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ARTICLE INFO ABSTRACT

Background: While studying a urothelium-derived inhibitory factor in guinea pig urinary bladders we observed
considerable release of prostanoids, including PGD--like activity. The present study was carried out to identify
the prostanoids and to study their roles in modulating guinea pig urinary bladder motility.

Methods: Release of PGE, and PGD in isolated guinea pig urinary bladder preparations was analyzed by high
performance liquid chromatography (HPLC) combined with bioassay on bladder strips. Isolated urothelium-
intact (UI) or -denuded (UD) bladder strips were subjected to electrical field stimulation (EFS) and applications
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Prostaglandin D, Results: A resting release of 95 + 9 (n = 5) ng g tissue™ " h™ " PGE;-like activity and 210 + 34 (n = 4)
HPLC ng g tissue ' h~ ! PGD,-like activity was found, where PGD,-like was subject to marked spontaneous inac-
Urothelium tivation during isolation. Prostanoids release was decreased by 70-90% by the cyclo-oxygenase inhibitor
Detrusor diclofenac in Ul preparations. Urothelium removal decreased prostanoids release by more than 90%.

PGE; increased basal tone and spontaneous contractions, whereas PGD had little or no effect on these.
Exogenous PGE; enhanced and PGD, inhibited contractile responses to EFS, exogenous acetylcholine- and
ATP, whereas PGD, caused marked dose-dependent inhibition. PGE; and PGD, effects were more pro-
nounced in diclofenac-treated UD tissues.

Conclusions: PGD, and PGE, are released from guinea pig bladder urothelium and PGD, has inhibitory ef-
fects on bladder motility, mainly through a postjunctional action on smooth muscle responsiveness.
General significance: The release and inhibitory effects merit further studies in relation to normal biological

function as well as overactive bladder syndrome.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Overactive bladder (OAB) syndrome is a clinical condition with
symptoms such as urgency to void, urge incontinence, usually with
frequency and nocturia [1]. Poor understanding of the underlying mech-
anisms and incomplete knowledge of bladder motility regulation is one
reason behind ineffective treatment and management [24]. The
urothelium serves as a barrier to separate underlying tissues from
urine but it has come into focus also as a source of stimulatory and
inhibitory mediators that could modulate bladder motility [8,10].
Bladder contractile motility has been found to be activated by two
major neurotransmitters, acetylcholine and ATP, released from auto-
nomic nerves in the bladder smooth muscle where the ATP-mediated

Abbreviations: ACh, acetylcholine; EFS, electrical field stimulation; HPLC, high perfor-
mance liquid chromatography; OAB, overactive bladder syndrome; UD, urothelium-
denuded; UI, urothelium-intact; UDIF, urothelium-derived inhibitory factor

* Corresponding author at: Department of Physiology and Pharmacology, Karolinska
Institutet, 171 77 Stockholm, Sweden. Tel.: +46 8 5248 7191.
E-mail address: lars.gustafsson@ki.se (L.E. Gustafsson).

http://dx.doi.org/10.1016/j.bbagen.2014.09.010
0304-4165/© 2014 Elsevier B.V. All rights reserved.

part makes out the atropine-resistant component [8,11,25,54]. In
addition neuropeptides from sensory nerves and ATP released from
the urothelium can stimulate the bladder to contract [47,48]. The
urothelium has also been shown to decrease the action of the contractile
neuropeptide substance P [34] and this has led to investigations into
whether the urothelium might release a relaxant or inhibitory factor.
A seminal paper showed the existence of a diffusible urothelium-
derived inhibitory factor (UDIF) in pig urinary bladder by using
sandwich-type bioassay experiments [26]. Urothelium-dependent
inhibitory influences, suggestedly due to the release of UDIF, were also
observed in mouse urinary bladder by using electrophysiology [38]
and quantitative analysis of contractile responses in human urinary
bladder [12]. In addition to this, studies using co-axial close-proximity
bioassay have demonstrated the release of a non-urothelium dependent
relaxing factor in rat urinary bladder [9,21,22]. Thus, when considering
regulation of bladder motility both excitatory and inhibitory as well as
relaxing factors have to be considered as mediators.

Disturbed release of mediators within the urinary bladder wall
including the urothelium is among candidate mechanisms in OAB.
Prostanoids make up one such group that has roles in modulating the
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detrusor motility [42]. It is well established that these prostanoids are
produced locally within the bladder smooth muscle and mucosa in the
human and other species [3,5,17,29]. Their production increases under
various stimuli under pathological conditions such as bladder outlet
obstruction [35,41], spinal cord injury induced bladder overactivity
[36] and inflammation [43,50,51]. The production of prostanoids also
responds to physical stretch [18,28] and electrical field stimulation
(EFS) of urinary bladders strips in vitro [4].

Although the prostanoid effects differ slightly between different
species, prostaglandin E and F series and thromboxanes contract the
bladder strips and increase the spontaneous activities during in vitro
experiments [2,6,40,49]. In in vivo experiments, urodynamic tests
showed an increased detrusor pressure and reduced bladder capacity
after intravesical administration of prostaglandin E; [27,45,46].

In addition to the release of the prostaglandins E and F series, some
release studies also showed significant release of PGD, from chopped
or minced normal rat urinary bladder [32,52] and from guinea pig
urinary bladder after ovalbumin sensitization or dietary fat supplemen-
tation [43,52]. Whether PGD, also plays a role in regulating bladder
muscle contractility has not been reported [42]. In the present experi-
ments, initiated during a chemical search for a urothelium-derived
inhibitory factor, we wished to measure the release of biologically active
compounds from the urinary bladder and in addition to PGE, found a
significant PGD,-like release which was urothelium-derived. We
found PGD, to have a potent and powerful inhibitory modulatory effect
on guinea pig detrusor contractile responses.

2. Methods
2.1. Tissue preparation

The experiments were approved by the Stockholm North local ani-
mal ethics committee (Dnr N148/08, N178/11). All animals were used
and cared for in accordance with EEC/EU guidelines (Directive 86/609/
EEC and Directive 2010/63/EU) on the protection of animals used for
scientific purposes. Guinea pigs of either sex weighing 350 to 550 g
were anesthetized and exsanguinated. The abdominal aorta was
perfused with warm saline 30-40 mL to achieve blood-free tissues.
Two kinds of preparations were made. First, for the release experiments,
the bladder was spirally cut into 2-3 cm long strips and nylon threads
were tied to both ends. Second, for bioassay and pharmacological
studies, one single bladder dome was cut into several 8 x 2 mm strips.
These strips (6 to 8 from each animal) were tied at both ends with
thin cotton threads. In some experiments, the bladder urothelium was
removed as much as possible by fine dissection with iris scissors and
forceps under the microscope. Preparations were placed in a storage
bath for 30 min in Tyrode's solution (136.9 mM NaCl, 4.8 mM KClI,
23.8 mM NaHCOs, 0.5 mM MgCl,, 0.4 mM NaH,POy, 2.5 mM CaCl,,
and 5.5 mM glucose) aerated with 5% CO- in O,.

2.2. Superfusion and collection of the superfusate of the urinary bladder

The superfusion system consisted of a water-jacketed superfusion
chamber maintained at 37 °C. The chamber was preceded by a
thermostated 2 x 35 cm® Sep-Pak t Cyg cartridge (Waters Inc., Milford,
MA, USA) through which aerated (5% CO, in O;) Tyrode's solution was
pumped at 1.5 mL min~' by a peristaltic pump and then led onto the
urothelium-intact or urothelium-denuded tissue via a suspending
nylon ligature. This was connected to an isometric transducer (FT03,
Grass Technologies, Warwick, RI, USA), and the initial tension of the
bladder was adjusted to 10 mN. The superfusate was for 60 min collected
as 15 mL fractions in ice-cold test tubes with acetic acid (2% final) for
HPLC analysis as per section 2.3, whereafter tissue wet weight was deter-
mined at the end of each experiment. In sets of experiments, diclofenac
(10~7 M) was added to the superfusing solution in order to inhibit pros-
tanoid production, or the urothelium was removed as described above.

In these experiments samples from 3 tissues were pooled for each
assay, due to the low amount of bioactive material released.

2.3. Separation and purification of superfusate

2.3.1. Concentration and initial separation by gradient elution (**HPLC)

The collected cold superfusate was filtered through a Nylon filter
(Millex-HN 0.45 pm; Millipore) and directly applied by 7.5 mL re-
peated injections to a reversed phase HPLC column (ReproSil-Pur
Cys AQ, 150 mm x 8 mm, particle size 5 um; Dr Maisch GmbH,
Ammerbuch-Entringen, Germany) in a total of 14 injections before
each gradient HPLC run. The gradient profile was from water to 50%
methanol in 10 min, 50 to 80% methanol in 60 min and 80 to 100%
methanol in 10 min with 1% acetic acid throughout. The flow rate
was 1.6 mL min~'. The eluate was continuously monitored at
265 nm and 290 nm by two separate UV detectors in series with a
scanning diode array UV absorbance detector (Waters 991, monitor-
ing 190-500 nm at 5 s intervals). The eluate from the HPLC was col-
lected in 1.5 min fractions which were dried by overnight vacuum
centrifugation and then immediately bioassayed on bladder smooth
muscle preparations or analyzed further in a second step of HPLC.
Standards of PGE; and PGD, were analyzed in the HPLC system for
the comparison of retention times (see below).

2.3.2. Purification and isolation by isocratic reversed phase chromatography
(?™HPLC)

The second purification step was by reversed phase HPLC in
isocratic elution mode, using a Kromasil C;g column (Kromasil 100,
150 mm x 2 mm, particle size 5 um; Dr Maisch GmbH) according to
a published method [33]. The mobile phase was 36% acetonitrile
and 1% acetic acid at a flow rate of 0.45 mL min~'. UV absorbance
was monitored at 290 nm by a single wavelength detector and the
scanning Waters diode array detector. Fractions (0.5 min) were
freeze-dried overnight and then immediately bioassayed on bladder
preparations. For calculations of recovery of prostaglandins in HPLC,
external authentic standards of PGE, (20 nmol) and PGD; (5 nmol)
were either injected separately or mixed and applied together into
HPLC and subjected to the same procedures as biological samples.
Similar recoveries were obtained by the two methods of external
standards introduction.

2.4. Bioassay of superfusate fractions from the HPLC

Urothelium-denuded bladder strips were mounted vertically in
3.5 mL organ baths with one end fixed to a hook at the bottom of the
bath and the top end connected to an isometric transducer, and initial
tension was adjusted to 10 mN. EFS was applied by means of two
1 cm platinum electrodes in the walls of the organ baths (50 V, single
pulses of 0.2 ms every 30 s). Evoked contractions were recorded by a
computerized acquisition system (MP100, Biopac Systems, Goleta, CA,
USA). When stable contractions developed, diclofenac 10~% M was
given and after 15 min the tissues were washed and then diclofenac
was reapplied and was present throughout experiment. After 1 hour
freeze-dried HPLC sample fractions, dissolved in 25-50 pL of distilled
water, were applied and then PGE, and PGD, dose-response curves
for calibration were obtained. Bioactivity was quantified by interpola-
tion between the closest prostaglandin standards. In some experiments,
differential assay was performed also on guinea pig colon longitudinal
strips prepared as previously described [39].

2.5. Investigation of PGE, and PGD, bioactivities

2.5.1. Effects of PGD, and PGE, on EFS-induced contractile responses

The same type of preparations was used as in the bioassay exper-
iments, but using both urothelium-denuded and -intact tissues.
PGE; and PGD, were applied to the tissues cumulatively in half-log
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increments from 10~° M up to 3 x 10~7 M at 8-10 min intervals. Log
concentration-response curves were constructed of the percentage
comparison between control contractile responses before agonist
and at 8 min of application of each agonist concentration. The pros-
taglandin applications were either done on naive preparations or
after pretreatment with diclofenac, where a wash was performed
15 min into the treatment, followed by reintroduction of diclofenac,
to facilitate endogenous prostaglandin removal.

2.5.2. Effects of PGD, and PGE, on acetylcholine and ATP induced
contractions

Urothelium-denuded similar bladder strips as used before were
studied in the absence of EFS after pretreatment with diclofenac
(10~ % M). When tissues were stable, acetylcholine (3 x 10~% M) or
ATP (10~> M) were applied for 2.5 min and then washed out. The
procedure was repeated at 10 min intervals until contractile
responses were reproducible. Thereafter PGD, (10~8 M) or PGE,
(1078 M) were administered before the next acetylcholine or ATP
application, to compare the contractile agonist effect in the absence
and presence of PGE; and PGD», respectively.

2.6. Data analysis and chemicals

All the data are presented as mean + standard error mean (SEM).
Student's t-test was used to compare prostaglandin release and to
compare effect outcomes. A p-value less than 0.05 was considered
significant. EC50, IC50 and maximal effect values were calculated by
Prism software (GraphPad Software Inc,, La Jolla, CA, USA). Diclofenac,
acetylcholine, ATP, tetrodotoxin, acetonitrile, acetic acid and methanol
were purchased from Sigma-Aldrich. Prostaglandin E, and Prostaglan-
din D, were generous gifts from Professor Ernst Oliw, Uppsala. PGE;
and PGD, stock solutions (10~3 M) were dissolved in ethanol and
fresh further dilutions were made in water based medium by an initial
further at least 10-fold dilution, and final organ bath concentration of
ethanol was <0.03%, appropriate solvent controls having no effects on
bladder strips.

3. Results
3.1. Release of prostaglandin E, and D,

When superfusate was analyzed by reversed phase gradient HPLC
a multitude of peaks appeared as determined by UV detection and it
soon became clear that these to a large extent emanated from several
non-biological sources such as buffer salts (despite these being of
highest quality), oxygenation gas and tubings (data not shown).
The most effective way to minimize this was the inclusion of a
large preadsorbing C;g column immediately before the superfused
tissue (see Methods), and the resulting relatively quiet background
pattern from a run with a sham tissue is shown in Fig. 1 (panel A,
lower trace). When tissue superfusates were analyzed by HPLC
several additional peaks appeared, and when the HPLC fractions
were bioassayed an excitatory activity was observed (Fig. 2). The
release of excitatory activity was sensitive to cyclo-oxygenase inhi-
bition, appeared at 48 4 2 min, and was without any evident accom-
panying UV absorbing peak. The retention time for the bioactivity
coincided with that for prostaglandin E,, and was later determined
to coincide also with prostaglandin D, (Fig. 1).

Isocratic separation of major smooth muscle excitatory prostaglan-
dins is feasible in a single run [33]. We therefore subjected excitatory
fractions from the gradient elutions to this kind of separation (Fig. 1B).
Subsequent bioassay on isolated urothelium-denuded bladder tissues
revealed an excitatory activity corresponding to the retention time of
authentic PGE; (Fig. 2, lower panel, and Fig. 3), and an inhibitory activity
corresponding to the retention time of PGD, (Fig. 3). PGE; recovery after
two steps of HPLC, determined by external standard, was 36.5% while
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Fig. 1. Isolation and purification of excitatory and inhibitory prostaglandin-like bioactivity
from guinea-pig urinary bladder. (A) HPLC chromatograms with absorbance detection at
290 nm showing elution profile of on-column accumulated material applied by repeated
direct injections of guinea pig urinary bladder superfusate collected from an urothelium
intact urinary bladder (SAMPLE) and elution profile of a run with a sham tissue (BKGD).
Indicated are the retention times of standard PGE, and PGD, around 48 min under the
same elution profile. Fractions of the HPLC eluent were bioassayed on contractile
responses induced by electrical field stimulation of guinea pig urothelium-denuded
detrusor, and excitatory activity was found to elute at 47.8-49.3 min. The stationary
phase was a Cyg column (150 mm x 8 mm, 5 pm Reprosil-Pur C;5-AQ). The mobile
phase started with A) 1% acetic acid in water to B) methanol with 1% acetic acid at a
flow rate of 1.6 mL min~'. The dotted line indicates the gradient used which started at
8 min and was from 0% B to 50% B in 10 min, from 50% B to 80% B in 60 min, 80% B to
100% B in 10 min. (B) Purification and isolation by isocratic reversed phase chromatogra-
phy of excitatory activity fractions obtained at 48 min from first step HPLC as in panel A
(SAMPLE) and compared with standard PGE; and PGD, (STD) monitored at 290 nm.
The stationary phase was a Cyg column (150 mm x 2 mm, 5 um Kromasil 100). The mobile
phase was 36% acetonitrile and 1% acetic acid at a flow rate of 0.45 mL min~". Indicated
two peaks in curve STD denote the retention times of standard PGE, and PGD,, Excitatory
and inhibitory activities, detected by bioassay in guinea pig detrusor, were eluted in the
fractions as indicated in the tracing labeled SAMPLE.

the loss of PGD, amounted to almost 99%. After adjusting for recovery,
the biological productions of PGE;- and PGD,-like bioactivity from
urothelium-intact bladder tissue were 95 + 9 ng g tissue™' h™! (n =
5) and 210 + 34 ng g tissue™ ' h™! (n = 4), respectively. Removal of
the urothelium abolished 95% of PGE,-like production, reducing it to
4 ng g tissue™ ! h™ 1. PGD,-like bioactivity was by the present method
undetectable in superfusates from urothelium-denuded bladder tissue.
When superfusates from urothelium-intact bladders pretreated for 1 h
with diclofenac (10~7 M) were carried through the two HPLC separa-
tions and bioassayed, the diclofenac pretreatment abolished more
than 68% of PGE,-like and 94% of PGD,-like release, yielding 30 ng g tis-
sue”'h™!(n=3)PGE,and 12 ng g tissue "' h—! (n = 3) PGD, bioac-
tivity (Fig. 4). The data thus indicated that cyclo-oxygenase in the
urothelium was the major source of PGE;- and PGD,-like bioactivi-
ty, although a full blockade with diclofenac (10~7 M) was obviously
not obtained. The use of a higher diclofenac concentration (10~ ° M)
resulted in column overload in the first HPLC separation step.
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Fig. 2. Guinea pig isolated colon longitudinal muscle preparations. Original experimental
recordings showing bioassay of superfusates from guinea pig bladder obtained as fractions
from '*HPLC (gradient elution) and further purified by the subsequent 2"*HPLC (isocratic
elution), and for comparison effects of authentic PGE, and PGD, and external standard
PGE, (STD) which had been subjected to the same two-step purification. PGE,, PGD,,
PGE,-like and PGD;-like fractions of bladder released material all caused contractile
responses on colon muscle strips. W denotes wash.

3.2. Effects of prostaglandin E, and D, on bladder contractile responses
evoked by nerve stimulation

Electrical field stimulation induced regular contractions (Fig. 5)
which were nerve-mediated as indicated by their abolishment with
tetrodotoxin (5 x 107 M, data not shown), whereas concomitant
spontaneous activity was unaffected by tetrodotoxin. The responses to
EFS were partially cholinergic and 50 + 8% (n = 6; p < 0.01) remained
after atropine 10~° M. The tissues were studied under 4 different
conditions, urothelium-intact and -denuded, and in the absence or pres-
ence of the cyclo-oxygenase inhibitor diclofenac. In the urothelium-
intact non-pretreated tissues the spontaneous activity was most
evident, and the effects of prostaglandins were minor or sometimes
even absent (Fig. 5A). In urothelium-denuded tissues the responses to
prostaglandins became more evident, and even more so with the
combination of urothelium removal and treatment with diclofenac.
Thus, in urothelium-denuded tissues, the amplitudes of the contractile
responses were reduced by about 25% by diclofenac (107 M) and
spontaneous contractions decreased or ceased, especially if a tissue
wash was introduced and diclofenac reapplied (Fig. 5B). Prostaglandin
effects already in the nanomolar concentration range now appeared
and were more pronounced than before pretreatment (Fig. 5B).
Diclofenac 10~ M combined with wash inhibited the contractile
responses to EFS by 41 4 7% in urothelium-intact tissues (p < 0.01;
n = 8) and by 24 + 6% in urothelium-denuded tissues (p < 0.01; n =
9). With PGE, three major effects were found. First, the EFS induced
contraction amplitude was enhanced dose-dependently by PGE,.

Second, the tissue tone was increased and, third, spontaneous contrac-
tions appeared or were increased. Under the same conditions PGD,
markedly inhibited the nerve-induced contractile responses but had
no effect on tone or spontaneous contractions (Fig. 5C). Dose-response
curves were obtained (Fig. 6A and C) and when EC50 values were
calculated the pECsq for PGE; in UD + diclofenac treated tissues was
8.0 £+ 0.38 (n = 6) and for the inhibitory effect by PGD, the pICso was
7.6 + 023 (n = 8). At PGE, 3 x 1077 M and PGD, 3 x 107’ M
near-maximal effects were attained (Fig. 6).

An analysis was made for the 4 different conditions of prostaglan-
din applications by plotting the dose-response data for the different
conditions, expressing the data as percent of the EFS-induced con-
tractile response immediately before prostaglandin application
(Fig. 6 and Supporting Information Table S2). Although a seemingly
left-ward shift of the dose-response curves was obtained in
urothelium-denuded diclofenac-treated tissues this was not statisti-
cally significant and was mainly a result of an upward shift of the
dose-response curves as demonstrated by significantly increased
maximal effects (Supporting Information Table S2).

3.3. Effects of prostaglandin E, and D, on acetylcholine and ATP induced
contractions

In diclofenac-pretreated (10~ M) urothelium-denuded bladder
strips with EFS turned off, acetylcholine (3 x 10~® M) caused con-
tractions which were sustained until wash and were reproducible
when repeated (Fig. 7). Application of PGE, (10~8 M) increased the
tone and also enhanced the contractile response to exogenous ace-
tylcholine (Fig. 7, upper trace). When PGD, (108 M) was similarly
applied there was no effect on basal tone but responses to exogenous
acetylcholine were significantly inhibited (Fig. 7, lower trace and
Fig. 8A). ATP (10~> M) elicited a fast twitch-contraction in the guin-
ea pig urinary bladders treated with cyclo-oxygenase inhibitor, as
reported by others [7]. PGE, (108 M) enhanced the ATP induced
contraction while PGD, (10~% M) inhibited the ATP-induced
contractions, in similarity with their effects on the acetylcholine-
induced contractile responses (Fig. 8B).

4. Discussion

The major findings of this study were that a urothelium-dependent
release of prostaglandin like material from guinea-pig urinary bladder
was found by combining HPLC separation with bioassay, that significant
amounts of PGD,-like activity was found when further purifying an
excitatory PGE,-like bioactivity, and that PGD, unexpectedly had potent
inhibitory effects on bladder motility measured as effects on contractile
responses to EFS. The observed effects of authentic PGD, suggest that it
exerts its action mainly by a postjunctional inhibitory effect.

A major reason for performing the present studies was to investigate
whether an inhibitory factor, UDIF, could be isolated by HPLC from the
urinary bladder. The found inhibitory PGD,-like bioactivity does not
constitute the unknown bladder-derived relaxing factor nor UDIF,
since these are not blocked by cyclo-oxygenase inhibition [22,26].
However, the developed method for on-column accumulation and
gradient HPLC separation of bioactive material should be useful in
further search for UDIF. Importantly, the finding in the second HPLC
step of an inhibitory PGD,-like bioactivity hidden within an excitatory
PGE,-like activity as observed in the first gradient HPLC underpins the
need to perform bioassays in every step during purification of biologi-
cally active principles as in the search for UDIF.

When searching for bioactive principles it is very important to be
able to minimize background interference in e.g. UV detection and
other sensing methods. We were surprised to find that there were so
many sources contributing to this background, including tubes and
aeration gas. The solution we found effective, inclusion of a Cyg in-line
column cleaning the superfusion fluid immediately before the releasing
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Fig. 3. Original experiments recordings showing bioassay results of guinea pig bladder release fractions after 2"*HPLC performed in parallel on 4 guinea pig urothelium-denuded bladder
strips. All the bladder strips were pretreated with diclofenac 10~® M, and were made to contract by electrical field stimulation (EFS). After bioassay of HPLC fractions, PGE, or PGD,
cumulative dose-response curves were obtained on the same tissue. Authentic PGE, and HPLC fractions 14, f15, and f16 caused enhancement of EFS-induced contractions in bladder strips
while PGD, and HPLC fractions f17 and f18 inhibited EFS-induced contractions. W denotes wash.

tissue, we believe might be useful in general in attempts on purification
of bioactive compounds from isolated tissues.

The PGE,- and PGD,-like bioactivities found to be released from the
urinary bladder we find strong reasons to consider identified as PGE,
and PGD,. First, they co-eluted in two different HPLC separations with
authentic PGE, and PGD». Second, they had bioactivities on the urinary
bladder identical with those of authentic PGE, and PGD,. Third, in differ-
ential bioassay on guinea pig ileum and colon they behaved as PGD, and
PGE, (Fig. 2 and Supporting Information Table S1). Fourth, their release
was strongly inhibited by cyclo-oxygenase inhibition. Finally, the second
isocratic HPLC separation we performed is identical with that previously

reported for the two prostaglandins [33] where, at the expected retention
times, these prostaglandins were identified by mass-spectrometry.
When quantifying the bladder release of PGE;-like and PGD,-like
activity it was evident that there was a large loss of PGD, during the
isolation and separation process. Therefore the exact amount of release
of PGD»-like has to be interpreted with caution although we feel it
reasonable to conclude that it was at least comparable to PGE, and
safe to conclude it was derived from the urothelium (Fig. 4). Although
we did not investigate it, one possible explanation for the low recovery
of PGD; could be its spontaneous conversion by dehydration to PGJ,
metabolites which have much less smooth muscle activities [23,44].
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Fig. 4. Quantification of PGE,- and PGD,-like material released from urothelium-intact
guinea pig urinary bladders determined by bioassay of pooled HPLC fractions with
excitatory and inhibitory activity obtained after two-step purification as in Fig. 1 and
corrected for recovery of external authentic prostaglandin standards. Denoted below
x-axis is the presence and absence of urothelium and/or diclofenac treatment, respectively.
Y-axis indicates how many ng PGE, or PGD, was produced per g guinea pig urinary bladder
in 1 h. Data were acquired from three to five animals in each group. * denotes p < 0.05 by
Student's t-test. In order to increase the detection, samples in the urothelium denuded and
diclofenac treaded groups were pooled from 3 guinea pig bladders, denoted by numbers
within parentheses and therefore no error bar is shown in these two groups. N.D. indicates
not detected.

Release of PGD, from urinary bladder tissue has been reported
before. Thus, Saban et al. by GC/MS determination found a basal release
of9.8ng g~ h™' from mucosa and 0.22 ng g~ ' h™' from detrusor in
minced bladder tissues from ovalbumin sensitized guinea pigs, and
the release was in parity with the basal release of PGE, [43]. A compara-
ble release was by LC/MS found in minced bladders from safflower-
supplemented animals and the PGD,, release was increased by allergen
challenge [52]. In incubates of urothelium-denuded rat detrusor muscle
PGD; release was by radioimmunoassay found at 10-15% of that of PGE,
and to be stimulated by ATP application [32]. In comparison the present
results show a significantly higher release of prostaglandins from intact
superfused bladders, suggesting that the release is not due to tissue
damage, and that also under these conditions the urothelium is the
major source of released prostaglandins with PGD, being comparable
to PGE,. It is in agreement with a marked localization of cyclo-
oxygenase 1 to the urothelium [17] and merits further investigations
on the physiological conditions favoring PGD, release. Stretch and
several autacoids have been shown to stimulate E and F prostaglandins
release as well as thromboxane release in urinary bladders [8] and
might be considered also in the regulation of PGD, production and
release.

A major and novel finding was the inhibitory effects of PGD, on
contractile responses in the guinea pig bladder. There might be several
reasons why this effect has not been reported before. First, the effects
of PGD, were quite minor when urothelium was present. The basal
urothelium release of PGD, might desensitize the bladder smooth
muscle to low concentrations of exogenously added PGD, and the
urothelium might offer a penetration block towards the smooth muscle.
The urothelium might also release proteins, which are known to
enhance the breakdown of PGD; also in vitro [20,33,44], and therefore
might inactivate low concentrations of added PGD,. Second, PGD, at
relatively high concentrations has been reported to contract human
bladder detrusor muscle [40]. Therefore a concomitant excitatory effect
by PGD,, if present in the guinea pig bladder, might counteract the
inhibitory effect and thereby minimizing it to the extent that it might
be overlooked. This should be addressed by future studies.

A PGE2

B PGE2
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-7.5 \1/
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\1, 75
7 65

Yl

............ 5 min

'T‘W’T‘ diclofenac ‘10'6 M

Fig. 5. Original experimental recordings of PGE, and PGD; effects on isometric contractile
responses evoked by electrical field stimulation of guinea pig detrusor strips. Panel
(A) shows an urothelium-intact, non-pretreated bladder strip tracing. Panels (B) and
(C) are the recordings of urothelium-denuded diclofenac treated bladder strips, where
diclofenac 10~% M was applied to the tissues after stable contractions had developed
and as indicated by arrows below tracings. 10 min after diclofenac application the tissues
were washed and diclofenac 10~% M was reapplied and remained throughout the
experiments in panels (B) and (C). Note the inhibitory effect of diclofenac on contractile
responses. Arrows above tracings indicate the administrations of PGE, and PGD,
cumulatively in half-log increments from 10~ M up to 3 x 1077 M.

The enhancing effect by PGE, on responses to nerve activation by
electrical field stimulation as well as on responses to the exogenous
neurotransmitters ATP and acetylcholine are well in agreement with
previous studies, suggesting that the mechanism is an enhancing
effect on responsiveness to stimulation at the postjunctional effector
level [8,11,16]. The enhancing effect has been shown to involve a
depolarizing effect at the smooth muscle membrane [16]. Presently,
PGD, in addition to its inhibitory effect on contractile responses to
nerve stimulation also inhibited the responses to the neurotransmitters
acetylcholine and ATP. It can therefore be concluded that PGD, mainly
acts by a postjunctional inhibitory effect. Whether this involves changes
in membrane potential or changes in second messengers or both remain
to be studied, but PGD, has been shown to have both calcium-, cyclic
AMP- and phosphoinositide-dependent actions [53]. Additional
prejunctional effects by PGE, and PGD, cannot be excluded from the
present results.

Considerable interest has been given to the role of prostaglandins,
and especially the excitatory role of PGE; and its receptors, in bladder
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Fig. 6. Guinea pig urinary bladder strips subjected to electrical field stimulation (EFS).
Dose-response curves of (A) PGE, enhancing effect on contractile responses to EFS,
(B) PGE; effect on basal tone measured between contractile responses to EFS, and
(C) PGDy, inhibitory effect on contractile responses to EFS. Bladder strips were either
urothelium intact (UI) or urothelium denuded (UD) with or without diclofenac treatment
(1075 M). Y-axis indicates the percentage changes after PGE, and PGD, applications
compared with 100% control response to EFS induced contractions. Data were collected
from 6 to 10 individual strips from at least 4 animals and presented as mean + SEM. # de-
notes p < 0.005 and * denotes p < 0.05 for comparison of maximal response data between
the different conditions as indicated by brackets and as further described in Supporting
Information Table S2.

overactivity [5,15,37,42,45]. Blockade of at least one of these receptors
the EP; receptor, highly implicated in the biology of overactive bladder
syndrome, failed to show clinical efficacy [13]. Although inhibition of
prostaglandin synthesis has been considered as one possible treatment

PGE, 10 M

'

2.5 min
? w ? w
ACh ACh ACh
3X10°% M 3X10°% M

¥, diclofenac 10 M

PGD, 10® M

'

2.5 min
? w ? w
ACh ACh ACh
310 M 3X10° M

\\ diclofenac 10°® M

Fig. 7. Urothelium-denuded guinea pig urinary bladder strips monitored by isometric
recording of muscle responses in the absence of EFS. Original experimental recordings of
enhancing PGE, (upper trace) and inhibitory PGD, (lower trace) modulation of contractile
responses induced by repeated applications of exogenous acetylcholine (ACh) with
washings indicated by w. Tissues were pretreated with diclofenac 10~° M, repeated
after each wash.

of overactive bladder syndrome it should be noted that inhibitors of
prostaglandin formation have been reported both to modify and not
modify contractile responses of urinary bladders [7,11,14,16,19,30,31].
The current findings, that prostaglandin D, is released and may have
inhibitory effects, perhaps to a variable degree balancing the excitatory
effects of prostaglandin E,, might explain the variable reported effects of
cyclo-oxygenase inhibition and should be considered in both studies on
normal bladder biology and in overactive bladder syndrome where a
decreased formation or release of inhibitory factors ought to be evaluat-
ed as an alternative explanation for bladder overactivity. We believe
prostaglandin D, might be one such compound, deserving further stud-
ies concerning both its physiological and possible pathophysiological
roles in bladder function.

5. Conclusions

We have found that isolated normal guinea pig urinary bladders
release prostaglandin D, in significant amounts, comparable to prosta-
glandin E,. The release is urothelium-derived and is sensitive to cyclo-
oxygenase inhibitor. Prostaglandin D, can exert an inhibitory effect on
bladder contractile responses by an action mainly on the smooth
muscle. The inhibitory effect occurs in the nanomolar concentration
range and probably balances the well-known excitatory effect of endog-
enous prostaglandin E, release. Prostaglandin D, deserves further
investigations considering whether it is a major regulator of bladder
function and whether this might have pathophysiological implications
in e.g. overactive bladder syndrome.

Acknowledgements
Supported by the Lars Hierta's Memory Foundation, the Swedish

Science Council, the Swedish National Space Board, the EU FP7 INComb
and the Karolinska Institutet.



3450

N.N. Guan et al. / Biochimica et Biophysica Acta 1840 (2014) 3443-3451

S

5 300 4 N.S

o 1
o

o

R 250

s

©

S 2004

*

<

S 150

<

e

& 1004

c

o

Q.

2]

2 50

2

8 4 6
£ 0

5 ACh ACh
o

B

Contractile response to ATP (10°° M), % of control

N

o

o
)

1504

100 4

a
o
n

4 | pan

o

ATP  ATP
+ +

PGE, PGD,

10t M 10t M

Fig. 8. Summary of PGE; enhancing and PGD; inhibitory modulation of guinea-pig urothelium-denuded diclofenac treated bladder strip contractile responses induced by applications of
exogenous ACh (Panel A) and ATP (Panel B). Data were acquired from four to six animals in each group (indicated within each bar) and presented as mean 4 SEM. * and ** denote p < 0.05
and p < 0.01 by Student's t-test. N.S. denotes not significant.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2014.09.010.

References

(1]

[2

3

[4
(5]
(6]

[7

8

(9]
[10]
(1]

[12]

[13]

[14]

[15]

[16]

[17]

P. Abrams, L. Cardozo, M. Fall, D. Griffiths, P. Rosier, U. Ulmsten, et al., The
standardisation of terminology in lower urinary tract function: report from the
standardisation sub-committee of the International Continence Society, Urology
61 (1) (2003) 37-49.

P.H. Abrams, R.C. Feneley, The actions of prostaglandins on the smooth muscle of the
human urinary tract in vitro, Br. J. Urol. 47 (7) (1975) 909-915.

P.H. Abrams, J.A. Sykes, AJ. Rose, AF. Rogers, The synthesis and release of
prostaglandins by human urinary bladder muscle in vitro, Investig. Urol. 16 (5)
(1979) 346-348.

M. Alkondon, D.K. Ganguly, Release of prostaglandin E from the isolated urinary
bladder of the guinea-pig, Br. ]. Pharmacol. 69 (4) (1980) 573-577.

K.E. Andersson, Prostanoid receptor subtypes: new targets for OAB drugs? J. Urol.
182 (5) (2009) 2099-2100.

K.E. Andersson, A. Ek, C.G. Persson, Effects of prostaglandins on the isolated human
bladder and urethra, Acta Physiol. Scand. 100 (2) (1977) 165-171.

K.E. Andersson, S. Husted, C. Sjogren, Contribution of prostaglandins to the
adenosine triphosphate-induced contraction of rabbit urinary bladder, Br. .
Pharmacol. 70 (3) (1980) 443-452.

K.E. Andersson, AJ. Wein, Pharmacology of the lower urinary tract: basis for current
and future treatments of urinary incontinence, Pharmacol. Rev. 56 (4) (2004)
581-631.

T.E. Bozkurt, [. Sahin-Erdemli, Evaluation of the rat bladder-derived relaxant factor
by coaxial bioassay system, Eur. ]. Pharmacol. 495 (2-3) (2004) 193-199.

G. Burnstock, Purinergic signalling in the urinary tract in health and disease,
Purinergic Signal 10 (1) (2014) 103-155.

G. Burnstock, T. Cocks, R. Crowe, L. Kasakov, Purinergic innervation of the guinea-pig
urinary bladder, Br. J. Pharmacol. 63 (1) (1978) 125-138.

B. Chaiyaprasithi, C.F. Mang, H. Kilbinger, M. Hohenfellner, Inhibition of human
detrusor contraction by a urothelium derived factor, J. Urol. 170 (5) (2003)
1897-1900.

C.R. Chapple, P. Abrams, K.E. Andersson, P. Radziszewski, T. Masuda, M. Small,
et al., Phase II study on the efficacy and safety of the EP1 receptor antagonist
ONO-8539 for nonneurogenic overactive bladder syndrome, J. Urol. 191 (1)
(2014) 253-260.

LK. Choo, F. Mitchelson, The role of prostaglandins in the excitatory innervation of
the rat urinary bladder, Prostaglandins 13 (5) (1977) 917-926.

Y.C. Chuang, P. Tyagi, C.C. Huang, M.B. Chancellor, N. Yoshimura, Mechanisms and
urodynamic effects of a potent and selective EP4 receptor antagonist, MF191, on
cyclophosphamide and prostaglandin E2-induced bladder overactivity in rats, BJU
Int. 110 (10) (2012) 1558-1564.

K.E. Creed, S.M. Callahan, Prostaglandins and neurotransmission at the guinea pig
and rabbit urinary bladder, Pflugers Arch. 413 (3) (1989) 299-302.

R. de Jongh, S. Grol, G.A. van Koeveringe, P.E. van Kerrebroeck, J. de Vente, J.I.
Gillespie, The localization of cyclo-oxygenase immuno-reactivity (COX I-IR) to the
urothelium and to interstitial cells in the bladder wall, J. Cell. Mol. Med. 13 (9B)
(2009) 3069-3081.

[18]

J-W. Downie, M. Karmazyn, Mechanical trauma to bladder epithelium liberates
prostanoids which modulate neurotransmission in rabbit detrusor muscle, J.
Pharmacol. Exp. Ther. 230 (2) (1984) 445-449.

[19] J.W. Downie, C. Larsson, Prostaglandin involvement in contractions evoked in rabbit

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

detrusor by field stimulation and by adenosine 5'-triphosphate, Can. J. Physiol.
Pharmacol. 59 (3) (1981) 253-260.

F.A. Fitzpatrick, M.A. Wynalda, Albumin-catalyzed metabolism of prostaglandin D2.
Identification of products formed in vitro, J. Biol. Chem. 258 (19) (1983)
11713-11718.

M. Fovaeus, M. Fujiwara, E.D. Hogestitt, K. Persson, K.E. Andersson, A non-nitrergic
smooth muscle relaxant factor released from the contracting rat urinary bladder,
Acta Physiol. Scand. 162 (1) (1998) 115-116.

M. Fovaeus, M. Fujiwara, E.D. Hogestdtt, K. Persson, K.E. Andersson, A non-nitrergic
smooth muscle relaxant factor released from rat urinary bladder by muscarinic
receptor stimulation, J. Urol. 161 (2) (1999) 649-653.

M. Fukushima, T. Kato, K. Ota, Y. Arai, S. Narumiya, O. Hayaishi, 9-deoxy-delta
9-prostaglandin D2, a prostaglandin D2 derivative with potent antineoplastic and
weak smooth muscle-contracting activities, Biochem. Biophys. Res. Commun. 109
(3) (1982) 626-633.

H. Hashim, P. Abrams, Overactive bladder: an update, Curr. Opin. Urol. 17 (4) (2007)
231-236.

H. Hashitani, N.J. Bramich, G.D. Hirst, Mechanisms of excitatory neuromuscular
transmission in the guinea-pig urinary bladder, ]. Physiol. 524 (Pt 2) (2000)
565-579.

M.H. Hawthorn, C.R. Chapple, M. Cock, R. Chess-Williams, Urothelium-derived
inhibitory factor(s) influences on detrusor muscle contractility in vitro, Br. ]J.
Pharmacol. 129 (3) (2000) 416-419.

0. Ishizuka, A. Mattiasson, K.E. Andersson, Prostaglandin E2-induced bladder
hyperactivity in normal, conscious rats: involvement of tachykinins? J. Urol. 153
(6) (1995) 2034-2038.

[28] ].Y.]Jeremy, D.P. Mikhailidis, P. Dandona, The rat urinary bladder produces prostacyclin

as well as other prostaglandins, Prostaglandins Leukot. Med. 16 (2) (1984)
235-248.

[29] J.Y.Jeremy, V. Tsang, D.P. Mikhailidis, H. Rogers, RJ. Morgan, P. Dandona, Eicosanoid

[30]

[31]

[32]

[33]

[34]

[35]

[36]

synthesis by human urinary bladder mucosa: pathological implications, Br. J. Urol.
59 (1) (1987) 36-39.

A. Johns, The effect of indomethacin and substance P on the guinea pig urinary
bladder, Life Sci. 29 (17) (1981) 1803-1809.

A. Johns, D.M. Paton, Evidence for a role of prostaglandins in atropine-resistant
transmission in the mammalian urinary bladder, Prostaglandins 11 (3) (1976)
595-597.

L.N. Kasakov, M.V. Vlaskovska, Profile of prostaglandins generated in the detrusor
muscle of rat urinary bladder: effects of adenosine triphosphate and adenosine,
Eur. J. Pharmacol. 113 (3) (1985) 431-436.

T. Kunz, N. Marklund, L. Hillered, E.H. Oliw, Cyclooxygenase-2, prostaglandin
synthases, and prostaglandin H2 metabolism in traumatic brain injury in the rat, J.
Neurotrauma 19 (9) (2002) 1051-1064.

C.A. Maggi, P. Santicioli, M. Parlani, M. Astolfi, R. Patacchini, A. Meli, The presence of
mucosa reduces the contractile response of the guinea-pig urinary bladder to
substance P, J. Pharm. Pharmacol. 39 (8) (1987) 653-655.

J.M. Masick, R.M. Levin, M.A. Hass, The effect of partial outlet obstruction on
prostaglandin generation in the rabbit urinary bladder, Prostaglandins Other Lipid
Mediat. 66 (3) (2001) 211-219.

K. Masunaga, M. Yoshida, A. Inadome, H. Iwashita, K. Miyamae, S. Ueda, Prostaglandin
E2 release from isolated bladder strips in rats with spinal cord injury, Int. ]. Urol. 13 (3)
(2006) 271-276.


http://dx.doi.org/10.1016/j.bbagen.2014.09.010
http://dx.doi.org/10.1016/j.bbagen.2014.09.010
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0005
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0005
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0005
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0005
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0010
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0010
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0015
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0015
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0015
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0020
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0020
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0025
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0025
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0030
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0030
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0035
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0035
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0035
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0040
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0040
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0040
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0045
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0045
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0050
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0050
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0055
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0055
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0060
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0060
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0060
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0065
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0065
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0065
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0065
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0070
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0070
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0075
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0075
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0075
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0075
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0080
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0080
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0085
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0085
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0085
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0085
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0090
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0090
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0090
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0095
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0095
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0095
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0100
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0100
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0100
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0105
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0105
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0105
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0110
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0110
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0110
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0115
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0115
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0115
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0115
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0120
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0120
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0125
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0125
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0125
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0130
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0130
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0130
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0135
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0135
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0135
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0140
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0140
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0140
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0145
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0145
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0145
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0150
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0150
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0155
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0155
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0155
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0160
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0160
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0160
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0165
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0165
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0165
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0170
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0170
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0170
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0175
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0175
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0175
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0180
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0180
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0180

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44

[45]

N.N. Guan et al. / Biochimica et Biophysica Acta 1840 (2014) 3443-3451

G.P. McCafferty, B.A. Misajet, N.J. Laping, R.M. Edwards, K.S. Thorneloe, Enhanced
bladder capacity and reduced prostaglandin E2-mediated bladder hyperactivity in
EP3 receptor knockout mice, Am. ]. Physiol. Renal Physiol. 295 (2) (2008)
F507-F514.

E. Meng, ].S. Young, A.F. Brading, Spontaneous activity of mouse detrusor
smooth muscle and the effects of the urothelium, Neurourol. Urodyn. 27 (1)
(2008) 79-87.

C. Olgart, K. Hallén, N.P. Wiklund, H.H. Iversen, L.E. Gustafsson, Blockade of nitrergic
neuroeffector transmission in guinea-pig colon by a selective inhibitor of soluble
guanylyl cyclase, Acta Physiol. Scand. 162 (1) (1998) 89-95.

S. Palea, G. Toson, C. Pietra, D.G. Trist, W. Artibani, O. Romano, et al., Pharmacological
characterization of thromboxane and prostanoid receptors in human isolated
urinary bladder, Br. ]. Pharmacol. 124 (5) (1998) 865-872.

JM. Park, T. Yang, LJ. Arend, A.M. Smart, ].B. Schnermann, ].P. Briggs,
Cyclooxygenase-2 is expressed in bladder during fetal development and stimulated
by outlet obstruction, Am. J. Physiol. 273 (4 Pt 2) (1997) F538-F544.

M.S. Rahnama'i, P.E. van Kerrebroeck, S.G. de Wachter, G.A. van Koeveringe, The
role of prostanoids in urinary bladder physiology, Nat. Rev. Urol. 9 (5) (2012)
283-290.

R. Saban, BJ. Undem, L.M. Keith, M.R. Saban, M.W. Tengowski, F.M. Graziano, et al.,
Differential release of prostaglandins and leukotrienes by sensitized guinea pig
urinary bladder layers upon antigen challenge, J. Urol. 152 (2 Pt 1) (1994) 544-549.
J.U. Scher, M.H. Pillinger, 15d-PGJ2: the anti-inflammatory prostaglandin? Clin.
Immunol. 114 (2) (2005) 100-109.

A. Schroder, D. Newgreen, K.E. Andersson, Detrusor responses to prostaglandin E2
and bladder outlet obstruction in wild-type and Ep1 receptor knockout mice, J.
Urol. 172 (3) (2004) 1166-1170.

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

3451

B. Schiissler, Comparison of the mode of action of prostaglandin E2 (PGE2) and
sulprostone, a PGE2-derivative, on the lower urinary tract in healthy women. A
urodynamic study, Urol. Res. 18 (5) (1990) 349-352.

G. Sui, CH. Fry, B. Montgomery, M. Roberts, R. Wu, C. Wu, Purinergic and muscarinic
modulation of ATP release from the urothelium and its paracrine actions, Am. J.
Physiol. Renal Physiol. 306 (3) (2014) F286-F298.

L. Templeman, D.J. Sellers, C.R. Chapple, D.J. Rosario, D.P. Hay, R. Chess-Williams,
Investigation of neurokinin-2 and -3 receptors in the human and pig bladder, BJU
Int. 92 (7) (2003) 787-792.

S. Ueda, M. Yoshida, S. Yano, S. Mutoh, K. Ikegami, M. Sakanashi, Comparison of the
effects of primary prostaglandins on isolated human urinary bladder, J. Urol. 133 (1)
(1985) 114-116.

M.A. Wheeler, D.A. Hausladen, ]J.H. Yoon, R.M. Weiss, Prostaglandin E2 production
and cyclooxygenase-2 induction in human urinary tract infections and bladder
cancer, J. Urol. 168 (4 Pt 1) (2002) 1568-1573.

M.A. Wheeler, ].H. Yoon, L.EE. Olsson, R M. Weiss, Cyclooxygenase-2 protein and
prostaglandin E(2) production are up-regulated in a rat bladder inflammation
model, Eur. ]. Pharmacol. 417 (3) (2001) 239-248.

L.D. Whigham, A. Higbee, D.E. Bjorling, Y. Park, M.W. Pariza, M.E. Cook, Decreased
antigen-induced eicosanoid release in conjugated linoleic acid-fed guinea pigs,
Am. J. Physiol. Regul. Integr. Comp. Physiol. 282 (4) (2002) R1104-R1112.

D.F. Woodward, R.L. Jones, S. Narumiya, International Union of Basic and Clinical
Pharmacology. LXXXIII: classification of prostanoid receptors, updating 15 years of
progress, Pharmacol. Rev. 63 (3) (2011) 471-538.

N. Yoshimura, T. Ogawa, M. Miyazato, T. Kitta, A. Furuta, M.B. Chancellor, et al.,
Neural mechanisms underlying lower urinary tract dysfunction, Korean J. Urol. 55
(2) (2014) 81-90.


http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0185
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0185
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0185
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0185
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0190
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0190
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0190
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0195
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0195
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0195
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0200
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0200
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0200
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0205
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0205
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0205
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0210
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0210
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0210
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0215
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0215
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0215
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0220
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0220
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0225
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0225
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0225
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0230
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0230
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0230
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0235
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0235
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0235
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0240
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0240
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0240
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0245
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0245
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0245
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0250
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0250
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0250
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0255
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0255
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0255
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0260
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0260
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0260
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0265
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0265
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0265
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0270
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0270
http://refhub.elsevier.com/S0304-4165(14)00312-2/rf0270

	Release and inhibitory effects of prostaglandin D2 in guinea pig urinary bladder and the role of urothelium
	1. Introduction
	2. Methods
	2.1. Tissue preparation
	2.2. Superfusion and collection of the superfusate of the urinary bladder
	2.3. Separation and purification of superfusate
	2.3.1. Concentration and initial separation by gradient elution (1stHPLC)
	2.3.2. Purification and isolation by isocratic reversed phase chromatography (2ndHPLC)

	2.4. Bioassay of superfusate fractions from the HPLC
	2.5. Investigation of PGE2 and PGD2 bioactivities
	2.5.1. Effects of PGD2 and PGE2 on EFS-induced contractile responses
	2.5.2. Effects of PGD2 and PGE2 on acetylcholine and ATP induced contractions

	2.6. Data analysis and chemicals

	3. Results
	3.1. Release of prostaglandin E2 and D2
	3.2. Effects of prostaglandin E2 and D2 on bladder contractile responses evoked by nerve stimulation
	3.3. Effects of prostaglandin E2 and D2 on acetylcholine and ATP induced contractions

	4. Discussion
	5. Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References


