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BACKGROUND AND PURPOSE
We have described a urothelium-dependent release of PGD2-like activity which had inhibitory effects on the motility of guinea
pig urinary bladder. Here, we have pharmacologically characterized the receptors involved and localized the sites of PGD2

formation and of its receptors.

EXPERIMENTAL APPROACH
In the presence of selective DP and TP receptor antagonists alone or combined, PGD2 was applied to urothelium-denuded
diclofenac-treated urinary bladder strips mounted in organ baths. Antibodies against PGD2 synthase and DP1 receptors were
used with Western blots and for histochemistry.

KEY RESULTS
PGD2 inhibited nerve stimulation -induced contractions in strips of guinea pig urinary bladder with estimated pIC50 of
7.55 ± 0.15 (n = 13), an effect blocked by the DP1 receptor antagonist BW-A868C. After blockade of DP1 receptors, PGD2

enhanced the contractions, an effect abolished by the TP receptor antagonist SQ-29548. Histochemistry revealed strong
immunoreactivity for PGD synthase in the urothelium/suburothelium with strongest reaction in the suburothelium.
Immunoreactive DP1 receptors were found in the smooth muscle of the bladder wall with a dominant localization to smooth
muscle membranes.

CONCLUSIONS AND IMPLICATIONS
In guinea pig urinary bladder, the main effect of PGD2 is an inhibitory action via DP1 receptors localized to the smooth
muscle, but an excitatory effect via TP receptors can also be evoked. The urothelium with its suburothelium might signal to
the smooth muscle which is rich in PGD2 receptors of the DP1 type. The results are important for our understanding of
regulation of bladder motility.

Abbreviations
EFS, electrical field stimulation; OAB, overactive bladder syndrome; PGDS, PGD synthase
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Introduction

The PGs have been suggested as modulators of urinary
bladder motility for decades. Production of PGs locally within
the bladder smooth muscle and mucosa in human and other
species has been reported (Abrams et al., 1979; Jeremy et al.,
1987). Their production can become pathological in condi-
tions such as bladder outlet obstruction (Masick et al., 2001),
spinal cord injury-induced bladder overactivity (Masunaga
et al., 2006), inflammation (Wheeler et al., 2001), physical
stretch and nerve stimulation. It is well accepted that PG E, F
series and Tx act as stimulative modulators to contract the
bladder strips and increase the spontaneous activities during
in vitro experiments in human tissues (Andersson et al., 1977;
Palea et al., 1998). In vivo urodynamic tests showed increased
detrusor pressure and reduced bladder capacity after intra-
vesical administration of PGE2 (Ishizuka et al., 1995). Intra-
vesical administration of PGE2 or sulprostone to healthy
women resulted in reduced bladder capacity (Schüssler,
1990). There are little data concerning the effect of PGD2 and
receptors involved in the urinary bladder (Rahnama’i et al.,
2012). One human study suggested PGD2 had a low potency
to contract the normal bladder strips (Palea et al., 1998). We
recently found that PGE2 and PGD2 were released mainly
from urothelium in guinea pig urinary bladders and that
PGD2 inhibited the motility of guinea pig urinary bladder,
induced by nerve stimulation, ACh or ATP (Guan et al.,
2014).

There are nine prostanoid receptors classified as: DP1, DP2

(CRTH2), EP1, EP2, EP3, EP4, FP, IP and TP, which are prefer-
entially activated by the major prostanoids PGD2, PGE2, PGF2α

PGI2 and TxA2 (Woodward et al., 2011). In the respiratory
system, PGD2 exerts its biological effects via DP1 and DP2

receptors and can also activate TP receptors (Pettipher et al.,
2007; Larsson et al., 2011), but it is not known which recep-
tors are involved in PGD2 action in the urinary bladder.

Building on the earlier findings that PGE2 and PGD2 were
released from healthy guinea pig urinary bladder and with
the availability of selective DP receptor antagonists, we
designed the present study to answer two questions: which
receptors were involved in PGD2 modulation of bladder det-
rusor contractility and what was the location of the receptors
involved. We also wished to explore the site of formation of

PGD2 by studying the distribution of PGD synthase (PGDS).
The present study showed that, in the guinea pig, urinary
bladder, PGDS was very abundant in the suburothelium and
that PGD2 inhibited the contractile responses to electrical
field stimulation (EFS), and to ACh and ATP, probably via DP1

receptors localized in the smooth muscle. PGD2 at high con-
centration also activated TP receptors, enhancing the con-
tractile responses to EFS.

Methods

Animals
All animal care and experimental procedures complied with
the EEC/EU guidelines (Directive 86/609/EEC and Directive
2010/63/EU) on the protection of animals used for scientific
purposes and were approved by the Stockholm North animal
ethics committee (Dnr N148/08, N178/11). All efforts were
made to minimize animal suffering. Experimental procedures
involving animals are reported in accordance with the
ARRIVE guidelines (Kilkenny et al., 2010; McGrath et al.,
2010).

We used 37 albino Dunkin Hartley guinea pigs (strain
HsdDhl:DH; Harlan Laboratories, Boxmeer, The Netherlands)
of either sex weighing 350–550 g which were maintained on
a 12:12 h light/dark cycle at 20 ± 1°C and had free access to
food [Labfor K1 Special, Lantmännen Kimstad, Sweden, com-
plemented with Timothy Cubes (#F1011), Datesand Ltd,
Manchester, UK] and water in an enriched environment.

Tissue preparation for organ bath experiments
Experiments were commenced in the morning. The animals
were anaesthetized with midazolam (1 mg·kg−1) and sodium
pentobarbital (120 mg·kg−1) i.p. and exsanguinated. The
abdomen was opened by a midline incision. The urinary
bladder was separated from the urethra and ureters and
cleaned from fat and connective tissue. The trigone of the
urinary bladder was removed by identifying the location of
urethra and ureter openings. Detrusor strips (8 × 2 mm) were
then cut from the remaining bladder dome. The urothelium
was removed as much as possible by fine dissection with
scissors under the microscope, a procedure which also
removes the suburothelium (Munoz et al., 2010; Birder et al.,

Tables of Links

TARGETS

GPCRs

DP1 receptor

DP2 receptor

TP receptor

LIGANDS

BW-245C

Diclofenac

PGD2

SQ-29548

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

BJPPGD2 receptors in guinea pig urinary bladder

British Journal of Pharmacology (2015) 172 4024–4037 4025

http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=338
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=339
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=346
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=1878
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=2714
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=1881
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=1980
http://www.guidetopharmacology.org/
http://www.guidetopharmacology.org/


2012). The urothelium-free detrusor strips were then tied at
both ends with thin cotton threads and were equilibrated in
a storage bath for at least 60 min in modified Tyrode’s solu-
tion (136.9 mM NaCl, 4.8 mM KCl, 23.8 mM NaHCO3,
0.5 mM MgCl2, 0.4 mM NaH2PO4, 2.5 mM CaCl2 and 5.5 mM
glucose) and aerated with 5% CO2/95% O2.

After equilibration, urothelium-denuded bladder strips
were transferred to 2.5–6.5 mL organ baths with aerated
Tyrode’s solution. One end of the tissue was connected to an
isometric transducer and the other end to a hook at the
bottom of the bath and the resting tension of the bladder
strips was adjusted to 10 mN. Tissues were washed three times
and tension was readjusted to 10 mN and then not further
adjusted. When subsequently the resting tension was stable
for at least 15 min, preparations were electrically stimulated
by means of two platinum electrodes on the walls of the
organ baths (50 V, single pulses of 0.2 ms every 30 s). The
evoked contractions were recorded with a computerized
acquisition system (MP100; Biopac Systems, Inc., Goleta, CA,
USA). After stabilization, diclofenac (10−6 M) was added to the
bath. After 10 min incubation with diclofenac, the tissues
were then washed and diclofenac (10−6 M) was reapplied to
the bladder strips and remained throughout the experiment.
After at least another 30 min, agonists were applied to the
tissue cumulatively in half-log increments both in the pres-
ence and absence of antagonists. Tissue strips were exposed to
antagonists for at least 1 h due to the high lipophilicity and
slow onset of PG receptor antagonists.

Organ bath experimental procedures
PGD2 effects on guinea pig detrusor contractions induced by nerve
stimulation. PGD2 was applied cumulatively to the tissues in
half-log increments from 10−9 to 10−6 M. The tissue was
exposed for 8–10 min to each dose until a stable effect
was developed. The contractile response amplitude to EFS was
also measured before application of PGD2. This value was set
to be 100% (control amplitude). Log concentration–response
curves were constructed with the percentage comparison
between contractile amplitude at each concentration of PGD2

and the control amplitude.

PGD2 effects on contractions in the presence of DP and/or TP
receptor antagonists. The DP1 receptor antagonist BW-A868C
(10−10, 10−8 and 10−6 M) and the TP receptor antagonist
SQ-29548 (10−7 M) were separately applied to tissues. After
1 h incubation with antagonists, PGD2 was applied to the
tissues cumulatively in half-log increments from 10−9 to
10−6 M. In another group of experiments, the effect of
BW-A868C (10−6 M) and SQ-29548 (10−7 M) in combination
was investigated. Similar PGD2 dose–response curves from
10−9 to 10−6 M were then preformed on the detrusor strips.
The contractile response amplitude (control amplitude) was
measured 1 h after antagonist application but before PGD2

administration, and set as 100%. As studies had shown that
BW-A868C as a DP1 receptor antagonist had partial agonist
effect in, for example, dog tracheal epithelium (Liu et al.,
1996), this was also studied and compared with the DP1

receptor agonist BW-245C. To analyse the antagonist effects
of BW-A868C on the guinea pig detrusor, dose–response
curves were generated by the DP1 receptor agonist BW-245C

from 10−10 to 10−6 M cumulatively in log increments also in
the presence of BW-A868C (10−8 and 10−7 M).

Solvent effects on guinea pig detrusor contractions. All the
solvents used in dissolving the agonist and antagonist were
tested under the same condition on guinea pig detrusor strips.
The same amount of solvent used in dissolving agonist was
given cumulatively to the tissue. The final concentration of
solvent used in each organ bath was less than 0.1% ethanol.

Western blot analysis
Guinea pigs were anaesthetized as above, the abdomen was
opened and the descending aorta was perfused with 30–40 mL
warm saline to achieve blood-free tissues after which the
bladder dome was isolated as described above. Separate tissue
samples of either intact wall, urothelium with suburothelium,
or muscle were prepared. For protein extraction, each mg wet
tissue was subjected to 20 μL of lysis buffer (pH 7.6) containing
20 mM HEPES, 150 mM NaCl, 5 mM EDTA, 25 mM KF, 1 mM
sodium orthovanadate, 0.5% Triton X-100, 20% glycerol and
1% protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO,
USA). Tissue was homogenized using an Ultra-Turrax for 2 min
and then transferred to a Dounce homogenizer with contin-
ued homogenization for 4 min. Lysates were centrifuged at
13 000× g for 20 min at 4°C. Protein content of the superna-
tant was determined with the Bradford protein assay (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Up to 50 μg of protein
was loaded onto 8–16% SDS Pierce ProteinGel (Thermo Scien-
tific Inc., Waltham, MA, USA) and separated by electrophore-
sis. Proteins were transferred onto PVDF membranes using dry
blot/iBLOT according to the manufacturer’s instructions (Inv-
itrogen brand, Thermo Scientific). Membranes were blocked
for 1 h with 5% skim milk dissolved in PBS-T (PBS, 0.1% Tween
20). Membranes were probed for 1 h at room temperature with
a full-length rabbit anti-human haematopoietic PGDS anti-
body (1:200; sc-30066, Santa Cruz Biotechnology Inc, Dallas,
TX, USA), a rabbit anti-human DP1 receptor antibody (1:1000;
ab99446, Abcam, Cambridge, UK) or a mouse IgG1 anti-
human β-actin antibody (1:40 000; Sigma-Aldrich, A5441)
diluted in PBS-Tween 20 with 5% skim milk. HRP-conjugated
goat anti-rabbit (1:6000; Thermo Scientific) or goat anti-
mouse secondary antibodies (1:10 000; Thermo Scientific) and
Supersignal West Femto Chemiluminescent Substrate
(Thermo Scientific) were used to detect protein signal on
autoradiographs (Kodak X-Omat 2000 processor; Kodak, New
York, NY, USA).

Immunofluorescence and microscopy
Guinea pigs were anaesthetized and perfused as above. The
urinary bladder was isolated and cleaned from connective
tissues and then fixed by immersion in ice-cold 4% paraform-
aldehyde 0.1 M phosphate buffer fixative solution for 4 h at
4°C. After fixation, tissues were cryoprotected by incubation in
0.1 M phosphate buffer with 30% sucrose solution for 16–20 h
at 4°C. Bladder tissues were covered with Neg-50 (Thermo
Scientific) and quickly frozen in liquid nitrogen-cooled iso-
pentane and stored at −80°C. Transverse bladder dome sec-
tions were cut at 10 μm thickness using an HM 525 cryostat
(MICROM International GmbH, Walldorf, Germany). Sections
were mounted on gelatin-coated slides.
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Immunofluorescence. Cryostat sections were blocked in block-
ing buffer PBS (pH 7.2) containing 0.5% Triton X-100 and 5%
normal goat serum for 20 min at room temperature. Sections
were labelled with a rabbit anti-human haematopoietic PGDS
antibody (1:100; Santa Cruz, sc-30066), a rabbit polyclonal
antibody raised against human DP1 receptor C-terminal
(1:250; Abcam, ab99446) or a rabbit anti-human DP2 (CRTH2)
receptor antibody (1:2000; NBP1-76755, Novus Biologicals
LLC, Littleton, CO, USA) diluted in blocking buffer overnight
at 4°C. To visualize the basal membrane and neuronal cell
bodies and processes, sections were incubated for 1 h at room
temperature with a rabbit anti-laminin antibody (1:200;
Sigma-Aldrich, L9393) or a chicken anti-human PGP 9.5
(protein gene product 9.5) antibody (1:500; Abcam, ab72910)
diluted in blocking buffer. The sequential control sections
were treated with blocking buffer without primary antibody.
Sections were washed three times for 5 min in PBS followed by
application of secondary donkey anti-rabbit antibody labelled
with Alexa Fluor 568 (1:500; Invitrogen, A10042), donkey
anti-rabbit antibody labelled with Alexa Fluor 488 (1:500;
Invitrogen, A-11055) or goat anti-chicken IgY H&L labelled
with Alexa Fluor 488 (1:500; Abcam, ab150173) for 1 h at room
temperature. Fluorescein isothiocyanate-labelled phalloidin
(1:1000; Sigma-Aldrich, P5282) or a mouse Cy3-conjugated
anti-α-smooth muscle actin antibody (Sigma, C6198) for actin
visualization was applied together with secondary antibody
and nuclei were counterstained with Hoechst 33258 (1:2000;
Sigma-Aldrich, 94403). After 1 h incubation, sections were
washed for 5 min three times in PBS in the dark. The sections
were then mounted with mounting medium with anti-fading
agent (S3023; Dako Sweden AB, Stockholm, Sweden) and
covered with coverslips.

Microscopy. All immunolabelled sections were observed
under an Axioplan 2 imaging fluorescence microscope (Carl
Zeiss MicroImaging GmbH, Jena, Germany) equipped with
FITC (Chroma 41001), TRITC (Chroma 41002a) and DAPI
(Chroma #31000) filters. Sections were photographed with a
Nikon D300 digital camera (Nikon Corporation, Chiyoda,
Tokyo, Japan). The software NKRemote version 2.2 (Breeze
Systems, Camberley, Surrey, UK) was used for camera control
with 12 bit image acquisition followed by subsequent back-
ground subtraction and contrast enhancement in ImageJ
(NIH open source).

Data analysis
Agonist and antagonist characteristics were analysed using
Prism 5 (GraphPad Software Inc., La Jolla, CA, USA). Western
blots were quantitatively evaluated by the gels, plot lanes and
routine in ImageJ, and the relative amount of protein in a
tissue component was expressed in per cent of the sum of
that protein in all tissue components. All data are presented
as mean ± SEM. Student’s unpaired two-sided t-test and one-
way ANOVA were used for comparison of IC50 values and dif-
ferences between several groups.

Materials
PGD2 was a generous gift from Professor Ernst H Oliw
(Uppsala Universitet, Uppsala, Sweden). SQ-29548 was from
Cayman Chemical (Ann Arbor, MI, USA). BW-245C and

BW-A868C were from Synchem UG & Co. KG (Felsberg/
Altenburg, Germany). Stock solutions (10−3 M) of PGD2,
BW-245C, SQ-29548 and BW-A868C were made in ethanol.
Further dilutions of compounds were prepared with distilled
water before experiments. Diclofenac, propranolol and
routine chemicals were purchased from Sigma-Aldrich.

Results

PGD2 and DP1 receptor agonist mediated
inhibition of detrusor contractile responses
induced by nerve stimulation
In the guinea pig urinary bladder, PGD2 was previously shown
to inhibit the EFS-induced contractions both in the
urothelium-intact and the urothelium-denuded strips with
significantly different efficacies (Guan et al., 2014). Thus, the
effects of prostanoids and specifically PGD2 are much more
prominent in urothelium-denuded and diclofenac-treated
tissues, probably due to a high urothelium-dependent PG
release in urothelium-intact tissue (Guan et al., 2014). In order
to minimize any interfering effect by endogenous prostanoids
in our pharmacological analysis, the effects of PGD2 on con-
tractile responses evoked by EFS or by agonists were studied,
here, in urothelium-denuded guinea pig bladder strips in the
presence of diclofenac. We previously found the current mode
of stimulation to elicit contractions that are mediated by a
simultaneous ATP- and ACh-mediated neuroeffector transmis-
sion (Guan et al., 2014). As expected, these responses were
inhibited by PGD2 in a dose-dependent manner (Figure 1, top
panel). The estimated pIC50 was 7.55 ± 0.15 (n = 13) (Figure 2).
A dominant postjunctional inhibitory effect may be suggested
as contractile responses to exogenous ATP were also inhibited
by PGD2 (Supporting Information Fig. S1), in agreement with
previous observations (Guan et al., 2014). The inhibitory
action of PGD2 on EFS-induced contractile responses was not
modified by the β-adrenoceptor antagonist propranolol (Sup-
porting Information Fig. S2). Even at 10−6 M PGD2 did not fully
inhibit the contractile responses to EFS (Figure 2). The inhibi-
tory effects by PGD2 on contractile responses to EFS were
mimicked by the DP1 receptor agonist BW-245C. BW-245C was
a full agonist and was more potent than PGD2 with a pIC50 of
8.11 ± 0.07 (P < 0.02, n = 11) (Figure 3).

Antagonism of DP1 receptor-mediated
inhibition and TP receptor-mediated
excitation
The DP1 receptor antagonist BW-A868C (10−8 to 10−6 M), in
addition to a slight agonist effect of its own (Figure 3), caused
a progressive dose-dependent reversal of the PGD2 inhibitory
effect on the contractile responses to EFS, where first the
higher concentrations of PGD2 (during BW-868C 10−8 M) and
then all concentrations of PGD2 (during BW-868C 10−6 M)
now evoked an enhancing effect on the contractile responses
(Figure 1, two middle panels). In the presence of BW-868C
(10−6 M), the pEC50 for the PGD2-enhancing effect was 6.51 ±
0.30 (n = 8), which is significantly lower than for the inhibi-
tory effect of PGD2 in the absence of antagonists (P < 0.01).
The enhancement by PGD2, after blocking DP1 receptors with
BW-A868C, was antagonized by the TP receptor antagonist
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SQ-29548 (10−7 M; Figure 1 lower panel and Figure 2).
SQ-29548 (10−7 M) alone (i.e. in the absence of BW-A868C)
did not modify the effect of PGD2 (Figure 2).

BW-A868C is known to be a partial agonist at DP1 recep-
tors. The agonist profile of BW-A868C in the guinea pig
urinary bladder strips was therefore investigated. Compared
with the DP1 receptor agonist BW-245C dose–response curve,
the BW-A868C dose–response curve was shifted up and to the
right (Figure 3A). Estimating the potency of BW-A868C as
agonist yielded a pIC50 of 7.68 ± 0.28 (n = 9). The pharmaco-
logical characteristic of BW-A868C as antagonist in guinea
pig urinary bladder was investigated by performing cumula-
tive BW-245C dose–response curves in the absence and

presence of BW-A868C at different concentrations
(Figure 3B). The agonist dose–response curves were shifted to
the right by BW-A868C, yielding an apparent pA2 of 8.68 ±
0.06 (n = 6) (Figure 3B).

Solvent effects on guinea pig detrusor strip
contractions induced by EFS
In vehicle controls, solvent alone within the volume limit of
0.1% ethanol final bath concentration and administered to
tissues, at the same duration as in drug experiments, did not
modify tone or contractile responses to EFS in the guinea pig
bladder strips.

Figure 1
Experimental recordings showing PGD2 effects at indicated log M concentrations on isometric contractile responses in guinea pig urothelium-
denuded diclofenac-treated detrusor strips evoked by EFS (50 V, single pulses of 0.2 ms every 30 s). Upper panel illustrates the effect of addition
of increasing concentrations of PGD2 under control conditions. Middle two panels show the effects of PGD2 in the presence of a moderate (10−8 M)
and a relatively high (10−6 M) concentration of the DP1 receptor antagonist BW-A868C, respectively, where the higher concentration abolishes the
inhibitory effect of PGD2 and changes it into an enhancing effect. Lower panel shows that the enhancing effect by PGD2 in the presence of the
DP1 receptor antagonist BW-A868C (10−6 M) is abolished by the TP receptor antagonist SQ-29548 (10−7 M). Time between PGD2 applications
(arrows) was 8–10 min.
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Expression of haematopoietic PGDS and DP1

receptors in the guinea pig bladder
The expression of haematopoietic PGDS and DP1 receptor
protein in the guinea pig bladder was examined by Western
blot. The whole bladder dome extract, as well as the dome
detrusor muscle and dome urothelium extracts, was exposed
to anti-PGDS and anti-DP1 receptor antibodies, which were
the same antibodies used in the immunofluorescence histo-
chemistry. As shown in Figure 4A, a band between 24 and
31 kD indicating haematopoietic PGDS protein was found to
be present in guinea pig urinary bladder dome at a position
predicted from the information supplied by the manufac-
turer. The bar graph in Figure 4A shows significant differences
in PGDS protein expression between the urothelium tissue
and the detrusor muscle tissue which agrees with a strong
urothelium dependency in the release of PGD2 from the
guinea pig urinary bladder (Guan et al., 2014). In the extract
analysed in the Western blot, our method for isolating the
urothelium leads to inclusion of the suburothelium (Munoz
et al., 2010; Birder et al., 2012) which should be noted when
interpreting the immunohistochemistry data in the follow-
ing section.

The guinea pig urinary bladder dome expressed signifi-
cant amounts of DP1 receptor protein (Figure 4B). A protein
band between 40 and 50 kD was seen with the predicted size
for DP1 receptor protein. This result fits the data provided by
the manufacturer who tested the antibody on different cell
lines. The summary of DP1 receptor protein expression in the
different tissue components indicated significantly less DP1

receptor protein expressed in the urothelium compared with
that in the detrusor muscle (Figure 4B bar graph).
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Figure 2
Cumulative dose–response curves to PGD2, in the absence and pres-
ence of DP1 receptor antagonist BW-A868C and/or TP receptor
antagonist SQ-29548, on contractile responses in urothelium-
denuded diclofenac-treated guinea pig urinary bladder detrusor
strips evoked by EFS (50 V, single pulses of 0.2 ms every 30 s). Data
presented as mean ± SEM, n denotes the number of tissues, and the
number of animals used for each curve was from 4 to 6. Data for 8
of the 13 control tissues are from Guan et al. (2014).
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Figure 3
Agonism and antagonism by PGD2 analogues on contractile responses in urothelium-denuded diclofenac-treated guinea pig urinary bladder
detrusor strips evoked by EFS (50 V, single pulses of 0.2 ms every 30 s). Panel A: cumulative dose–response curves to the selective DP1 receptor
agonist BW-245C and the partial DP1 receptor agonist BW-A868C. Panel B: cumulative dose–response curves to the DP1 receptor agonist BW-245C
in the absence and presence of the DP1 receptor antagonist BW-A868C. Panel A shows that BW-A868C has agonist activity and therefore this effect
has been compensated for in panel B which shows that BW-A868C causes a rightward shift of the dose–response curve of the agonist BW-245C.
Data presented as mean ± SEM, n denotes the number of tissues, and the number of animals used for each curve was from 3 to 4.
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Distribution of haematopoietic PGDS and
DP1 receptor in the guinea pig bladder
Smooth muscle and nuclei were labelled separately by
smooth muscle actin antibody in red and Hoechst 33258
nuclear stain in blue as shown in Figure 5C and E. The
smooth muscle was relatively faintly labelled with anti-PGDS
antibody compared with urothelium/suburothelium
(Figure 5D). No staining was obtained in the secondary anti-
body control (Figure 5B) which was a sequential section of
that in Figure 5A. Staining for actin was prominent in the
detrusor muscle and also in vessels of the lamina propria
(Figure 5C), with only minor overlap with the PGDS stain
(Figure 5D). In order to identify the urothelium, basal mem-
brane staining was performed with anti-laminin in combina-
tion with nuclear stain (Figure 6). In Figure 6C, it can be seen
that a basal row of cell nuclei lines up in the urothelium just
above the basal membrane laminin stain. In comparison, the
similar lining up of nuclei allows the major PGDS stain to be
determined as localized to the suburothelium (Figure 5F).

Immunoreactive DP1 receptors were seen in several cell
types throughout the guinea pig urinary bladder, as visualized

by the red stain in Figure 7A. The urothelium basal mem-
brane was identified by the nuclear stain profile as deter-
mined in Figure 6 and is indicated by dashed lines in
Figure 7A and B, suggesting that there was only minor to
moderate staining for DP1 receptors in the urothelium and a
more pronounced staining in the suburothelium. The most
prominent staining for DP1 receptors was in the detrusor
muscle (Figure 7A and B) and in vessel smooth muscle
(Figure 7C and D). However, at higher magnification, it was
evident that urothelial cells also stained for DP1 receptors,
and that interstitial cell-like profiles in the suburothelium,
and especially their cell membranes, stained for DP1 receptors
(Figure 7E) as supported by vimentin staining (Supporting
Information Fig. S3). Very few such profiles could be seen
stained for DP1 receptors within the muscle cell layer. In the
urothelial cells (Figure 7E) and especially in the smooth
muscle (Figure 7F), the DP1 receptor localization was mainly
in the cell membrane, although intracellular staining could
also be seen. Mast cells were neither observed in the guinea
pig urinary bladder cryostat sections stained for PGDS nor
when stained for DP1 receptors.
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Figure 4
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Double labelling of DP1/DP2 receptors and
PGP 9.5 in the guinea pig bladder
Immunoreactivity to DP1 and DP2 receptors was distributed
differently among different tissues. Unlike DP1 receptors pre-
dominantly distributed in the smooth muscle cells (Figure 7
and Figure 8E), DP2 receptors were mainly distributed in the
urothelium (Supporting Information Fig. S4). DP1 and DP2

receptors were both seen distributed in the suburothelium
layer with different staining profiles (Figure 8A and Support-
ing Information Fig. S4). The distribution of nerve profiles
was visualized by using anti-PGP 9.5 antibody and only a few
profiles were seen in the suburothelium whereas several were
seen in the smooth muscle layer (Figure 8B and F, and Sup-
porting Information Fig. S4B and F). Double labelling of DP1

receptors and PGP 9.5 indicated no co-localization in the
urothelium and smooth muscle (Figure 8C and G) but, in the
suburothelium layer, the cell membranes of PGP 9.5-positive
interstitial cell-like profiles showed positive staining for DP1

receptors (Figure 8C). Double labelling of DP2 receptors and
PGP 9.5 showed co-localization in the urothelium, but not in
the suburothelium and smooth muscle (Supporting Informa-
tion Fig. S4C and G).

Discussion and conclusion

The present study shows that the neuroeffector transmission
in guinea pig urinary bladder can be modulated by a com-
bined DP1 receptor-mediated inhibitory and a TP receptor-
mediated enhancing action. According to the BPS/IUPHAR
prostanoid receptors classification, there are nine prostanoid
receptors and those preferentially activated by PGD2 are
classified as DP1 and DP2 (CRTH2) although activation of
other receptors, notably TP receptors, has also been reported
(Woodward et al., 2011). These receptors are typical
7-transmembrane GPCR, and G-protein coupling studies clas-

Figure 5
Distribution of haematopoietic PGDS in the urothelium and smooth muscle of guinea pig urinary bladder. Fluorescence immunohistochemistry
of transmural section of male guinea pig bladder dome (A–F) as indicated. Panel A: immunofluorescence with PGDS antibody (green). Panel B:
adjacent section to panel A incubated with secondary antibody only. Panel C: section in panel A showing immunofluorescence staining with
anti-α-smooth muscle actin antibody (red). Panel D: superposition of images A and C. Panel E: nuclear staining with Hoechst 33258 (H33258;
blue) in section of panel A. Panel F: superposition of images in panels A and E. Symbols legend: u denotes urothelium, lp denotes the deep part
of lamina propria, su denotes the immediate suburothelium of lamina propria, sm denotes smooth muscle, V denotes blood vessels in the lamina
propria.
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sified DP1 receptors as Gs-coupled receptors, DP2 as Gi-coupled
receptors, and TP receptors as Gq-coupled receptors. In
smooth muscle, activation of Gs-coupled receptors leads to
increase of the intracellular cAMP level, in turn activating
PKA which through phosphorylation of myosin light chain
kinase results in smooth muscle relaxation. This fits our result
that DP1 receptors had an inhibitory influence on guinea pig
urinary bladder contractility, and the presently observed
dominant localization of DP1 receptors to the smooth muscle
membranes also fits this model. TP receptors can increase the
intracellular Ca2+ level. The present enhancing effect by PGD2

on contractile responses generated after blockade of DP1

receptors was through activation of TP receptors as evidenced
by the blocking effect of the TP receptor antagonist
SQ-29548, and a likely explanation might be an action
through increased intracellular Ca2+, although other mecha-
nisms cannot be excluded (Fernandes et al., 2013). The

present dose–response data for the enhancing effect by PGD2,
in the presence of the DP1 receptor antagonist BW-A868C,
suggest that the TP receptor-mediated effect by PGD2 is
exerted at slightly lower potency, although the data have to
be interpreted with caution due to the partial agonist effect
by BW-A868C. An effect by PGD2 through TP receptors is in
agreement with ligand binding studies using CHO cells
expressing mouse prostanoid receptors, showing that PGD2

binds not only to DP, but at low potency to TP receptors
(Kiriyama et al., 1997). PGD2 exerted inhibitory effects on
contractile responses to nerve stimulation, on responses to
the neurotransmitters ACh and ATP (Guan et al., 2014), and
the inhibition of EFS-induced contractions was not modified
by non-selective β-adrenoceptor blockade. It can therefore be
concluded that PGD2 mainly acts via a postjunctional inhibi-
tory effect exerted via DP1 receptors. From the present results,
however, additional prejunctional effects by PGD2 cannot be
excluded.

The present data show that PGDS expression was found
in the urothelium and the immunohistochemistry revealed
this to be reflected by immunoreactivity in the urothelium
and especially in the suburothelium. This agrees well with
our previous data showing a strong urothelium dependence
in the release of PGD2-like bioactivity from the bladder
(Guan et al., 2014) and with our data shown here, when we
have used a method for urothelium removal which also
removes the suburothelium (Munoz et al., 2010; Birder
et al., 2012). In the urothelium-intact, non-diclofenac-
pretreated, bladder tissues, high endogenous PG concentra-
tions obscured the effects of additional application of
exogenous PGs (Guan et al., 2014). Therefore, we currently
used urothelium-denuded, diclofenac-pretreated, bladder
tissues to investigate the exogenous PGD2 modulation and
receptors involved in guinea pig bladder regulation.
Whether PGD2 may modulate human bladder motility and
a disturbed PGD2 function might have a role in overactive
bladder syndrome (OAB) merits further investigation, taking
into consideration the possibility of a high endogenous
PGD2 formation.

A previous study reported on the localization of COX-1
immunoreactivity in the guinea pig urinary bladder (de
Jongh et al., 2009). In this study, the strongest localization of
COX was in the urothelium as compared with the suburothe-
lium, and only a subset of suburothelial cells exhibited stain-
ing for COX-1. In the rabbit, the suburothelial interstitial
cells also expressed COX-2 (Collins et al., 2009). Thus, it is
possible that the substrate for PGDS might be provided by
both types of COX. Considering our observation that PGDS
was widely distributed in the suburothelial cells, and the
observation by de Jongh et al. that the basal urothelial cells
are especially rich in COX, leads to the possibility that a
transcellular metabolism is involved such that the basal
urothelial cells donate the precursor PGH2 for further metabo-
lism by the suburothelial PGDS to PGD2. Transcellular
metabolism is well known for arachidonate transformation
by lipoxygenase pathways (Marcus et al., 1987; Gronert et al.,
1999) and has previously been shown for the synthesis of
PGE2 from precursor donated by vascular endothelial cells to
tumour cells (Salvado et al., 2009). Such a mechanism in
urothelium–suburothelium interaction merits further analy-
sis in future studies, and if proven would add to the concepts

Figure 6
Fluorescence immunohistochemistry of transmural section of the
guinea pig bladder dome showing the location of urothelium basal
membrane. Panel A: staining with antibody against laminin (red).
Panel B: staining with the nuclear stain H33258 (blue). Panel C:
superposition of images in panels A and B. The label uro denotes the
faintly stained urothelial epithelium cells above the laminin-stained
basal membrane.
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of signalling between the urothelium, interstitial cells and
muscle (Fry et al., 2007; Birder et al., 2012; Birder and
Andersson, 2013).

In the present series of experiments, strong immunoreac-
tivity for DP1 receptors was found in the smooth muscle, with
a marked localization to the cell membranes. This agrees with
the inhibitory effect by PGD2 on contractile responses to EFS
and on responses to exogenous agonists (Guan et al., 2014). It
is also in agreement with the blockade by the DP1 receptor
antagonist BW-A868C. Several roles of PGs in regulating
not only smooth muscle contractility but also other cellular
functions such as interstitial cells and afferent nerves have
been considered (Collins et al., 2009; de Jongh et al., 2009;
Rahnama’i et al., 2012). Several populations of interstitial
cell-like profiles are found throughout the guinea pig bladder
wall, and are making contact with neurons (Davidson and

McCloskey, 2005). In guinea pig bladder base suburothelium
and bladder urethral junction lamina propria, a group of
vimentin-positive interstitial cell-like profiles is also posi-
tively stained for PGP 9.5 (Grol et al., 2008). The present
observations showing strong DP1 receptor immunoreactivity
on membranes of vimentin- and PGP 9.5-positive interstitial
cell-like profiles in the suburothelium (Figure 8, Supporting
Information Fig. S3) and in the urothelial cell membranes
suggest that PGD2 might be involved also in other pathways
such as in sensing functions in these cell types.

Some limitations of this study need to be addressed. This
was an in vitro experiment designed by using guinea pig
urothelium-denuded urinary bladder strips. Studies in vivo
would provide us important information about the effect of
PGD2 and receptor antagonists in the whole urinary system in
the presence of an intact urothelium. In our previous study

Figure 7
Distribution of DP1 receptors in the guinea pig urinary bladder wall. Fluorescence immunohistochemistry of transmural section of male guinea pig
bladder dome (A–F) as indicated. Panel A: immunofluorescence with DP1 receptor antibody (red). Panel B: section in panel A showing staining
with phalloidin actin stain (green). Panel C: region denoted C in panel A at higher magnification showing immunofluorescence staining of DP1

receptors in vessel wall (red). Panel D: superposition of staining for DP1 receptors (red) and actin (green) at higher magnification of region C from
panel A. Panel E: combined immunofluorescence for DP1 receptors (red) and nuclear stain with H33258 (blue) at higher magnification of region
E from panel A showing staining for DP1 receptors in urothelium and intense staining in some elongated cell profiles in the immediate
suburothelium, most likely representing interstitial cell-like profiles. Panel F: combined immunofluorescence for DP1 receptors (red) and nuclear
stain with H33258 (blue) at higher magnification of region F in a transversely cut bundle of the bladder wall smooth muscle at F from panel A
showing intense staining for DP1 receptors in the smooth muscle cell membranes. Symbols legend: dashed lines in A and B denote position of
urothelium basal membrane, sm denotes smooth muscle, uro denotes urothelium, v denotes vessels.
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(Guan et al., 2014), we concluded that PGD2 and PGE2 were
released in vitro from guinea pig urinary bladder, suggesting
that endogenous PGD2 and PGE2 might be continuously
modulating the contractility in guinea pig urinary bladder.
The dominant effect in vitro must be an enhancing effect by
PGE2 as responses are inhibited by COX inhibition (Guan
et al., 2014). Whether a concomitant inhibitory influence by
PGD2 is also at hand cannot be deduced as the DP1 antagonist

presently used is also a partial agonist, precluding its use to
antagonize endogenous PGD2. If a modulating effect by
endogenous PGD2 is involved in vivo, we would assume that,
in the guinea pig, it is an inhibitory influence as PGD2 would
be expected to have a relatively higher affinity to inhibitory
DP1 receptors compared with excitatory TP receptors. This is
supported by our finding of a higher pIC50 for PGD2 alone
compared with the lower pEC50 for the excitatory effect via

Figure 8
Distribution of DP1 receptors in the guinea pig urinary bladder wall and comparison with the distribution of the neuronal marker protein PGP 9.5.
Fluorescence immunohistochemistry of transmural section of male guinea pig bladder dome (A–H) as indicated. Panels A and E: immunofluo-
rescence with DP1 antibody (red). Panels B and F: same section, stained with antibody against PGP 9.5 (green). Panels C and G: superposition of
staining for DP1 receptors (red) and PGP 9.5 (green). Panels D and H: combined immunofluorescence for DP1 receptors (red), PGP 9.5 (green)
and nuclear stain with H33258 (blue). Arrows in panels F and G indicate nerve-like profiles stained for PGP 9.5, dashed arrow in panel C denotes
one of several interstitial cell-like profiles, uro denotes urothelium, sub-u denotes suburothelium, sm denotes smooth muscle.
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the TP receptors. The more potent inhibitory effect might
thus be counteracting the excitatory effect on the TP recep-
tors, possibly explaining why the TP antagonist did not
modify the dose–response curve for the inhibitory effect of
PGD2 (Figure 2). PGD2 is rapidly metabolized through
enzymic and non-enzymic processes (Fitzpatrick and
Wynalda, 1983; Shibata et al., 2002). Although a micromolar
range of metabolite ligand concentrations was used to gen-
erate intracellular effects, some of these metabolites might be
endogenous agonists on DP2, DP1 and TP receptors (Pettipher
et al., 2007). In the present study, the possibility that the
enhancing effect observed at relatively high concentrations
of PGD2 and exerted via TP receptors could be due to accu-
mulated PGD2 metabolites in the organ bath cannot be
excluded.

Mast cells were not observed in the guinea pig urinary
bladder sections stained for PGDS or for DP1 receptors. This
could be due to both the perfusion of the tissue with saline
and the fixative method we used in this study, as it has been
reported that formalin-fixed preparations yielded much lower
or no mast cell profiles compared with other fixative solu-
tions, both in guinea pig (Ghanem et al., 1988) and in human
tissues (Strobel et al., 1981).

In conclusion, PGD2 can exert a dual action on contractile
responses in the guinea pig detrusor muscle, with an inhibi-
tory effect at relatively low concentrations, exerted via DP1

receptors abundantly localized in the smooth muscle,
masking an excitatory effect exerted via TP receptors. The
urothelium and the suburothelium contain PGDS and there-
fore the necessary foundations for signalling from the urothe-
lium to the smooth muscle are at hand. If an inhibitory
influence by endogenous PGD2 can be demonstrated and
confirmed in human tissue, the role of PGD2 would merit
further studies, in relation to OAB and other disturbances in
bladder function.
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Figure S1 Urothelium-denuded guinea pig urinary bladder
strip monitored by isometric recording of muscle responses in
the absence of EFS. Original experimental recording of inhibi-
tory PGD2 modulation of contractile responses induced by
repeated applications of exogenous ATP with washings indi-
cated by w. Tissue pretreated with diclofenac 10−6 M, repeated
after each wash.
Figure S2 Cumulative dose–response curves to PGD2, in the
absence and presence of the β-adrenoceptor antagonist pro-
pranolol (10−6 M), on contractile responses in urothelium-
denuded diclofenac-pretreated guinea pig urinary bladder
detrusor strips evoked by electrical field stimulation (50 V,
single pulses of 0.2 ms every 30 s). Data presented as mean ±
SEM, n denotes the number of tissues, and the number of
animals used for each curve was 3.
Figure S3 Fluorescence immunohistochemistry of guinea
pig urinary bladder dome transmural sections showing the
distribution of DP1 and DP2 receptors in the bladder
urothelium/suburothelium and the co-localization of DP
receptors with vimentin-positive profiles. To visualize inter-
stitial cells, sections were incubated with a mouse monoclo-
nal anti-vimentin antibody (1:500; Sigma-Aldrich, V5255).
Panels A and D: sequential sections labelled with DP1 or DP2

antibody (green). Panels B and E: the sections in panels A and
D were also immunolabelled with vimentin antibody (red).
Panels C and F: superposition of staining for DP1 or DP2

receptors (green) and vimentin (red). Arrows in panels C and
F denote interstitial cell-like profiles, showing labelling for
DP1 receptors in the cell membrane and DP2 receptors in the
cytoplasm. Symbols legend: uro denotes urothelium, sub-u
denotes suburothelium, sm denotes a smooth muscle bundle,
L denotes lumen.
Figure S4 Distribution of DP2 receptors in the guinea pig
urinary bladder wall and comparison with the distribution of
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the neuronal marker protein PGP 9.5. Fluorescence immuno-
histochemistry of transmural section of male guinea pig
bladder dome (A–H) as indicated. Panels A and E: immuno-
fluorescence with DP2 antibody (red). Panels B and F: same
section, stained with antibody against PGP 9.5 (green). Panels
C and G: superposition of staining for DP2 receptors (red) and

PGP 9.5 (green). Panels D and H: combined immunofluores-
cence for DP1 receptors (red), PGP 9.5 (green) and nuclear
stain with H33258 (blue). Arrows in panels D and G indicate
nerve-like profiles stained for PGP 9.5, uro denotes urothe-
lium, sub-u denotes suburothelium, sm denotes smooth
muscle, L denotes lumen.

BJPPGD2 receptors in guinea pig urinary bladder

British Journal of Pharmacology (2015) 172 4024–4037 4037


