular and functional consequences of renal FP receptor activa-

tion in these renal epithelia have not been determined. Like PGE2 (11),
intravenous infusion of PGF2� causes both a natriuresis and diuresis (4);
however, because high concentrations of PGF2� can cross-activate
prostaglandin E2-EP3 receptors (12, 13), the molecular basis of PGF2�-
associated diuresis remains uncertain. The functional activity of PGE2
in the rabbit collecting duct epithelium has been elucidated through use
of the in vitro microperfused tubule (9, 14–16); however, the effect of
selective FP receptor activation in this segment has not previously been
examined. The aim of the present study was to clone the rabbit FP
receptor, determine its intrarenal distribution, and elucidate its func-
tional activity in the kidney.

MATERIALS AND METHODS

cDNA Cloning of a Full-length Rabbit FP Receptor—Total RNA was
purified from rabbit ovary using TRIzol reagent (Invitrogen), treated
with RNase-free DNase I (Promega), and reverse-transcribed to single-
stranded cDNA using Molony murine leukemia virus reverse tran-
scriptase and 2.5�Mof randomhexamers according to themanufactur-
er’s protocol (GeneAmp RNA PCR kit; PerkinElmer Life Sciences). The
synthesized cDNA was then used to amplify a portion of rabbit FP
cDNA using a pair of selective primers designed from conserved
sequences of mouse and human FP. The upstream sense primer
sequence was 5�-CTG TGC CCA CTT CTT CTA GGC-3�, and the
downstream antisense primer sequence used was 5�-GTA GAG ATT
CTT CAG GAC AGC-3�. PCRs were carried out in 10 mM Tris-HCl
(pH 8.3), 50 mM KCl, 2.5 mM MgCl2, 0.2 mM dNTPs, and 1 �M primers
at 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min for 30 cycles using a
PerkinElmer Life Sciences 2400 thermal cycler. The predicted 591-bp
fragment was ligated into pCRTM II 2.1 vector (Invitrogen) and
sequenced. BLAST andCLUSTALwere used to determine homology to
the coding region of human and mouse FP receptors.
5�-RACE and 3�-RACE were used to obtain the 5� ends of rabbit FP

cDNA using the above cloned fragment of rabbit FP. Two gene-specific
antisense primers were designed for 5�-RACE: primer 1 (5�-GCA CAA
GAA TGA AAC ACC AAG-3�) and nested primer 2 (5�-TCT ATC
TTC CCA GTC TTC AAC-3�). Two gene-specific sense primers for
3�-RACE were synthesized for obtaining the sequence downstream of
the known FP cDNA: a 3� primer (primer 3, a 21-mer, 5�-AGC AAC
ACA GAC AAG GGA GAT-3�) and a nested primer (primer 4, a
21-mer, 5�-CGC TTT TTG CTC TTC GTA TGG-3�). 1 �g of total
RNA from rabbit kidney (see above) was used as a template for the first
strand cDNA synthesis, with primer 1 (for 5�-RACE) or the adapter
primer (for 3�-RACE) and 200U SuperScriptTM II reverse transcriptase
according to the manufacturer’s description (Invitrogen). The first

* This work was supported by National Institutes of Health Grant DK37097 (to M. D. B.).
This work was also supported by the Kidney Foundation of Canada and by Canadian
Institutes Health Research Grant MT-14103 (to R. L. H.), by Major National Basic
Research Program of China Grants G2000056908, 30271521, and 303400810 (to Y. G.),
and by National Institutes of Health Grant DK46205 (to R. M. B.). The costs of publica-
tion of this article were defrayed in part by the payment of page charges. This article
must therefore be hereby marked “advertisement” in accordance with 18 U.S.C. Sec-
tion 1734 solely to indicate this fact.

1 To whom correspondence should be addressed: Div. of Nephrology and VAMC Vander-
bilt University Nashville, TN 37232. Tel.: 615-327-4751 (ext. 5492); Fax: 615-343-4704;
E-mail:: matthew.breyer@vanderbilt.edu.

2 The abbreviations used are: FP, F-prostanoid receptor; CCD, cortical collecting duct;
PGF2�, prostaglandin F2�; AVP, arginine vasopressin; RACE, rapid amplification of
cDNA ends; RT, reverse transcription; UTR, untranslated region; MES, 4-morpho-
lineethanesulfonic acid; EP3, E prostanoid receptor, subtype 3.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 280, NO. 41, pp. 35028 –35037, October 14, 2005
© 2005 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

35028 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 280 • NUMBER 41 • OCTOBER 14, 2005

 at U
N

IV
E

R
S

IT
A

 D
E

G
LI S

T
U

D
I B

A
R

I D
I, on O

ctober 15, 2009
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/


strand cDNA was purified, and amplification of the 5�-terminal and
3�-terminal cDNA sequences was performed using primer 2 (for
5�-RACE) or primer 3 and the abridged anchor primer. For 3�-RACE,
the PCRproductwas then used in a second nested PCRwith the internal
primer 4 and the abridged universal amplification primer. The PCR
conditions were as follows: 94 °C for 30 s, 58 °C for 1 min, and 72 °C for
2 min for 35 cycles. PCR products were subcloned into pCR II vector
(Invitrogen) and then sequenced.

Construction of an Expression Vector Containing a Full-length FP
cDNA—A full-length rabbit FP was obtained by RT-PCR using a pair of
primers located in the regions of 5�-UTR and 5� coding region (5�-ACG
ACA ATG TCC ATG AAC AAT TCC-3�) and 3�-UTR and 3� coding
region (5�-GTATTACTGTCCTGTTAAGCTCGG-3�). A 1,107-bp
full-length rabbit FP cDNAwas subcloned into pRC/CMV2 vector (FP/
CMV) and sequenced (Invitrogen).

Expression of Rabbit FP Receptor in HEK293 Cells—HEK293 cells
were maintained at 37 °C in humidified air containing 5.5% CO2 in
Dulbecco’s modified Eagle’s medium high glucose supplemented with
10% fetal calf serum, 100 units/ml penicillin, 100 units/ml streptomycin,
and 100 units/ml neomycin. The cells were transfected with rabbit FP
receptor tagged at the N terminus with c-Myc using Lipofectamine
2000 (Invitrogen). Clonal cell lines were selected by the addition of
medium containing 400�g/mlG418 at 48 h post-transfection. The cells
expressing Myc-tagged rabbit FP receptors were isolated by fluores-
cence-activated cell sorting using fluorescein isothiocyanate-conju-
gated anti-c-Myc antibody and cultured in G418-containing medium.

[3H]PGF2� Binding in FP-transfected HEK293 Cells—The cells were
rinsed once with ice-cold phosphate-buffered saline containing 1 mM

EDTA and lysed by scraping in lysis buffer (15mMHEPES, pH 7.6, 5mM

EDTA, 5mM EGTA, 40mM indomethacin, 2 mM phenylmethylsulfonyl
fluoride) and passage through a 21-gauge needle five times. The cell
lysate was layered on a 60% sucrose cushion and centrifuged at
150,000 � g for 1 h at 4 °C. The membrane fraction was passed through
a 26-gauge needle five times and frozen at �80 °C.

Membranes (30 �g of protein) were incubated with [3H]PGF2� (214
Ci/mmol; Amersham Biosciences) in the absence or presence of unla-
beled ligands for 1 h at 30 °C in binding buffer (10mMMES/KOH, pH 6.0,
1 mM EDTA, 10 mMMnCl2). The binding reaction was terminated by the
addition of 3 ml of ice-cold binding buffer and rapidly filtered under vac-
uum overWhatmanGF/F filters. The filters were washed three times with
3 ml of ice-cold binding buffer, dried, and counted in 4 ml of Ultima Gold
scintillation fluid (Packard Biosciences, Groningen, The Netherlands). For
saturation binding experiments, nonspecific binding was determined in
the presence of 10 mM PGF2� (Cayman). Competition binding experi-
ments were performed in the presence of 2 nM [3H]PGF2�.

Intracellular Calcium Assay—HEK-FP cells were plated on poly-D-
lysine coated 96-well blackwall clear bottomplates at a density of 80,000
cells/well and used the next day for calcium assay by the FLEX station
system (Molecular Devices, Sunnyvale, CA) according to the manufac-
turer’s instructions. Briefly, growthmediumwas removed by aspiration,
and 200 �l of Calcium-3 reagent (Molecular Devices) reconstituted in
Hanks’ buffered saline solution supplemented with 20 mM HEPES and
10�Mprobenecidwas added to eachwell. The cells were then loaded for
60 min at 37 °C. Subsequently, the plates were transferred to a FLEX
station for acquisition of fluorometric data. Twenty �l of agonists were
added in parallel wells, whereas the [Ca2�]i-sensitive fluorescence was
monitored (�ex � 485 nm, �em � 525) at 2-s intervals.

Intracellular cAMP Assay—HEK-FP cells were seeded (20,000 cells/
well) overnight in complete medium. Thirty minutes before agonist
addition, the medium was replaced with Opti-MEM I containing 500

�M isobutylmethylxanthine. The cells were preincubated with 10 �M

latanoprost (free acid) for 20min and then stimulated by 1 �M forskolin
for 5 min. [cAMP]i levels were estimated using an enzyme fragment
complementation immunoassay according to the manufacturer’s
instructions (DiscoveRx Corporation, Fremont, CA).

Activation of EP3 Receptor Signaling by Prostanoids via pCRE/
lacZ—When the rabbit EP3 receptor is transfected intoHEK293 cells, it
signals via a cyclic AMP response element (17). HEK293 cells were
plated at �50% confluence were co-transfected with 4 �g of the rabbit
EP3 splice variant 77A (17) cDNA and 4�g of pCRE/lacZ plasmid using
Lipofectamine 2000, following the manufacturer’s instructions. Six
hours after the addition of DNA-Lipofectamine complex, the medium
was aspirated and replaced with Dulbecco’s modified Eagle’s medium,
containing 10% fetal bovine serum. Twenty four hours after transfec-
tion, the cells were plated in 96-well plates at a density of 5 � 104

cells/well in 100 �l of Dulbecco’s modified Eagle’s medium, 10% fetal
bovine serum, 20 �M indomethacin containing 5 mM sodium butyrate,
and the cells were incubated an additional 16–18 h, at which point the
cells had reached confluence. Increasing concentrations of EP3 agonist
sulprostone and FP agonist latanoprost free acid were made at 2� con-
centration in 100 �l of volume to appropriately meet the final concen-
tration in serum-free OPTI-MEM medium and incubated for another
6 h. After 6 h, the medium was aspirated and gently washed once with
phosphate-buffered saline. The plates were developed using 4 mg/ml of
substrate chlorophenol red �-D-galactopyranoside and read at 570 nm
absorbance (17). The cells transfected with pRC/CMV empty vector
were treated as control for this experiment. The data were analyzed
using Prizm 4.0 and the equation: sigmoidal dose response Y � Bottom �
(Top � Bottom)/(1 � 10�(LogEC50 � X)).

Solution Hybridization/RNase Protection Assays—To determine the
tissue distribution of the FP receptor mRNA expression in rabbit, the
591 bp of rabbit FP cDNA fragment amplified as described above was
subcloned into pCRII, and a specific riboprobe was synthesized. RNase
protection assays were performed as previously described (16). Briefly,
the plasmids containing the rabbit FP (591 bp) and glyceraldehyde-3-
phosphate dehydrogenase (174 bp) were linearized, and radiolabeled
were riboprobes synthesized in vitro from 1 �g of linearized plasmids
using aMAXIscriptTM kit (Ambion) for 1 h at 37 °C in a total volume of
20 �l. The reaction buffer contained 10 mM dithiothreitol, 0.5 mM each
ATP, CTP, and GTP, 2.5 mM of UTP, and 5 �l of 800 Ci/mmol
[�-32P]UTP at 10 mCi/ml (PerkinElmer Life Sciences). Hybridization
buffer included 80% deionized formamide, 100 mM sodium citrate (pH
6.4), and 1 mM EDTA (RPA II; Ambion). Twenty �g of total RNA from
various rabbit tissues were incubated at 45°C for 12 h in hybridization
buffer with 5 � 104 cpm labeled riboprobes. Following hybridization,
ribonuclease digestion was performed (37°C for 30 min), and protected
fragments were precipitated and separated on a 6% polyacrylamide gel
at 200 V for 4 h. The gel was exposed to Kodak XAR-5 film overnight at
�80 °C with intensifying screens.

In Situ Hybridization—Kidneys from New Zealand White rabbits
were utilized. A 35S-labeled antisense riboprobe generated from the
591-bp PCR fragment of rabbit FP (see above) was hybridized to the
tissue sections and then washed as previously described (18). The slides
were dehydratedwith graded ethanol containing 300mM ammonium ace-
tate, dipped in emulsion (Ilford K5; Knutsford, Cheshire, UK) and exposed
for 4–5 days at 4 °C.After developing inKodakD-19, the slideswere coun-
terstained with hematoxylin. Photomicrographs were taken using a Zeiss
Axioskopmicroscope with either dark field or bright field optics.

FP mRNA Expression in Microdissected Nephron Segments—An
alternative usedwas tomap receptormRNAby themore sensitive tech-
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nique of RT-PCR. As a first step in this procedure, amplification of a
fragment of the rabbit FP receptor from whole kidney was performed.
Total RNA was purified using TRIzol reagent, treated with RNase-free
DNase I, and transformed to single-stranded cDNA. cDNA was ampli-
fied using FP receptor selective primers derived from homology to
human FP sequence: (nucleotides 780–2146 of the human cDNA
sequence yielding a 1365-bp product): sense, 5�-TCTTAGCCCTTG-
GTGTTTCA-3�; antisense, 5�-TGGCTCAAGGTAAAGCACCT-3�.
Tubule segments were microdissected from collagenase-digested kid-
neys prepared as previously described (19), and FP receptor was ampli-
fied by RT-PCR. PCRs contained 100 nM primers, 1 �M Mg2�, 40 nM
deoxynucleotide trisphosphates, reaction buffer, and 10 units of Pfu
Turbo® DNA polymerase (Stratagene) in a final volume of 50 �l. PCR
was performed by hot start, using 35 cycles of 95 °C for 30 s, 60 °C for
30 s, and 68 °C for 3 min. Thirty-five PCR cycles were also performed
with the rabbit glyceraldehyde-3-phosphate dehydrogenase primers
sets to normalize for RNA loading.

In Vitro Microperfusion of Collecting Ducts—Individual freehand
microdissected cortical collecting ducts were perfused in vitro as previ-
ously described (15, 20). Briefly, rabbits weighing 1.5–2.5 kg were sac-
rificed by using an intramuscular injection of ketamine (44 mg/kg) and
xylazine (11 mg/kg) for anesthesia followed by decapitation. The left
kidney was quickly removed, and 1–2-mm coronal slices were placed in
chilled dissection dishes for freehand dissection. Tubules were trans-
ferred to a thermostatically controlled chamber of 1-cm3 volume and
cannulated using concentric micropipettes. Bath solution was continu-
ously exchanged at 0.5 ml/min by infusion pump (Sage; Orion Research
Incorporated, Cambridge, MA) and was maintained at 37 °C. The com-
position of standard bath medium, dissection medium, and isotonic
perfusate were as follows: 105 mM NaCl, 25 mM NaHCO3, 10 mM

sodium acetate, 2.3 mM NaHPO4, 5 mM KCL, 1.8 mM CaCl2, 1.0 mM

MgSO4, 8.3 glucose, and 5 mM alanine (osmolality, 300 mOsmol/kg).
The composition of hypotonic perfusate was identical to that of isotonic
perfusate except for a reduction in NaCl concentration to 30mM, yield-
ing 150 mOsmol/kg, and the addition of [3H]inulin to the perfusate as a
volume marker. Both isotonic and hypotonic perfusate also contained
0.2 mg/ml Food, Drug, and Cosmetic dye No. 3 (Aniline and Chemical
Co., Chicago, IL) to detect cell damage and perfusate leakage (15, 20).

Measurement of Water Flux (Hydraulic Conductivity, Lp) in
Microperfused Tubules—Perfusate containing [3H]inulin (75 �Ci/ml)
was collected into a constriction pipette of known volume (between 90
and 130 nl) for determination of [3H]inulin counts/nl (PerkinElmer Life
Sciences). The luminal perfusion rate was maintained between 12 and
20 nl/min by adjusting the hydrostatic pressure. At this perfusion rate
osmotic equilibration between bath and lumen did not occur.
During the initial 45 min after cannulation, all of the tubules were

perfused with an isotonic solution similar to the bath. Subsequently, the
perfusate was changed the hypotonic solution. Base-line hydraulic con-
ductivity was determined following an additional 30 min of further equili-
bration from three timed collections. AVP (46 pM) was then added to the
bath, and after a 15-min equilibration period three or four additional timed
collections were performed for hydraulic conductivity (Lp ). A stable Lp was
usually observed 20–50 min after the addition of AVP. Subsequently,
latanoprost or sulprostone (0.1�M)was added (latanoprost/sulprostone�
AVP). Sixmore timed collections weremade for Lp determination. In each
period the three collectionswith thegreatest calculatedLpwere averaged to
calculate the mean Lp for this period. Data from tubules with a negative
basal Lp (reflecting an inulin leak) were discarded.

In other experiments latanoprost was added prior to the addition of
vasopressin. Three timed collections of luminal perfusate were made in

to a pipette of known volume for calculation of basal hydraulic conduc-
tivity (Lp). Subsequently, the PGF2� analogue, latanaprost-free acid (1
�M), was added to the bath, and after a 15–30-min equilibration period,
three additional timed collections weremade to determine the effects of
latanoprost on the control Lp. AVP (46 pM) was added in the continued
presence of latanoprost, and after 10 min of equilibration, six timed
collectionsweremade. The peak Lp was defined as themean of the three
largest contiguous Lp values. Peak Lp was usually observed 15–25 min
after the addition of AVP.

Calculation of Hydraulic Conductivity (Lp)—Net volume reabsorp-
tion (Jv) was calculated as: Jv � (Vi �Vo)/L, whereVi is the perfusion rate
(nl/min), Vo represents the collection rate (nl/min), and L is the tubule
length. Vo was measured directly, and Vi was calculated as: Vi � Vo

(cpmo/cpmi), where cpmo and cpmi are perfusate and collected fluid 3H
counts�min�1�nl�1, respectively. Hydraulic conductivity (Lp; 10�7cm/
(atm�s) was calculated according to Dubois et al. (21).

Lp � 	1/RTS
 � 	1/Ob

2�Ob � 	Vi � Vo
 � Oi � Vi

� ln�	Ob � Oi
 � V1/	Ob � Vo � Oi � Vi

� (Eq. 1)

where R is the gas constant, T is temperature (K), S is the CCD lumen
surface area (assumed luminal diameter of 20 �m), and Ob and Oi rep-
resent the osmolality of the bath and perfusate, respectively.

Measurement of Intracellular Calcium Concentration [Ca2�]i in Iso-
lated Perfused CCDs—Tubules were perfused in vitro as previously
described (20). Themethods were similar to those described above with
the following exceptions: 1) the bath perfusion chamber was a special
low volume (0.150 ml) chamber to allow for rapid fluid exchange and 2)
bath solution was preheated in using a heated water-jacketed line, and
flow rate was between 0.5 and 2.5 ml/min. Tubules were bathed in 2.5
�M acetoxymethyl ester of fura-2 (Molecular Probes, Eugene, OR) (22)
for 45 min at 30 °C (flow rate, 0.5 ml/min). After loading, the flow rate
was increased to 2.5ml/min, and the bath temperature was increased to
37 °C, and CCDs were equilibrated for 20–30 min. Intracellular fura-2
fluorescence intensity was measured using continuous rapidly alternat-
ing excitation (20 ms/reading) from dual monochrometers set at 340
and 380 nm, respectively (Deltascan, Photon Technology International,
New Brunswick, NJ). The monochrometer output was coupled to the
inverted microscope using a 400-nm dichroic mirror and a 100� lens
(Nikon fluor oil immersion). Fluorescent emission of light greater than
435 nm was measured by photon counting. Before loading with fura-2,
CCD autofluorescence and background light were measured; this value
was continuously subtracted from all measurements. The corrected
emission intensity ratio, using 340- and 380-nm excitation (340/380
ratio, R), was continuously recorded by a computer interface. Changes
in intracellular calcium concentration ([Ca2�]i) were estimated from
the change in the 340/380 ratios.

Reagents—AVP, EGTA, PGF2�, and PGE2 were purchased from
Sigma. 3H-Labeled inulin was purchased from PerkinElmer Life Sci-
ences. Acetoxymethyl ester of fura-2 and 4Br-A23187 were purchased
from Molecular Probes. Latanoprost, cloprostenol, fluprostenol, and
sulprostone were purchased from Cayman Chemical (Ann Arbor, MI).
Indomethacinwas purchased fromSigma. Chlorophenol red�-D-galac-
topyranoside was purchased from Roche Applied Sciences. Lipo-
fectamine 2000 and OPTI-MEM were purchased from Invitrogen.

Statistics—Student’s t tests for unpaired data were used when only
two unrelated treatment groups were compared. To determine the sta-
tistical significance of differences between more than two groups, anal-
ysis of variance and the Student-Newman-Kuel multiple comparison
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test was used. The differences of p � 0.05 were considered statistically
significant. The data are presented as the means � S.E.

RESULTS

cDNACloning of Full-length Rabbit FP Receptor—A591-bp fragment
of rabbit FP was amplified by RT-PCR from rabbit ovary using a pair of
primers designed from conserved sequences of mouse and human FP.
5�-RACE yielded a single 755-bp fragment, sharing high sequence
homology to human and mouse FP sequences. 3�-RACE yielded an

additional single 1,137-bp fragment. This product overlaps the original
591-bp PCR product by 92 bp and extended the known rabbit FP 3�
sequence by 1,045 bp. The sequence includes a termination codon,
TAA, in the open reading frame, as well as a 892-bp 3�-UTR with no
poly(A) tail or putative polyadenylation signal, suggesting there may be
an additional 3�-UTR sequence missing.
Assembly of the RT-PCR and RACE product sequences yielded a

putative full-length rabbit FP open reading frame consisting of 1,101 bp
(Fig. 1) encoding a polypeptide of 366 amino acids with an estimated

FIGURE 1. cDNA of Rabbit FP receptor. The underlined sequence represents the 591-bp fragment originally amplified from ovary and used for nuclease protection assays. The double
underlined sequence represents primers used to amplify products from kidney, used to obtain 3� coding and UTR sequence and in RT-PCR on microdissected nephron segments.
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molecular mass of 40,995 Daltons (Fig. 1). Comparison of the amino
acid sequence of rabbit FP with human and mouse homologs revealed
92.76 and 87.70% identity, respectively (Fig. 2). A NCBI Conserved
Domain Search revealed that the cloned rabbit FP sequence encodes a
protein belonging to the rhodopsin family of seven transmembrane
receptor (www.ncbi.nlm.nih.gov/Structure/cdd/).

Tissue Distribution of Rabbit FPmRNA—RNase protection assays on
mRNA harvested from different rabbit tissues (n� 3–4 for each tissue)
revealed that FP mRNA was highly expressed in the ovary as seen in
other species including sheep and humans (8, 23–26). In addition, lower
levels of FP mRNA expression were detected in the kidney with barely
detectable expression in other tissues tested including heart, liver,
spleen, lung, brain, stomach, large intestine, and aorta (Fig. 3).

Localization of FP Receptor mRNA in Rabbit Kidney—In situ hybrid-
ization confirmed that FP receptor exhibits localized expression along
the nephron in rabbit kidney (Fig. 4A). As shown in Fig. 4A, specific FP
mRNAsignalswere detected in the kidney using an antisense riboprobe,
with no signal detected using the sense riboprobe. Microscopic exami-
nation showed that expression of FP receptor mRNA was especially
abundant in TammHorsfall negative distal tubules that on high magni-
fication were determined to include cortical collecting ducts (Fig. 4C).
Expression of FP receptor was confirmed by RT-PCR of microdissected
nephron segments.

Effects of FP Receptor Agonists in Microperfused Rabbit Collecting
Ducts—Vasopressin increases osmotic water permeability of the col-
lecting duct by binding to basolateral V2 receptors, activating a Gs-
cAMP-coupled mechanism that inserts aquaporin-2 water channels in

the apicalmembrane of the collecting duct (27). PGE2 antagonizes vaso-
pressin-stimulated water absorption via both an EP3-coupled pertussis
toxin-sensitive mechanism and an EP1-coupled pertussis toxin-insen-
sitive/Ca2�-dependent mechanism (16, 28, 29). The FP protein
sequence exhibits significant sequence homology to both PGE2 EP1 and
EP3 receptors. We therefore tested whether like EP1/3 active agonists,
the FP selective agonist latanoprost (free acid form) inhibits AVP-stim-
ulated water flow.
AVP (46 pM) increased water absorption (Lp) in the microperfused

CCD roughly 30-fold, from basal levels of 9 � 2 to 325.9 � 16.8
10�7�cm/(atm�s) (n � 6). Subsequent addition of 1 �M latanoprost dra-
matically reduced AVP-stimulated water permeability to 190 � 17.6
10�7�cm/(atm�s), representing a reduction in Lp of 42% compared with
AVP-treated time controls (n � 6; Fig. 5). To examine whether latano-
prost activates a separate pathway, distinct fromEP1 and EP3 receptors,
we tested whether effects of the FP selective agonist latanoprost and the
EP1/EP3 agonist sulprostone (12, 15, 30) were additive. A combination
of maximally effective concentrations of latanoprost (1 �M) plus sulpr-
ostone (0.1 �M) inhibited AVP-stimulated water absorption by 75 �

2.5% from 325.9 � 16.8 to 73 � 9 10�7�cm/(atm�s) (n � 6; Fig. 5C). This
inhibition was significantly greater than the percentage of inhibition
achieved with supramaximal concentrations of either latanoprost alone
(10�M, 41� 3% inhibition, p� 0.001) or sulprostone alone (1�M, 47�

4% inhibition, p � 0.001; Fig. 5C). These additive effects are consistent
with latanoprost and sulprostone inhibiting vasopressin action via dis-
tinct receptors.

FIGURE 2. Alignment of predicted amino acid sequences for rabbit, human and mouse FP receptors. Putative transmembrane domains 1–7 are indicated by the solid line above
the amino acid sequence and numbered with TM followed by the appropriate Roman numeral.
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Pertussis Toxin Blocks Latanoprost Action—Rabbit CCDs were pre-
treated with pertussis toxin (500 ng/ml, 1 h, 37 °C), a selective irrevers-
ible inactivator of the inhibitory guanine nucleotide-binding regulatory
protein (Gi/Go). This protocol has been previously shown to prevent
PGE2 inhibition of AVP-induced Lp in the rabbit CCD (20). Pretreat-
ment with pertussis toxin blocked the ability of latanoprost to inhibit
vasopressin-stimulated water flow (Fig. 5B). This indicates that latano-
prost inhibits AVP action in rabbit CCD via a Gi -coupled pathway.

Effect of FP Receptor Agonists on Basal Lp in Cortical Collecting
Duct—When administered, prior to vasopressin, 1 �M latanoprost-FA
did not alter water permeability over basal value (data not shown).
Despite its lack of effect on basal water flow, latanoprost potently inhib-
ited water permeability induced by the subsequent addition of AVP to
the same CCDs to 139� 15, a value significantly less than AVP controls
at 330 � 4 (n � 6, p � 0.005). Thus the FP receptor selective agonist
latanoprost significantly inhibits AVP-stimulated Lp but does not
increase basal Lp in rabbit CCD.

Effects of FP Agonists on [Ca2�]i in Rabbit Collecting Duct—In cul-
tured cells, both PGF2� and latanoprost have been reported to signal via
increased cell calcium associatedwith inositol phosphate synthesis (31–

34). We therefore measured the effects of several FP selective agonists
on [Ca2�]i inmicroperfused rabbit CCDs. Neither latanoprost free acid,
cloprostenol, or fluprostenol significantly increased 340/380 emission
ratio above basal values; however PGE2 dramatically increased the 340/
380 ratio above base line in these same fura-2-loaded microperfused
CCDs. Although the endogenous ligand PGF2� (1 �M) also increased
340/380 ratios in rabbit CCDs, it was less potent than PGE2 (Fig. 6).
Because PGF2� can bind to and activate EP1 and EP3 receptors (12, 30),
the modest effects of PGF2� on cell calcium may be mediated by an
E-prostanoid receptor, known to be present in the collecting duct. The
present results are consistent with the possibility that selective FP acti-
vation does not increase cell calcium despite the fact that the Ca2�

signaling pathway is intact and activated by EP receptors in the same
preparation.

Signaling of the Cloned Rabbit FP in HEK Cells—To directly deter-
mine whether the cloned rabbit FP receptor couples to a Gi-depend-
ent signal rather than Ca2� in HEK293 cells as observed in microper-
fused native rabbit collecting ducts, we stably transfected HEK293
cell line with a c-Myc-tagged-rabbit FP receptor (Myc-RabFPr-HEK;
Fig. 7). Immunohistochemical localization of the c-Myc-tagged

FIGURE 3. A representative nuclease protection assay for FP receptor mRNAs in rabbit tissues. Assays repeated on different tissue samples three to four times (depending on the
tissue) yielded similar results. Relative expression levels in those tissues in which FP mRNA was detected was measured by densitometry and shown in the right-hand panel. *, p � 0.05
versus other tissues, analysis of variance.

FIGURE 4. Distribution of FP receptor mRNA in
rabbit kidney. A, autoradiogram of rabbit FP
receptor antisense 35S-UTP cRNA probe hybrid-
ized to rabbit kidney. B, autoradiogram of rabbit
FP receptor sense 35S-UTP cRNA probe hybridized
to rabbit kidney. C, high magnification field (40�
objective) of rabbit kidney section. The white
grains show regions of FP mRNA hybridization
detected by photoemulsion and dark field illumi-
nation. The sections are co-stained with the thick
ascending limb-specific anti-Tamm Horsfall anti-
body, identified by secondary staining with diami-
nobenzidine to yield the brown-orange reaction
product. D, detection of FP mRNA by RT-PCR in
microdissected rabbit nephron segments. DCT,
distal convoluted tubule; cTAL, cortical thick
ascending limb; mTAL, medullary thick ascending
limb; PT, proximal tubule; Glom, glomerulus.
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receptor demonstrates localization primarily to the cell membrane
(Fig. 7A). Specific [3H]PGF2� binding yielded a Bmax of 0.7 � 0.1
pmol/mg and a Kd of 7 � 2 nM. Competition binding studies con-
firmed that latanoprost FA is a ligand for the cloned rabbit FP recep-
tor with Ki of 0.7 � 0.3 nM (Fig. 7B), equivalent to the Ki for PGF2�

(0.7 � 0.1 nM).

Latanoprost (free acid, 1 �M) inhibited [cAMP]i generation in fors-
kolin-stimulated HEK cells. This effect was blocked by pretreatment
with pertussis toxin (500 ng/ml), demonstrating that the cloned rabbit
FP receptor couples to a Gi type G protein in HEK cells (Fig. 7).
Untransfected HEK cells showed no response to latanoprost (data
not shown).

FIGURE 5. A, effects of latanoprost free acid
(dashed line, squares, 10 �M), sulprostone (long
dashed line, triangles, 1 �M), and their combination
(inverted triangles, short and long dashed line) on
vasopressin-stimulated osmotic water permeabil-
ity (control, solid line) in the microperfused rabbit
cortical collecting duct. Periods in brackets repre-
sent values for Lp1 and Lp2 used to calculate the
data in C. *, p � 0.01 versus basal Lp; **, p � 0.01
versus AVP alone; †, p � 0.01 versus AVP versus
latanoprost or AVP alone. B, effect of pertussis
toxin (Ptx, 500 ng/ml � 90 min) pretreatment on
latanoprost (1 �M) inhibition of AVP-stimulated
water permeability in the collecting duct (dashed
line). Effect of 1 �M latanoprost on AVP action with-
out pertussis toxin pretreatment (solid line). *, p �
0.01 versus basal Lp; **, p � 0.01 versus AVP alone.
C, fractional inhibition of AVP stimulated Lp by
increasing concentrations of sulprostone and
latanoprost separately and in combination. Frac-
tional inhibition is calculated as (Lp1 � LpLp2)/Lp1

(see “Materials and Methods ” and A). *, p � 0.01
versus sulprostone alone; †, p � 0.05 versus latano-
prost alone.
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We further examinedwhether latanoprost increases intracellular cal-
cium in stable HEK293-FP transfectants. As shown in Fig. 7B, 10 �M

latanoprost (free acid) failed to increase intracellular calcium inHEK-FP
cells, whereas the calcium ionophore A23187 increased Ca2� in these
same cells. Furthermore transfection of HEK cells with the mouse EP1
receptor and treatment with an EP1 agonist 17 phenyl trinor PGE2
induced a robust calcium increase, demonstrating that a prostanoid
receptor-mediated calcium increase can be detected by this assay.
Finally, using HEK293 cells transfected with the rabbit EP3 receptor

(the 77A isoform) (17), we demonstrated that latanoprost is not a rabbit
EP3 agonist, whereas sulprostone is a full agonist (data not shown).
These findings confirm that latanoprost free acid does not signal via this
other Gi-coupled prostanoid receptor.

DISCUSSION

The present studies characterized the functional effects of FP recep-
tor activation in transfected HEK293 cells and the rabbit CCD using
latanoprost free acid, a highly selective FP agonist (35, 36). Like PGE2,
latanoprost significantly blunts vasopressin-stimulated osmotic water
permeability in the rabbit CCD; however, unlike PGE2, latanoprost does
not increase intracellular calcium in this segment (15, 20). This latter
result was unanticipated because previous studies in cultured smooth
muscle cells and fibroblasts demonstrate that FP receptor activation
increases intracellular calcium and inositol trisphosphate production
(32, 34, 37). Nevertheless, significant differences exist between the pres-
ent studies and those previous studies, including the cell type tested (e.g.
NIH3T3 fibroblasts and A7r5 vascular smooth muscle cells) and the
agonist used.
To our knowledge the present studies are the first to examine the

effects of FP agonists on cell calcium in differentiated epithelial cells.
Although FP agonists did not increase calcium, the fact that PGE2 sig-

nificantly increases [Ca2�]i in the collecting duct (via the EP1 receptor,
(15, 16)) demonstrates that the Ca2� signaling pathway is intact in the
CCD. Nevertheless it is not engaged by FP receptor activation in this
epithelium. Nor is this inactivity limited to latanoprost, because neither
fluprostenol nor cloprostenol, two distinct FP selective agonists,
increased Ca2� in the microperfused CCD. Taken together these find-
ings demonstrate that latanoprost inhibits vasopressin-stimulated
water absorption in the collecting duct via amechanism independent of
increased cell calcium.
PGE2 antagonizes vasopressin-stimulated osmotic water permeabil-

ity in the collecting duct through at least two pathways: an EP3 Gi-
linked, pertussis toxin-sensitive pathway coupled to inhibition of cAMP
generation (15, 27, 28, 38, 39) and an EP1 Ca2�/protein kinase C-cou-
pled pertussis toxin-insensitive pathway that inhibits cAMP-dependent
protein kinase mediated events (15, 16, 29). Surprisingly, rather than
coupling to increased [Ca2�]i, FP agonists appear to inhibit vasopressin
action in the CCD primarily by coupling to a pertussis toxin-sensitive
pathway. This unique coupling of the FP receptor could be a conse-
quence of the specific G proteins expressed in the collecting duct or
their relative expression levels. At present there is little known regarding
the identity of the G proteins that mediate FP receptor action. To our
knowledge there are no previous reports of FP receptor activity being
mediated via a pertussis toxin-sensitive pathway (41, 42). Of the pertus-
sis-sensitive G proteins, the collecting duct primarily expresses G�i2
and less G�i3 (43–45). Although the collecting duct also expresses
G�q/11 (46), which has been implicated in Ca2�-coupled EP1 signaling
(47), this pathway does not appear to be engaged by the FP receptor in
collecting duct.
Similar conclusions can be drawn from studies of the rabbit FP recep-

tor signaling in HEK293 cells. These studies demonstrate latanoprost
free acid is a high affinity ligand for the rabbit FP receptor with an IC50

FIGURE 6. A, representative experiment showing the effects of three different FP ligands, 1 �M latanoprost free acid, fluprostenol, and PGF2� versus the effect of PGE2 on 340/380
emission ratio in a fura-2-loaded isolated perfused rabbit CCD. B, average change from base line in 340/380 ratios following basolateral treatment of isolated perfused CCDs with
different FP agonists and PGE2. *, p � 0.01 versus base line.
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in the range of�1 nM, in agreementwith its relatively high affinity for FP
receptors in other species (35, 36). As in the native collecting duct,
latanoprost free acid inhibits forskolin-stimulated cAMP generation via
a pertussis toxin-sensitive mechanism. Despite binding to transfected
HEK293 cells and inhibition cAMP generation, latanoprost does not
increase cell calcium in these cells. Based on the present findings, the
functional profile of FP receptor in appears to be more similar to the
Gi-coupled EP3 receptor than the Ca2�-coupled EP1 receptor. Never-
theless in the rabbit collecting duct the FP pathway is distinct from the
EP pathway, with the action of latanoprost and sulprostone additively
inhibiting vasopressin action in this nephron segment.
Although the predicted amino acid sequence of the FP receptor

exhibits the greatest sequence homology to EP1 and TP receptors, it is
also quite similar to the EP3 receptor (48, 49). It is notable that the FP
and EP3 receptors are syntenic, residing in close proximity on chromo-
some 1 in humans (50) and chromosome 3 in mice (51). In addition,
multiple C-terminal splice variants exist for both FP and EP3 receptors
(52–55). This is consistentwith the possibility that FP andEP3 receptors
might have arisen as a result of duplication of a single ancestral gene. In
contrast TP and EP1 receptors are syntenic on human chromosome 19

(50).Within this syntenic pair, both receptors signal via pertussis toxin-
insensitive Ca2�-coupled pathways (20, 47). Similarly, it is not incon-
ceivable that, as for the EP3 receptor, a pertussis-sensitive signaling
mechanism comprises a major pathway downstream of FP receptor
activation (28, 56).
Despite differences in FP signaling identified in the present studies

versus previous reports, the predicted rabbit FP receptor protein is
highly homologous to FP receptors cloned from other species including
cat, human, sheep, cow, pig, rat, and mouse (57–60). The cDNA
encodes a predicted protein of 366 amino acid residues, and BLAST
analysis shows that the rabbit FP receptor is most similar to feline and
human FP receptors. Importantly these particular FP receptors have
been shown to couple to inositol phosphate turnover and increased cell
calcium (33, 61), so differences in FP receptor structure per semay not
account for the observed differences in signal transduction. Rather the
cellular context in which the FP receptor is expressedmay determine its
major downstream signaling mechanism.
As in humans and other species, nuclease protection showed that

rabbit FP receptor mRNA expression is particularly abundant in ovary
with lower expression levels in kidney (8, 25, 61). In mouse kidney FP

FIGURE 7. A, immunostain of c-Myc-tagged rabbit FP receptor in stable HEK293-FP transfectants. Green shows distribution of the c-Myc-tagged rabbit FP receptor (left panel) and its
absence in Hoechst-stained nontransfected cells (right panel). B, competition for [3H]PGF2� binding to c-Myc-RabFP HEK cells with increasing concentrations of unlabeled latanoprost
free acid (dashed line) and PGF2� (solid line, � S.E.). The inset shows saturation isotherm for specific binding [3H]PGF2� binding to c-Myc-RabFP HEK membranes. C, latanoprost-
induced inhibition of [cAMP]i. HEK-FP cells were preincubated with latanoprost 10 �M and then stimulated with 1 �M forskolin, and [cAMP]i levels were measured (see “Material and
Methods”). Where indicated, the cells were treated with 500 ng/ml pertussis toxin for 3 h before latanoprost and forskolin treatment (bars represent the means � S.E. of three
independent experiments. ***, p � 0.001, one-way analysis of variance Bonferonni post-test. D, [Ca2�]i response in HEK-FP cells. [Ca2�]i, expressed as fluorescence units, was
monitored (described under “Material and Methods”) in c-Myc-RabFP HEK cells before and after the addition of 10 �M latanoprost (free acid) or 10 �M 4Br-A23187. Mouse EP1
transfected HEK cells (mEP1-HEK) were responsive to 17-phenyl trinor PGE2 as an agonist-stimulated positive control. The data points are given as the means � S.E. (three
replicates/data point).
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receptor mRNA is particularly abundant in the distal convoluted tubule
and the initial cortical collecting duct, with little expression elsewhere
(10). In contrast to themouse, in the rabbit, renal FP receptor expression
appears to be shifted to slightly more distal segments including late
cortical and outermedullary collecting duct, butwith little expression in
microdissected distal convoluted tubule. In both rabbit kidney and
mouse (10) there are also diffuse low levels of FP mRNA in the outer
medulla that may include other less anatomically distinct structures
such as interstitial cells or vasa rectae. The effects of FP receptor acti-
vation in these cells remain uncharacterized.
Previous reports demonstrate that like PGE2 intravenous infusion of

PGF2� into rats is natriuretic and diuretic (4, 62). Because high concen-
trations of PGF2� can activate EP1 and EP3 receptors as well as FP
receptors (12, 30), the mechanisms contributing to these effects of
PGF2� remain unclear. The present findings now define the cortical
collecting duct as a distinct target for FP receptor agonists. The renal
cortex is a major source of endogenous PGF2� production (40). By
antagonizing vasopressin-stimulated water absorption in the CCD,
endogenous renal PGF2� production is likely to promote diuresis.
In summary using FP selective agonists, we have provided evidence

for a direct effect of FP receptor activation to inhibit renal epithelial
water absorption. Despite being homologous to FP receptors cloned
from other species, the signaling of the FP receptor in the rabbit collect-
ing duct differs fromother reports in that it does not couple to increased
cell calcium. Rather the major action of FP receptor activation appears
to be linked to a pertussis toxin-mediated pathway. Whether similar
calcium-independent effects of FP receptor activation also occur in
other tissues remains to be determined.
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