G
RESEARCH PAPER oremoniene

Paulo Correia-de-Sa, Laboratério
de Farmacologia e Neurobiologia

Activation of P2Y¢ receptors  ;um imino e cincis
increases the voiding e o s
frequency in anaesthetized =~ 77
rats by releasing ATP from -

h b I d d h I M urinary bladder; urothelium;

t e a e r u rOt e I u m micturition reflex; P2Y, receptor;
ATP release; UDP; acetylcholine
release; anaesthetized rat

*These authors contributed
equally to this work.

Inés Carneiro'*, M Alexandrina Timoteo'*, Isabel Silva!, Catia Vieira?,

Catarina Baldaia', Fatima Ferreirinha', Miguel Silva-Ramos'? and Received
Paulo Correia-de-Sa! 10 August 2013
Revised
Laboratério de Farmacologia e Neurobiologia/UMIB, Instituto de Ciéncias Biomédicas Abel ,10‘3 Jamtlag’ 2014
ccepte

Salazar, Universidade do Porto (ICBAS-UP), Portugal, and *Servico de Urologia, Centro
Hospitalar do Porto (CHP), Porto, Portugal

2 March 2014

BACKGROUND AND PURPOSE
Despite the abundant expression of the UDP-sensitive P2Ys receptor in urothelial cells and sub-urothelial myofibroblasts its role
in the control of bladder function is not well understood.

EXPERIMENTAL APPROACH

We compared the effects of UDP and of the selective P2Ys receptor agonist, PSB0474, on bladder urodynamics in
anaesthetized rats; the voided fluid was tested for ATP bioluminescence. The isolated urinary bladder was used for in vitro
myographic recordings and [*H]-ACh overflow experiments.

KEY RESULTS

Instillation of UDP or PSB0474 into the bladder increased the voiding frequency (VF) without affecting the amplitude (A) and
the duration (At) of bladder contractions; an effect blocked by the P2Ys receptor antagonist, MRS2578. Effects mediated by
urothelial P2Ys receptors required extrinsic neuronal circuitry as they were not detected in the isolated bladder. UDP-induced
bladder hyperactvity was also prevented by blocking P2X3 and P2Y; receptors, respectively, with A317491 and MRS2179
applied i.v.. UDP decreased [*H]-ACh release from stimulated bladder strips with urothelium, but not in its absence. Inhibitory
effects of UDP were converted into facilitation by the P2Y; receptor antagonist, MRS2179. The P2Ys receptor agonist
increased threefold ATP levels in the voided fluid.

CONCLUSIONS AND IMPLICATIONS

Activation of P2Ys receptors increased the voiding frequency indirectly by releasing ATP from the urothelium and activation of
P2X3 receptors on sub-urothelial nerve afferents. Bladder hyperactivity may be partly reversed following ATP hydrolysis to ADP
by E-NTPDases, thereby decreasing ACh release from cholinergic nerves expressing P2Y; receptors.

Abbreviations
EFS, electrical field stimulation; E-NTPDases, ecto-nucleoside triphosphate diphosphohydrolases; NF160, neurofilament
160; TTX, tetrodotoxin; VAChT, vesicular ACh transporter
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Introduction

Purinergic transmission has increasingly been accepted as
having an important modulatory role in many aspects of
bladder function. There is good evidence that the primary
source of ATP in the bladder is the urothelium (Ferguson et al.,
1997; Kumar et al., 2004). This nucleotide exerts its effects
predominantly through the activation of P2 purinoceptors
located in the detrusor smooth muscle (P2X1) and
in sub-urothelial pelvic nerve afferents (P2X3) that are
involved in the micturition reflex triggered by bladder filling
(Burnstock, 1999; Cockayne et al., 2000; Ito et al., 2008; recep-
tor nomenclature follows Alexander et al., 2013a). Thus, intra-
vesical ATP decreases bladder capacity and micturition
volume in a concentration-dependent manner, with limited
effects on detrusor tension (Pandita and Andersson, 2002).
ATP stimulation of micturition may be partly counteracted by
its catabolism, by ecto-nucleoside triphosphate diphosphohy-
drolases (E-NTPDases) of the urinary bladder, into ADP, which
could then act through inhibitory P2Y,; receptors on cholin-
ergic nerve endings in the human bladder (Silva et al., 2011;
nomenclature see Alexander et al., 2013b). Recently, evidence
has emerged supporting a role for sub-urothelial myofibro-
blasts in detrusor contraction, which also express P2X and
P2Y purinoceptors (Fry and Rossen, 2007; Fry et al., 2007).

Deregulation of purinergic signalling through the abnor-
mal production and release of ATP or altered expression of
various P2 purinoceptors is a common feature of many uro-
logical diseases (Ruggieri, 2006; Fry and Rossen, 2007). Sub-
stantial amounts of ATP are released from urothelial cells in
response to mechanical stretch, inflammatory mediators and
chemical irritation (see Ferguson etfal.,, 1997; Vlaskovska
et al., 2001; Wang et al., 2005). Increase in the purinergic tone
of the bladder has been associated with interstitial cystitis,
detrusor overactivity, outlet obstruction, inflammation, neu-
rogenic bladder, spinal cord lesions and ageing. Our group
has provided evidence that urinary ATP may be a dynamic
biomarker of detrusor activity in women with overactive
bladder syndrome (Silva-Ramos etal.,, 2013). There is,
however, very limited understanding of the molecular
mechanisms involved in purinergic signalling changes under-
lying these pathologies, limiting the efficacy of treatment
options.

In contrast to the compelling evidence for the extracellu-
lar signalling role of ATP, the hypothesis that uracil nucleo-
tides may also fulfil an autocrine/paracrine role has only
recently gained experimental support. Previous studies
showed that rat urothelial cells express P2Y, (and to a lesser
extent P2Y,) receptors recognizing UTP as the most potent
agonist, which upon activation lead to the release of ATP
(Chopra et al., 2008). On the other hand, UDP-sensitive P2Y,
receptors have been involved in the generation of large spon-
taneous contractions and propagating waves of intracellular
Ca®* and membrane depolarization originating in sub-
urothelial myofibroblasts and spreading to the detrusor
smooth muscle, in rats submitted to spinal cord transection
(Fry et al., 2012). Furthermore, Yu ef al. (2013) using myo-
graphic recordings demonstrated that UDP, acting on P2Ye
receptors, interplays with P2X1 receptors in a synergistic
manner to increase bladder smooth muscle tone. Despite the
signalling effects of P2Ys receptors in sub-urothelial myofi-
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broblasts and detrusor smooth muscle fibres, we were
intrigued by the observation that P2Ys receptors are most
abundantly expressed in urothelial cells with discrete label-
ling in the sub-urothelial layer (see immunostaining in Sui
et al., 2006), but no data have been produced to date regard-
ing its role in the urothelium, to control bladder function.

This study was designed to investigate the ability of
urinary UDP and its stable analogue PSB0474, which exhibits
selectivity for P2Y, receptors (El-Tayeb et al., 2006), to modu-
late bladder urodynamics in the anaesthetized rat in vivo. The
rat has been widely used as a model to study the purinergic
mechanisms underlying bladder function in health and
disease (see Burnstock, 2014), which in most instances com-
pared well with that observed in humans. Given our findings,
showing that both UDP and PSB0474 increased the voiding
frequency in the anaesthetized rat only if the bladder nervous
circuitry was left intact, we hypothesized that ATP released
from urothelium could be the mediator involved in P2Y
receptor-operated bladder hyperactivity. Therefore, we meas-
ured the ATP levels in the voiding fluid before and after P2Y,
receptor activation. The participation of excitatory P2X3 and
inhibitory P2Y, purinoceptors located, respectively, on sub-
urothelial nerve afferents and cholinergic nerve efferents was
investigated in the anaesthetized rat in vivo and in stimulated
bladder strips in vitro.

Methods

Animals

Animal care and experimental procedures were in accordance
with the guidelines prepared by Committee on Care and Use
of Laboratory Animal Resources (National Research Council,
USA) and followed the European Communities Council
Directive (86/609/EEC). All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010). A total of 105 animals were used
in the experiments described here. Male rats (Wistar, 300-
450 g; Charles River, Barcelona, Spain) were kept at a constant
temperature (21°C) and a regular light (06:30-19:30 h)-dark
(19:30-06:30 h) cycle, with food and water provided ad
libitum.

In vivo cystometric recordings

The experiments were carried out in spontaneously breathing
rats, anaesthetized with urethane (1.0-1.2 g-kg™"). Core body
temperature was kept between 36 and 38°C with the help of
a heating pad controlled by a thermosensor connected to a
rectal probe. A catheter connected to an injection pump was
inserted into the left jugular vein to permit saline infusion
(4 mL-h™"-kg™") and i.v. drugs application. After exposing the
urinary bladder through a medial abdominal incision, a
three-barrel catheter was inserted through its dome. One
barrel was connected to an automated perfusion pump for
saline and/or drugs infusion; a second barrel was attached to
a pressure transducer for continuous monitoring of intravesi-
cal pressure; the third barrel was used either to drain or to
close the bladder circuit in order to initiate the micturition
reflex. The bladder pressure was continuously monitored on a
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computer screen with a PowerLab data acquisition system
(Chart 5, version 4.2 software; AD Instruments, Colorado
Springs, CO, USA), which was also used to record haemody-
namic and respiratory parameters in the anaesthetized rat.
After surgical preparation, a 60 min equilibration period
was undertaken during which saline was infused into the

2012). The flow rate was two- to fourfold higher than the
normal urinary debit in experimental rats (15-30 mL-d") and
compared with the conditions used in standard filling cys-
tometry (urodynamic test) in humans. Voiding contractions
were assumed as large-amplitude rhythmic bladder contrac-
tions accompanied by urine draining through the urethra

when bladder pressure reached a certain threshold (see
Figure 1A). The intercontraction interval (ICI, min) and the
pressure threshold (PTh, cm of H,O) that is required to initi-
ate the voiding reflex are normally associated with the sensi-
tive component of the micturition reflex (filling phase);
conversely, the amplitude (A, cm of H,O) and the duration
(At, s) of the voiding contractions are mostly associated with

urinary bladder at 0.04 mL-min™ and allowed to freely drain
out of the bladder (open circuit). The micturition reflex
was initiated by closing the draining barrel while keeping
intravesical infusion of saline at a constant flow rate
(0.04 mL-min™"), which is within the range used by other
authors to obtained stable micturition cycles during continu-
ous cystometrograms in anaesthetized rats (see Honda et al.,

In vivo bladder cystometry
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Figure 1

(A) Bladder cystometry recordings during normal saline (0.9%-w/v of NaCl) infusion into the urinary bladder of urethane-anaesthetized rats:
comparison of the effects of UDP (100 uM) and PSB0474 (100 nM) in the absence and in the presence of the selective P2Y, receptor antagonist,
MRS2578 (50 nM). Large-amplitude rhythmic bladder contractions correspond to voiding contractions when they were accompanied by urine
draining through the urethra. The inset shows the urodynamic parameters evaluated: ICl (min), PTh (cm of H,0O), amplitude (A, cm of H,O) and
duration (At, s) of the voiding contractions. Stable urodynamic responses to UDP and PSB0474 were reached in 10-15 min. Co-application of
MRS2578 with the agonists preceded urodynamic measurements by at least 20 min. (B) Scatter plots representing the percentage change of the
ICl and of the duration (At) of voiding contractions as compared with control values (Ctr, 0%). The vertical bars represent SEM of a n number of
animals (shown in parenthesis). P values as shown; significantly different from control samples (saline infusion) or from the effects of UDP or
PSB0474, applied alone; unpaired Student’s t-test with Welch’s correction.

3406 British Journal of Pharmacology (2014) 171 3404-3419



the motor component of the micturition reflex (emptying
phase). For the sake of clarity, the results presented in this
study will consider, in most instances, the percentage change
in of ICI and At values, compared with the control situation
achieved after six consecutive voiding contractions of similar
amplitude. Test drugs were applied either into the bladder
lumen (by changing the syringe connected to the automated
perfusion pump, 0.04 mL-min™) or i.v. through the catheter
inserted into the left jugular vein.

In vitro myographic recordings

Myographic recordings were performed in vitro in whole-
mounts of the rat urinary bladder. After removal of the
urinary bladder from the animal, a three-barrel catheter was
inserted through its dome as described for the in vivo cysto-
metric assays. The preparation was then mounted along its
longitudinal axis in a 12 mL capacity perfusion chamber and
connected to an isometric force transducer via a thread tied to
the proximal urethra. Tension responses were recorded iso-
metrically at a resting tension of 10 mN with a force trans-
ducer and displayed on a Hugo-Sachs (March-Hugstetten,
Germany) thermo-sensitive paper recorder. Preparations were
allowed to equilibrate for 60 min under continuous superfu-
sion of both the outside and the inside of the bladder with
gassed (95% O, and 5% CO,) Tyrode’s solution containing
(mM): NaCl 137, KCl 2.7, CaCl, 1.8, MgCl, 1, NaH,PO, 0.4,
NaHCOs; 11.9, glucose 11.2, at 37°C. After closing the drain-
ing barrel of the catheter inserted into the lumen, bladders
were then filled with Tyrode’s solution to a maximum of
0.15 mL at increments of 10 uL to simulate the conditions
used in the in vivo cystometric assays (0.04 mL-min™'). UDP
(300 uM) was superfused either through the catheter inserted
into the bladder dome or directly into the bathing solution
outside the bladder wall. The effect of UDP was compared
with that of the muscarinic receptor agonist, oxotremorine
(30 uM), and the ATP analogue, o,-methylene ATP (30 uM).

Measurement of urinary ATP

For measuring urinary ATP content, samples were collected
from the draining barrel of the catheter inserted in the
bladder during in vivo fluid cystometry experiments. Sterile
samples were immediately freeze-dried in liquid nitrogen and
preserved at —80°C until ATP determination (see Silva-Ramos
et al., 2013). Undiluted samples were unfrozen to 25°C and
afterwards centrifuged at 3000x g at room temperature for
20s. A mixture of luciferine-luciferase was added to the
supernatant according to the manufacturer’s instructions
(ATP Bioluminescence Assay Kit HS II, Roche Applied Science
Indianapolis, IN, USA). Luminescence was detected using a
microplate reader (Synergy HT, BioTek Instruments Inc., Win-
ooski, VT, USA). Sample bioluminescence was compared with
external ATP standards prepared daily within the same con-
centration range. All samples were run in duplicate. Each
sample remaining was used to quantify the LDH (EC 1.1.1.27)
activity (Keiding et al., 1974). LDH is an intracellular enzyme
that is commonly used as an indicator of cell integrity.

[*H]-ACh release experiments

The experiments were performed at 37°C in urinary bladder
strips with or without urothelium mounted in 365 pL capac-
ity chambers of a Brandel SF-12 automated superfusion
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system (Valley International Corp., Austin, TX, USA). Prepa-
rations were continuously superfused with gassed (95% O,
and 5% CO,) Tyrode’s solution. Urinary bladders were cut in
half; one half was left intact and the other half had its urothe-
lium gently removed with a cottonwool swab.

After a 30 min equilibration period, the preparations were
loaded for 40 min with 1 uM [*H]-choline (specific activity
5 uCi-nmol™) under electrical field stimulation at 1 Hz fre-
quency (EFS, 0.2 ms pulse width). Washout (1 mL-min™') of
the preparations was performed over 120 min with Tyrode’s
solution supplemented with the choline uptake inhibitor,
hemicholinium-3 (10 pM). Tritium outflow was evaluated by
liquid scintillation spectrometry (TriCarb2900TR, Perkin
Elmer, Boston, MA, USA) (percentage of counting efficiency:
55 + 2%) after appropriate background subtraction, using
1 mL bath samples automatically collected every 1 min.

[*H]-ACh release was evoked by two periods of EFS (S, and
S;) each consisting of 200 square wave pulses of 0.2 ms dura-
tion delivered at 10 Hz frequency. EFS of the rat urinary
bladder increased the release of [°’H]-ACh in a Ca*- and tet-
rodotoxin (TTX)-sensitive manner, and hence, originates
from vesicle exocytosis from cholinergic nerves. Test drugs
were added 8 min before S, and were present up to the end of
the experiments. In control conditions, S,/S; ratios were 0.91
+0.03 (n=35) and 0.91 £ 0.07 (n = 4) when bladder strips were
used with and without the urothelium respectively. None of
the drugs significantly (P > 0.05) changed the basal tritium
outflow.

At the end of the experiments, the preparations were fixed
in PLP solution (paraformaldehyde 2%, lysine 0.075 M,
sodium phosphate 0.037 M, sodium periodate 0.01 M) for
16 h at 4°C and stained with haematoxylin-eosin for histo-
logical observation, to confirm the presence or the absence of
the urothelium.

Immunofluorescence staining and confocal
microscopy observation
Excised bladder fragments were stretched in all directions,
pinned onto Petri dishes coated with Sylgard and fixed in PLP
solution for 16 h at 4°C. Fixed tissue was cryoprotected with
a solution containing 20% anhydrous glycerol dissolved in
0.1 M phosphate buffer, frozen, sectioned (16 um) and incu-
bated with a blocking buffer solution consisting of FBS 10%,
BSA 1%, Triton X-100 0.3% in PBS, for 2 h with constant
stirring. After blocking and permeabilization, samples were
incubated with selected primary antibodies (see Table 1)
diluted in the incubation buffer (FBS 5%, serum albumin 1%,
Triton X-100 0.3% in PBS), at 4°C, for 16 h. For double immu-
nostaining, antibodies were combined before application to
tissue samples. After washing away unbound primary anti-
body, the sections were incubated with secondary antibodies
(Table 1) in the dark for 2 h, at room temperature. Finally,
tissue samples were mounted on optical-quality glass slides
using VectaShield with DAPI as mounting media (VectorLabs,
Peterborough, UK) and stored in the dark at 4°C. Observa-
tions were performed and analysed with a laser-scanning
confocal microscope (Olympus FluoView, FV1000, Tokyo,
Japan).

To test the specificity of the antibody for P2Y, receptors
(APR-011), some sections were processed with the primary
antibody pre-adsorbed with a control antigen corresponding
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Table 1

Primary and secondary antibodies used in immunohistochemistry experiments

Antigen

Primary antibodies

P2Y, APR-009
P2Ys APR-011
P2Y, ABIN1386282
P2X1 APR-001
P2X3 APR-016
NTPDase2 BZ1-5F
Cytokeratin 20 (CK20) M7019
Vimentin MO0725
NF160 Ab7794
VAChT AB1578
Secondary antibodies

Alexa Fluor 488 anti-rb A-21206
Alexa Fluor 568 anti-ms A-10037
Alexa Fluor 633 anti-gt A-21082

Dilution Supplier
Rabbit 1:75 Alomone
Rabbit 1:100 Alomone
Rabbit 1:150 Antibodies Online
Rabbit 1:50 Alomone
Rabbit 1:100 Alomone
Rabbit 1:400 J. Sevigny
Mouse 1:100 Dako
Mouse 1:150 Dako
Mouse 1:600 Abcam
Goat 1:750 Chemicon
Donkey 1:1500 Mol. Probes
Donkey 1:1500 Mol. Probes
Donkey 1:1500 Mol. Probes

to the amino acid sequence 311-328 of the rat P2Y, receptor
(Q63371, Alomone Labs, Jerusalem, Israel). Pre-adsorption
was performed by incubating the P2Y, primary antibody
overnight at 4°C with 10-fold molar excess of the antigen
peptide sequence. Sections were then processed as described
earlier with the pre-absorbed antiserum and with the normal
antiserum, in parallel. During documentation of P2Yg
receptor pre-absorption controls, settings on the confocal
microscope were adjusted appropriately to show P2Y6-
immunoreactivity for sections that were processed normally
(no pre-absorption) and these settings were maintained when
documenting pre-absorption controls to minimize bias,
during capture and printing of digital images.

In situ E-NTPDase activity experiments

For the histochemical localization of E-NTPDase activity, for-
mation of phosphate anion was evaluated by the Wachstein/
Meisel lead phosphate method. Briefly, excised bladder
fragments were frozen in a bath of isopentane pre-cooled in
liquid N,, sectioned (8 um) and preincubated for 45 min at
room temperature in 50 mM Tris-maleate-sucrose (TMS)
buffer, pH 7.4 containing 2 mM CaCl,, 0.25 M sucrose and
2.5 mM f-glycerophosphate, an inhibitor of the alkaline
phosphatase (AP) activity. Enzymic reactions were performed
for 1h at 37°C in TMS buffer supplemented with 5 mM
MnCl,, 2 mM Pb(NO3),, 3% dextran T250, and in the pres-
ence of 30 uM of each substrate (ATP and ADP). The substrate
was omitted in control experiments. After the enzymatic
reaction, sections were washed with TMS buffer and revealed
by incubation with (NH,).S (1%v-v') for exactly 1 min.
Samples were then mounted using Faramount Aqueous
Mounting Medium (Dako, Lisboa, Portugal), stored at 4°C
and observed under a FV1000 microscope running the Cell F
software (Olympus, Tokyo, Japan).
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Data analysis

Results are expressed as mean + SEM, with n indicating the
number of animals used for a particular set of experiments.
Only one experimental procedure (e.g. agonist in the absence
and in the presence of the antagonist) was performed per rat
in vivo. Because of limited inter-individual variation, ran-
domly chosen groups of five to seven animals of the same
strain, gender and weight (male Wistar rats of 300-450 g)
were considered sufficient to replicate each experimental pro-
tocol. Statistical analysis of data was carried out using Graph-
Pad Prism 5.04 software (La Jolla, CA, USA). Unpaired
Student’s t-test with Welch’s correction was used for statisti-
cal analysis when parametric data was considered. For multi-
ple comparisons, one-way ANOVA followed by Dunnett’s
modified t-test was used. P < 0.05 (two-tailed) values were
considered to show significant differences between means.

Materials

A317491 (5-[[[(3-phenoxyphenyl) methyl] [(1S5)-1,2,3,4-
tetrahydro-1-naphthalenyl] amino] carbonyl]-1,2,4-
benzenetricarboxylic acid sodium salt hydrate), ADP,
ARL67156  (6-N,N-diethyl-D-B,y-dibromomethylene  ATP
trisodium  salt), ATP, o,f-methylene ATP, MRS2578
(N,N”-1,4-butanediylbis[N’-(3-isothiocyanatophenyl)  thio-
urea), oxotremorine sesquifumarate, PSB0474 (3-(2-oxo-2-
phenylethyl)-uridine-5’-diphosphate disodium salt), TTX
citrate were obtained from Tocris Bioscience (Bristol, UK);
Choline chloride, FBS, lysine, pyridoxal phosphate-6-
azo(benzene-2,4-disulfonic acid) tetrasodium salt hydrate
(PPADS), paraformaldehyde, sodium periodate, UDP and ure-
thane were obtained from Sigma (St. Louis, MO, USA);
MRS2179 (2’-deoxy-N°-methyladenosine 3’,5’-bisphosphate
tetrasodium salt) was obtained from ABCAM (Cam-
bridge, UK); [methyl-*H]choline chloride (in ethanol,



85.5 Ci-mmol™") was from Perkin Elmer; serum albumin
and Triton X-100 were obtained from Merck (Darmstadt,
Germany). The antibody against E-NTPDase2 was a kind gift
from J. Sévigny (Univ. Laval, Québec, QC, Canada). Luciferin-
luciferase ATP bioluminescence assay kit HS II was purchased
from Roche Applied Science. Stock solutions of MRS2578 and
A317491 were prepared in DMSO. Other drugs were prepared
in saline (in vivo cystometric recordings) or in Tyrode’s solu-
tion (in vitro experiments). All stock solutions were stored as
frozen aliquots at —20°C. Dilutions of these stock solutions
were made daily and appropriate solvent controls were done.
No statistical differences between control experiments, made
in the absence or in the presence of the solvents at the
maximal concentrations used (0.5% v/v), were observed.

Results

Activation of urothelial P2Ys receptors
increases the voiding frequency in the
anaesthetized rat in vivo
Figure 1 shows the effect of UDP (100 uM) and of its synthetic
analogue that is highly selective for P2Y, receptors, PSB0474
(100 nM) (El-Tayeb et al., 2006), on bladder urodynamics in
the anaesthetized rat. Infusion of UDP (100 uM) and PSB0474
(100 nM) into the lumen of the urinary bladder decreased the
ICI, to about the same extent, without significantly affecting
both the amplitude (A) and the duration (At) of voiding
bladder contractions. The selective non-competitive P2Y;
receptor antagonist, MRS2578 (50 nM) (Mamedova et al.,
2004), prevented the increases in the voiding frequency
caused by UDP (100 uM) and PSB0474 (100 nM) (see
Figure 1B). Blockade of the increased bladder activity caused
by UDP (100 uM) was also achieved with the non-selective P2
receptor antagonist, PPADS (10 uM, n = 3) (data not shown).
When applied alone into the bladder lumen, the P2Yq
receptor antagonist MRS2578 (50 nM, n = 6) did not signifi-
cantly change any of the urodynamic parameters (ICI, PTh, A
and At) analysed (Figure 2). Interestingly, higher concentra-
tions (100 and 300 nM) of the P2Ys receptor antagonist

In vivo bladder cystometry 6 min

10cm H,0

Nacl (0.9%) MRS2578

50nM 100 nM 300nM

Figure 2

Concentration-dependent inhibition of the voiding frequency by the
P2Ys receptor antagonist, MRS2578, during normal saline (0.9%-w/v
of NaCl) infusion into the urinary bladder of urethane-anaesthetized
rats. MRS2578 (50-300 nM) was applied in a cumulative manner
into the bladder lumen by changing the content of the syringe
connected to the automated perfusion system. Stable urodynamic
responses to MRS2578 were reached in 10-15 min.
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increased both the ICI and the PTh required to initiate the
voiding reflex without significantly affecting the motor com-
ponents (A and At) of the micturition reflex (Figure 2). The
decrease in the voiding frequency (prolongation of the ICI)
observed with MRS2578 infused into the bladder lumen at
100 and 300 nM concentrations was respectively 35 £ 9% (n
=5)and 53 £ 6% (n=5). MRS2578 was even more effective at
increasing the PTh to trigger the voiding reflex, by 59 + 14%
(n=15) with 100 nM and 63 = 8% (n = 5) with 300 nM. These
results suggest that the afferent component of the micturition
reflex in the rat in vivo is under the tonic control of UDP-
sensitive P2Y, receptors activation because the affected uro-
dynamic parameters, ICI and PTh, are normally associated
with the filling sensitive phase of the reflex.

Participation of excitatory P2X3 and
inhibitory P2Y,; receptors on UDP-induced
increase in the voiding frequency in
anaesthetized rats

The effects of UDP and its stable analogue, PSB0474, resem-
bled the increase in the voiding frequency observed with ATP
applied into the bladder lumen of anaesthetized animals
(Pandita and Andersson, 2002), which is known to be pre-
dominantly mediated by P2X3 receptors on sub-urothelial
nerve afferents (Burnstock, 1999; Cockayne et al., 2000; Ito
et al.,, 2008). Besides the relevance of sub-urothelial P2X3
receptors to initiate the micturition reflex, blockade of P2Y;
receptors may remove an accommodatory, inhibitory drive to
the detrusor muscle in urethane-anaesthetized female rats
(King et al., 2004). In the human urinary bladder, ATP stimu-
lation of bladder activity may be partly reversed by its catabo-
lism by E-NTPDases to ADP, leading to the activation of
inhibitory P2Y, receptors on cholinergic nerve endings (Silva
et al., 2011). In this context, we investigated the contribution
of P2X3 and P2Y, receptors to bladder hyperactivity caused
by UDP (100 uM). Lv. application of the selective P2X3 recep-
tor antagonist, A317491 (100 nM), completely prevented the
increase in the voiding frequency produced by UDP (100 uM)
(Figure 3); A317491 (100 nM) was devoid of effects in the
amplitude (A) and the duration (At) of voiding bladder con-
tractions when applied together with UDP (100 uM) (see
Figure 3A,B). When used alone, i.v. A317491 (100 nM) had
no effects on the parameters evaluated during saline disten-
sion cystometry recordings in the anaesthetized rat. In the
presence of the P2Y; receptor antagonist, MRS2179 (300 nM,
applied i.v.), UDP (100 uM) increased, rather than decreased,
the ICI (Figure 3A,B). Under these conditions, UDP-induced
decrease in the voiding frequency may be, at least partly, due
to a significant increase in the duration (At) of voiding con-
tractions (Figure 3A,B).

Immunolocalization of P2Ys, P2Y; and

P2X3 purinoceptors in urothelium and
sub-urothelial layers of the rat

urinary bladder

The presence of P2Ys receptors in the rat urinary bladder
was demonstrated by immunofluorescence confocal micros-
copy using two distinct commercially available antibodies
(Figure 4; for details, see Table 1). The antibody from
Alomone Labs (APR-011) is directed against the intracellular
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Modification of UDP (100 pM)-induced increase in the voiding frequency by i.v. application of A317491 (100 nM, a selective P2X3 receptor
antagonist) and MRS2179 (0.3 uM, a P2Y; receptor antagonist) in the anaesthetized rat. (A) Bladder cystometry recordings during normal saline
(0.9%-w/v of NaCl) infusion into the urinary bladder in the absence and in the presence of UDP (100 uM). A317491 (100 nM) and MRS2179
(0.3 uM) were continuously perfused through the catheter inserted into the left jugular vein starting at least 20 min before UDP application. (B)
Scatter plots representing the percent change in the ICl and of the duration (At) of voiding contractions, compared with control values (Ctr, 0%).
The vertical bars represent SEM of a n number of animals (shown in parenthesis). P values as shown; significantly different from UDP alone;

unpaired Student’s t-test with Welch'’s correction.

C-terminus domain of the rat P2Y6 receptor; this antibody is
considered highly specific for this species although in our
hands it was also able to recognize P2Y, receptors in human
bone marrow stromal cells (Noronha-Matos et al., 2012). This
antibody may lack specificity towards the mouse receptor as
staining was not totally lacking in the P2Y, receptor knockout
mouse (Yu and Hill, 2013). For this reason, we used another
antibody from Antibodies Online (ABIN1386282), which was
designed to recognize the human P2Y, receptor, while cross-
reacting significantly with the rat receptor. Our data showed
that the P2Y, receptor was most abundantly expressed in the
urothelium (Figure 4A), although labelling was also observed
in sub-urothelial cells staining positively for the intermediate
filament protein vimentin (presumably myofibroblasts) (cf.
Fry et al., 2012; Sui et al., 2006). The P2Y; receptor immu-
nostaining was equally srong with either antibody, APR-011
or ABIN1386282. Pre-adsorption with the peptide corre-
sponding to the amino acid sequence 311-328 of the rat P2Y,
receptor abolished staining with the APR-011 antibody, while
keeping the same acquisition settings on the confocal micro-
scope (Figure 4A, bottom panels). Notably, we observed P2Y,
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receptor immunoreactivity in all layers of the urothelium
including the terminally differentiated superficial umbrella
cells which also stained positively with cytokeratin 20
(Figure 4A, upper panels).

We confirmed data from previous reports showing that
P2X3 and P2Y; receptor subtypes are expressed throughout
the bladder epithelium of rats, rabbits, cats and humans
(Elneil et al., 2001; Birder et al., 2004; Wang et al., 2005; see
Burnstock, 2014) (Figure 5). Localization of P2X3 and P2Y,
immunoreactivity within the urothelium suggests an addi-
tional sensory role for these receptors in regulating uroepi-
thelial function. According to the model of Wang et al. (2005)
ATP released from the urothelium upon bladder filling acts
through a diversity of P2 purinoceptors (including P2X3 and
P2Y;, but also P2Ys) expressed in the bladder epithelium to
promote signal amplification to release the nucleotide and to
stimulate apical membrane insertion in umbrella cells.

Interestingly, in light of our results on bladder urodynam-
ics in the anaesthetized rat, we demonstrated the presence of
ionotropic P2X3 receptors on small sub-urothelial nerve
fibres staining positively against the neurofilament 160



Figure 4

P2Y6-induced ATP release from the rat urothelium
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Immunolocalization of P2Ys receptors in the uroepithelium and sub-urothelial layers of transverse sections of the rat urinary bladder by confocal
microscopy. Two distinct P2Y, receptor antibodies, APR-011 and ABIN1386282, were used as indicated. Terminally differentiated urothelial cells
(umbrella cells) and sub-urothelial myofibroblasts are labelled with cytokeratin 20 (CK20, red, in panel A) and vimentin (Vim, red, in panel B)
respectively. Nuclei are stained with DAPI (blue). Yellow staining denotes co-localization of P2Ys receptor (green) with CK20 (red) or Vim (red).
Pre-adsorption with the peptide corresponding to the amino acid sequence 311-328 of the rat P2Y, receptor abolished staining with the APR-011
antibody. Differential interference contrast (DIC) image is shown for comparison in the latter condition. Scale bar = 50 um.

(NF160) in the rat urinary bladder, although we were unable
to show any P2Y, receptor immunoreactivity in NF160-
labelled sub-urothelial nerve fibres using the same acquisition
settings (Figure 5). These findings agree with the results sug-
gesting that P2X3 receptors on sub-urothelial sensory nerves
have a role in the purinergic mechanosensory transduction
underlying initiation of voiding reflexes in rabbits and mice
(Ferguson et al., 1997; Cockayne et al., 2000; Vlaskovska et al.,
2001), and sustain the hypothesis that P2Y,; receptors play a
predominant inhibitory role in the rat detrusor tone (King
et al., 2004).

UDP-induced hyperactivity requires intact
bladder nervous circuitry

To evaluate the contribution of the extrinsic nervous circuitry
to UDP-induced bladder hyperactivity, we recorded the myo-
graphic activity of the isolated rat urinary bladder in vitro.
Although small-amplitude spontaneous detrusor twitching
was detected, no voiding contractions were elicited upon
bladder filling in conditions similar to those used in the in
vivo cystometric assays (see Methods). When UDP (300 uM)

was applied through the catheter inserted inside the bladder,
we observed no changes in the myographic recordings com-
pared with the control situation where only Tyrode’s solution
was infused (Figure 6B,C). The frequency and the amplitude
of spontaneous detrusor twitching increased significantly
(P < 0.05) when UDP (300 uM) was added directly into the
bathing solution outside the bladder wall (Figure 6C).
Although the concentration of UDP used in myographic
recordings in vitro was threefold higher (300 uM) than that
required to increase bladder overactivity in the anaesthetized
rat in vivo, the excitatory effect of UDP did not exceed 10% of
the contractions produced by oxotremorine (30 uM) or o,B-
methylene ATP (30 uM), which selectively activate mus-
carinic and P2X1 receptors in the detrusor smooth muscle
respectively (data not shown).

Figure 6D shows confocal micrographs of transverse sec-
tions of rat urinary bladder detrusor muscle immunostained
for P2Ys and P2X1 receptors. The greater contractile efficacy
of the P2X1 receptor agonist, o,3-methylene ATP (30 uM),
compared with UDP (300 uM), agrees with immunohisto-
chemical studies showing that the P2X1 receptor is the domi-
nant subtype in smooth muscle cell membranes of the rat
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Immunolocalization of P2X3 and P2Y; purinoceptors in the uroepithelium and sub-urothelial layer of transverse sections of the rat urinary bladder
by confocal microscopy. Both, P2X3 and P2Y;, receptor subtypes are expressed throughout the bladder epithelium. P2X3, but not P2Y;, receptors
(green) co-localize (yellow staining) with NF160 (red) labelling in small sub-urothelial nerve fibres. Nuclei are stained with DAPI (blue). Scale bars

=20 or 50 um (as indicated).

detrusor (Lee et al., 2000; see Figure 6D). Despite the small
effect of direct application of UDP (300 uM) in to the bath on
spontaneous contractions of the whole bladder in vitro, our
data do not exclude the possibility that co-localized P2Y,
receptors may enhance P2X1-mediated contractions in the
abnormal urinary bladder as previously suggested (Yu and
Hill, 2013; Yu et al., 2013). The point that we would empha-
size is that effectiveness of urothelial P2Y; receptors requires
extrinsic neuronal circuitry, as it was not detected in the
isolated bladder in vitro, even though sub-urothelial
myofibroblasts and intrinsic neuronal networks were
preserved.

P2Y receptor agonist, PSBO474, increases
urinary ATP content

The increase in the voiding frequency caused by the P2Yg
receptor agonist, PSB0474 (100 nM), was mimicked by the
E-NTPDase inhibitor, ARL 67156 (100 uM), which increased
urinary ATP levels when applied inside the bladder
(Figure 7A). Infusion of PSB0474 (100 nM) through the cath-
eter inserted into the bladder increased, by more than three-
fold, the ATP content of the voided cystometry fluid
evaluated by the luciferin-luciferase bioluminescence method
(Figure 7B). No significant changes were observed in the
LDH activity of samples collected before (7.3 £ 1.4 mU-mL™",
n = 5) and after PSB0474 (100 nM, 8.0 = 3.7 mU-mL™, n = 5)
application.
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UDP indirectly inhibits [*H|-ACh release from
the stimulated urinary bladder: involvement
of P2Ys and P2Y; receptors on urothelial cells
and cholinergic nerves respectively

UDP (100 uM) significantly decreased [*H]-ACh release from
rat urinary bladder preparations stimulated electrically
(10 Hz, 200 pulses) (Figure 8A). The inhibitory effect of UDP
(100 uM) was evident in intact bladder preparations, but not
in those where the urothelium has been gently removed with
a cotton swab (Figure 8B). Pretreatment of the preparations
with the P2Y, receptor selective antagonist, MRS2578
(50 nM), blocked the inhibitory effects of UDP (100 uM) on
transmitter release (Figure 8A). The inhibitory effect of UDP
(100 uM) was transformed into facilitation upon blockade of
P2Y, receptors with MRS2179 (300 nM), but only when the
urothelium was left intact (Figure 8A).

Confocal microscopy studies demonstrated that the P2Ys
receptor immunoreactivity did not co-localize with the
vesicular ACh transporter (VAChT) in the detrusor muscle
layer of the rat urinary bladder (Figure 9). This finding
excludes a direct inhibitory action of UDP on ACh release
from stimulated cholinergic nerve terminals. Immunohisto-
chemical data support the hypothesis that UDP might
exert an indirect effect operated by inhibitory P2Y; receptors
localized on VAChT-positive cholinergic nerve terminals
(Figure 9) via ADP resulting from the extracellular catabolism
of ATP predominantly released from the urothelium.
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(A) Setup for myographic recordings of the whole urinary bladder of the rat in vitro. (B) Spontaneous contractile activity of the rat urinary bladder
in response to bladder filling with Tyrode’s solution, up to 150 pL, infused at a constant flow rate (40 pL-min™') to mimic in vivo cystometry
experiments. UDP (300 uM) was superfused either into the bladder lumen (by changing the syringe connected to the automated perfusion
system) or directly to the bathing solution outside the bladder. (C) Quantification of the frequency and magnitude of spontaneous contractions
of the whole bladder in vitro in the absence and in the presence of UDP (300 uM) applied inside and outside the bladder. The vertical bars
represent SEM of four isolated bladders. *P < 0.05; significantly different from control (saline superfusion); one-way anova followed by Dunnett’s
modified t-test. (D) Confocal micrographs of transverse sections of rat urinary bladder detrusor muscle immunostained for P2Ys (APR-011) and
P2X1 (APR-001) receptors. Scale bars = 50 pm.
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(A) Comparison of bladder cystometry recordings obtained during infusion of ARL 67156 (100 uM, an E-NTPDase inhibitor) and PSB0474
(100 nM, a selective P2Ys receptor agonist) into the urinary bladder lumen of anaesthetized rats. (B) Intravesical infusion of PSB0474 (100 nM)
increases ATP levels in the urinary fluid collected during cystometry recordings. The ATP content of the samples was quantified by the
luciferin-luciferase bioluminescence assay. The vertical bars represent SEM of five animals. *P < 0.05; significantly different from control (saline
infusion); one-way anova followed by Dunnett’s modified t-test.
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(A) Effect of UDP (100 uM) on electrically-evoked [*H]-ACh release from intact urinary bladder strips and in preparations without the urothelium
UDP (100 uM) was applied 8 min before S,. MRS2578 (50 nM) and MRS2179 (300 nM) were added to the incubation media at the beginning
of the release period (time zero) and were present throughout the assay, including S; and S,. The ordinates represent evoked tritium outflow
expressed by S,/S; ratios, i.e. the ratio between the evoked [*H]-ACh release during the second period of stimulation (in the presence of UDP) and
the evoked [*H]-ACh release during the first stimulation period (without UDP). The vertical bars represent SEM. *P < 0.05; significantly different
from control; #P < 0.05: significantly different from UDP alone; unpaired Student’s t-test with Welch’s correction. (B) Representative microscopic
images of rat urinary bladder strips stained with haematoxylin-eosin to confirm the presence or the absence of the urothelium. Magnification, 40x.
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Confocal micrographs showing P2Ys, P2Y; and NTPDase2 immunoreactivity in transverse sections of the detrusor smooth layer of rat urinary
bladder. To facilitate visualization of small cholinergic nerve terminals staining for VAChT (red) images correspond to the intensity projections over
Z axis of five to six confocal microscopy stacks taken at the smooth muscle layer. No co-localization was found between P2Y receptor (green) and
VAChT (red) immunoreactivity. Conversely, VAChT-positive cholinergic nerve terminals (red) stained positively with antibodies against the P2Y,
receptor and E-NTPDase2 (green); yellow staining denotes co-localization. Nucleic DNA is stained with DAPI (blue). Scale bars = 50 um.

Histochemical studies of E-NTPDases in the rat bladder
demonstrated that phosphate deposition resulting from the
extracellular catabolism of ATP (30 uM) occurred predomi-
nantly in the urothelium, but was also detectable in the
sub-urothelial and smooth muscle layers (Figure 10A). Inter-
estingly, the extracellular catabolism of ADP (30 uM) was
observed predominantly in the apical urothelium and in
smooth muscle, but was minimal in the sub-urothelial layer
(Figure 10B). Moreover, we found that VAChT-positive cho-
linergic nerve terminals also stained positively with the anti-
body against E-NTPDase2 (Figure 9). Because E-NTPDase2
(CD39L1, ATPase, EC 3.6.1.3) is a nucleoside triphosphatase
hydrolysing ATP 10-15 times more efficiently than ADP
(Matsuoka and Ohkubo, 2004), the bladder neuromuscular
synapse may accumulate ADP to the levels required to acti-
vate the P2Y; receptors on cholinergic nerve terminals which
inhibit Ach release. Thus, blockade of these inhibitory P2Y,
receptors with MRS2179 resulted in the amplification of
evoked [*H]-ACh release from cholinergic nerve efferents
(Figure 8A) and, consequently, may increase the duration (At)
and/or the amplitude (A) of voiding contractions (Figure 3B)
produced by UDP.

Discussion and conclusions

Urothelial cells are highly deformable and can increase
several fold in size during bladder filling (Truschel et al., 2002;
Yu etal., 2009). Mechanical distension of urothelial cells
release significant amounts of ATP (and probably UTP) to
initiate the micturition reflex and to stimulate membrane
insertion at the apical pole of umbrella cells (Wang et al.,
2005). Upon binding to a diversity of P2 purinoceptors
(including P2X3 and P2Y,) expressed in uroepithelial cells,
released ATP and/or its metabolites formed by membrane-
bound ecto-NTPDases may trigger a self-regenerating puriner-
gic wave propagating to sub-urothelial myofibroblasts and
sensory nerve fibres to initiate the voiding reflex. Immuno-
fluorescent confocal microscopy data from this study dem-
onstrated that P2Y, receptors were abundantly expressed in
the urothelium of the rat urinary bladder, including the
highly differentiated superficial umbrella cells. These recep-
tors have also been reported in sub-urothelial myofibroblasts
and detrusor smooth muscle fibres (see Sui et al., 2006; Yu and
Hill, 2013; Yu et al., 2013). To our knowledge, this is the first
report showing that the UDP-sensitive P2Ys receptor is an
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Figure 10

Histochemical E-NTPDase activity in the rat urinary bladder. Phosphate deposition resulting from extracellular catabolism of ATP (30 uM, A) was
found predominantly in the urothelium (arrows), but was also present in the sub-urothelial (square) and smooth muscle (star) layers: Extracellular
ADP (30 uM, B) was dephosphorylated predominantly in apical urothelial cells (arrows) and in the smooth muscle (stars), but only at very low
levels in the sub-urothelial layer (square). These details are better appreciated in the higher magnification (1.5x) images in the lower panels. Scale

bars = 150 pm.

important player in the mechanosensory purinergic pathway
initiated by distension of epithelial cells, leading to increases
in the voiding frequency in rats by promoting the release of
ATP from the urothelium (Figure 11). A similar effect was
found in the human urinary bladder (Silva-Ramos et al.,
2012).

Large amounts of extracellular ATP may leak from injured
cells, but the mechanism of ATP release from urothelial
cells under physiological conditions is still unresolved.
Nucleotides-releasing pathways in intact cells include (1)
electrodiffusional translocation via connexin- and pannexin-
containing hemichannels and voltage-dependent anion
channels; (2) facilitated diffusion by nucleotide-specific ATP-
binding cassette transporters; and (3) vesicle exocytosis
(Knight et al., 2002; reviewed in Burnstock, 2006). In this
study, ATP release from the urothelium was not due to cell
damage because we detected no significant changes in the
activity of the intracellular enzyme, LDH, in the voiding
fluid. Recent data from our group point to a significant role of
pannexin-1 containing hemichannels on P2Y, receptor-
mediated ATP release to control bladder urodynamics in the
anaesthetized rat (Timo6teo et al., 2014). Further studies are
required to investigate whether this is the only mechanism
involved and whether changes in this pathway occur under
the conditions of the overactive bladder, along with altered
expression of P2 purinoceptors (Birder et al., 2004).

Our data provided functional and biochemical evidence
that activation of P2Y, receptors increased the voiding fre-
quency in the anaesthetized rat, indirectly, by releasing ATP
from the urothelium. Fry etal. (2012) showed that sub-
urothelial myofibroblasts were supersensitive to stretch-
released ATP from the urothelium giving rise to augmented
intrinsic spontaneous contractions of the urinary bladder in
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Figure 11

Schematic representation of the putative mechanisms underlying the
control of the voiding frequency by urothelial UDP-sensitive P2Ys
receptors in the anaesthetized rat. Activation of P2Ys receptors on
distended umbrella cells during bladder filling increased, by three-
fold, the release of ATP from the urothelium. Released ATP, acting via
multiple urothelial P2 purinoceptors, triggers a self-regenerating
purinergic wave propagating to sensory nerve afferents endowed
with P2X3 receptors to initiate the voiding reflex. Bladder activity
may be partly reversed by the hydrolysis of ATP into ADP by
E-NTPDases, namely E-NTPDase2 located in the lamina propria
(probably on interstitial cells) and on cholinergic nerve efferents. ADP
accumulation at the neuromuscular synapse decreases ACh release
and smooth muscle contraction through the activation of prejunc-
tional inhibitory P2Y, receptors. The diagram also shows the locus of
action of the main drugs used in this study.



spinal cord transected rats. Interestingly, they also showed
that stretch-induced bladder hyperactivity in these animals
may be decreased by the P2Y, receptor antagonist, MRS2578,
but they needed a 100-fold higher (10 uM) concentration of
the antagonist. Although the expression of UTP-sensitive
P2Y, (and P2Y,) receptors has been shown by real-time PCR,
Western blotting and immunocytochemistry at the rat
urothelium (see Chopra etal.,, 2008), activation of these
receptors might play a minor role under the present condi-
tions because MRS2578 displays no activity at P2Y;, P2Y,,
P2Y,; and P2Yy; receptors at concentrations below 10 uM
(Mamedova et al., 2004).

It is known that stimulation of high-threshold sub-
urothelial nerve afferents containing ionotropic P2X3
receptors by ATP released from the urothelium is involved in
the micturition reflex following urine bladder distention
(Burnstock, 1999; Cockayne et al., 2000; Ito etal., 2008).
Non-neuronal (urothelial) localization of P2X3 receptors sup-
ports the idea that in addition to stimulating sensory afferent
nerves, ATP may play additional roles to regulate urothelial
function. Here we showed that selective blockade of P2X3
receptors with i.v. A317491 prevented the increase in the
voiding frequency produced by UDP-sensitive P2Y, receptor
activation in the rat in vivo. As UDP does not bind to iono-
tropic P2X purinoceptors, these results indicate that increases
in the voiding frequency triggered by P2Y, receptors may be
indirectly mediated via P2X3 receptors on neighbouring
uroepithelial cells and/or sub-urothelial sensory nerve fibres
by ATP released from the urothelium. Proximity of sub-
urothelial nerve fibres to blood vessels of the lamina propria
makes it more likely any interference with the micturition
reflex caused by i.v. application of the P2X3 receptor antago-
nist, but one cannot exclude an effect of this drug on the
urothelial self-propagating purinergic wave.

In spite of our findings demonstrating that activation of
P2Ys receptors by UDP or its stable analogue, PSB0474,
applied into the bladder lumen, increased the voiding fre-
quency, we failed to detect changes in the motor components
of the micturition reflex, both the amplitude (A) and the
duration (At) of the voiding contractions. This contrasts with
the findings of Yu et al. (2013) who demonstrated that P2Y,
receptors synergise with P2X1 receptors to increase bladder
smooth muscle tone. Using myographic recordings in the
isolated bladder in vitro, we confirmed that UDP increased the
frequency and the amplitude of spontaneous detrusor twitch-
ing, a situation that required application of a threefold higher
concentration (300 uM) of UDP directly outside the bladder
wall, but was not detected when the nucleotide was infused
into the bladder lumen. Even so, increments on spontaneous
detrusor twitching caused by UDP (300 uM) were minimal
(less than 10%) when compared with the effects of oxotremo-
rine (30 uM) and o,B-methylene ATP (30 uM), which selec-
tively activate muscarinic and P2X1 receptors in the detrusor
smooth muscle respectively. Thus, compared with UDP-
induced increases in the voiding frequency that implicate the
sequential activation of urothelial P2Ys receptors and ATP
release leading to stimulation of urothelial/sub-urothelial
P2X3 receptors, direct activation of detrusor smooth muscle
via co-expressed P2Ys and P2X1 receptors might represent a
minor component of UDP urodynamic response at least
under the present experimental conditions.

P2Y6-induced ATP release from the rat urothelium

Bladder overactivity may be partly reversed through the
hydrolysis of ATP into ADP by E-NTPDases. Previous reports
from our group demonstrated that ADP acts through inhibi-
tory P2Y, receptors to decrease nerve-evoked ACh release in
the human bladder (Silva et al., 2011). Here, we showed that
VAChT-positive cholinergic nerve efferents to the detrusor,
but not NF160-labelled sub-urothelial sensory nerves, exhibit
immunoreactive P2Y, receptors. Upon blocking P2Y, recep-
tors with i.v. MRS2179, UDP increased rather than decreased
the ICI and enhanced the duration (At) of the voiding con-
tractions. Thus, blockade of P2Y,; receptors may unravel an
effect of the nucleotide on the motor component of the
micturition reflex. In fact, UDP acting via P2Ys receptors
decreases [*H]-ACh release from rat urinary bladder strips
stimulated electrically, but this effect was observed only if the
urothelium was left intact. Blockade of ADP-sensitive P2Y,
receptors with MRS2179 converted the inhibitory effects of
UDP on ACh release into a facilitatory action, but only in
those preparations with urothelium. These findings convinc-
ingly indicated that the increase in the voiding frequency
produced by UDP was partly reversed by the activation of
inhibitory P2Y; receptors on cholinergic nerve efferents.

ADP resulting from the extracellular catabolism of ATP
released from the urothelium may be the endogenous activa-
tor of P2Y, receptors in the urinary bladder. By histochemical
analysis of the E-NTPDase activity in the rat urinary bladder
in situ, we found that the dephosphorylation of ATP occurred
predominantly in the urothelium, but was also detectable in
the sub-urothelial and smooth muscle layers, whereas the
further hydrolysis of ADP was observed predominantly in the
superficial layer of the urothelium and in the smooth muscle.
These findings are consistent with the results obtained by Yu
etal. (2011) in the mouse urinary bladder. They demon-
strated that, in contrast to the urothelial layer, which is rich
in E-NTPDase3 (and 8)-positive cells, only the E-NTPDase2
subtype is significantly expressed in the lamina propria (prob-
ably in interstitial cells of Cajal, see Yu et al., 2012) as well as
in cells in close proximity to smooth muscle bundles. As
E-NTPDase2 is a nucleoside triphosphatase and hydrolyses
ATP 10 to 15 times more efficiently than ADP (Matsuoka and
Ohkubo, 2004), this might explain why ADP hydrolysis was
only minimal in the sub-urothelium. Therefore, it is reason-
able to suppose that ADP generated from ATP released from
the urothelium may reach its target, the P2Y, receptor, on
cholinergic nerve efferents. In addition, we found that
VAChT-positive cholinergic nerve terminals innervating the
detrusor also express E-NTPDase2 immunoreactivity. As ATP
is co-released with ACh in most cholinergic synapses, the
bladder neuromuscular synapse may be able to accumulate
ADP to the levels required to activate inhibitory P2Y; recep-
tors on cholinergic nerve terminals. From the histoenzymic
analysis, it is also likely that the ATP levels measured in the
voiding fluid might have been underestimates of the
amounts released because of the hydrolysis of this nucleotide
by E-NTPDases bound to urothelial cells, during bladder
filling.

Unlike the well-recognized extracellular signalling role of
ATP, little is known about the UTP and UDP release within
the bladder wall. The observation that blockade of UDP-
sensitive P2Y, receptors with MRS2578 (100 and 300 nM, ICs,
value for the rat P2Y, receptor is 98 nM) increased the ICI and
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the PTh that is required to initiate the voiding reflex during
bladder filling in the anaesthetized rat demonstrated that
either UTP or UDP was endogenously released and modulated
the micturition reflex. Further studies are required to inves-
tigate which of these nucleotides is actually being released,
because the latter could be generated from the former
through E-NTPDases. Given that blockade of the P2Y, recep-
tor tonus was more effective in the filling phase, rather than
the contractile phase, of the micturition cycle, it is possible
that urothelium and/or the sub-urothelial layer, including
afferent nerves and/or myofibroblasts, would be the most
likely production sites of UTP and UDP.

In conclusion, this study provides strong evidence that
activation of P2Y receptors increased the voiding frequency
in the anaesthetized rat, indirectly, by releasing ATP from the
urothelium and subsequent activation of P2X3 receptors on
sub-urothelial sensory nerve fibres. Under these circum-
stances, bladder hyperactivity may be partly reversed through
the hydrolysis of ATP into ADP by E-NTPDases, which
through the activation of inhibitory P2Y, receptors might
then inhibit ACh release from stimulated nerve efferents
(Figure 11). Although we do not know at this stage whether
UDP-sensitive P2Y, receptors play any prominent role in
overactive bladder or painful bladder syndromes in humans,
we have recently confirmed that activation of P2Y, receptors
favours ATP release from strips of the human urothelium
(unpublished work; Silva-Ramos et al., 2012).
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