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ABSTRACT
The potential role of A1 adenosine receptors in modulating
neuromuscular transmission in the detrusormuscle of the urinary
bladder has been tested in human and murine preparations with
the intent to determine the viability of using adenosine recep-
tor agonists as adjuncts to treat overactive bladder. In human
detrusor muscle preparations, contractile responses to electrical
field stimulation were inhibited by the selective A1 adenosine
receptor agonists 2-chloro-N6-cyclopentyladenosine, N6-cyclo-
pentyladenosine (CPA), and adenosine (rank order of potency:
2-chloro-N6-cyclopentyladenosine . CPA . adenosine). Pre-
treatment with 8-cyclopentyl-3-[3-[[4(fluorosulphonyl)benzoyl]
oxy]propyl]-1-propylxanthine, an irreversible A1 antagonist, blocked

the effects of CPA, thus confirming the role of A1 receptors in
human detrusor preparations. In murine detrusor muscle prepa-
rations, contractions evoked by electrical field stimulation
were reduced by CPA or adenosine. Amplitudes of the P2X
purinoceptor–mediated excitatory junctional potentials (EJPs)
recorded with intracellular microelectrodes were reduced in
amplitude by CPA and adenosine with no effect on the sponta-
neous EJP amplitudes, confirming the prejunctional action of
these agents. 8-Cyclopentyltheophylline, a selective A1 receptor
antagonist, reversed the effects ofCPAonEJP amplitudeswith no
effect of spontaneous EJPs, confirming the role of A1 receptors in
mediating these effects.

Introduction
Overactive bladder (OAB) is a urinary bladder voiding

dysfunction composed of urinary urgency, usually accompa-
nied by frequency and nocturia, with or without urgency
urinary incontinence, that affects 8.0%–25.8% of the popula-
tion (Irwin et al., 2011; An et al., 2014). Normal function of the
urinary bladder is dependent on the coordinated control of
both the urinary bladder detrusor muscles and the sphincter
muscles surrounding the bladder neck. Neuronal control of
detrusor muscle contraction is exerted by parasympathetic
cholinergic neurons (Thompson, 2004). Agents that block
muscarinic receptors, which act by inhibiting neuromuscular
transmission to the urinary bladder by blocking postjunc-
tional muscarinic receptors in the detrusor muscle, are the
first line of therapeutic agents prescribed for OAB treatment.
However, up to 75% of patients treated with antimuscarinic
drugs discontinue their use, either due to poor tolerance of

their side effects or because of a lack of efficacy (Kelleher et al.,
1997; Chapple, 2000; Chancellor et al., 2013).
Botulinum toxin A (BotxA) was recently introduced as a

treatment for OAB. It is thought that BotxA treatment
inhibits neurotransmission by blocking acetylcholine (ACh)
release from the cholinergic nerves innervating the detrusor
muscle (Lawrence et al., 2010; also see Ikeda et al., 2012;
Collins et al., 2013 for alternative mechanisms). BotxA
treatment is an invasive procedure that may lead to infection,
bleeding, or voiding impairment, including urinary reten-
tion that requires catheterization (Kuo et al., 2010). Hence,
alternative mechanisms for inhibiting detrusor neurotrans-
mission may have therapeutic potential for the treatment of
OAB either in isolation or in combination with antimuscarinic
agents or b3 agonists such as mirabegron (Myrbetriq; Astellas
Pharma Inc., Northbrook, IL) (Yamaguchi et al., 2014).
Promising potential targets for OAB therapy include the

inhibitory purinergic receptors. Inhibitory effects of adenosine
on neurotransmitter release were first demonstrated at the
rat skeletal neuromuscular junction by Ginsborg and Hirst
(1972). This and subsequent studies demonstrated that
the inhibition of ACh release by adenosine at the skeletal
neuromuscular junction is mediated via A1-type adenosine
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receptors (Redman and Silinsky, 1993; Correia-de-Sá et al.,
1996: Silinsky, 2004). Evidence for A1 receptors affecting
detrusor neurotransmission has been found in mouse bladder
contraction studies (Acevedo et al., 1992) as well as in brief
reports in human and guinea pig detrusor preparations (Ikeda
et al., 2004).
In normal, healthy subjects, human detrusor neurotrans-

mission is mediated entirely through muscarinic receptors,
whereas P2X purinoreceptors have been implicated in dis-
eases of the human bladder (Ford and Cockayne, 2011).
Because neurotransmission in the murine detrusor muscle is
mediated by both P2X purinoreceptors and muscarinic re-
ceptors (Searl and Silinsky, 2012a), the mouse detrusor
represents a valuable tool for the study of P2X receptors.
In addition, the presence of a P2X-mediated component of
neurotransmission (P2X receptors are ligand-gated cation
channels) allows the use of electrophysiological recording
(Hoyle and Burnstock, 1985; Fujii, 1988; Brading and Most-
win, 1989; Bramich and Brading, 1996; Searl and Silinsky;
2012a). Specifically, evoked responses measured as electri-
cally evoked excitatory junctional potentials (EJPs) and
spontaneous excitatory junctional potentials (sEJPs) can both
be measured, thereby allowing quantal analysis of changes
in neuromuscular transmission to be determined in mu-
rine detrusor preparations (Searl and Silinsky, 2012a). This
electrophysiological approach has proven useful in the past
to enhance our understanding of the cellular mechanisms
underlying neuromuscular modulation (Silinsky, 2004) and
can be used to facilitate the examination of the mechanisms

regulating parasympathetic transmission in the mammalian
bladder (Searl and Silinsky, 2012a).
This study aimed to determine the role of A1 adenosine

receptors in detrusor transmission in both human andmurine
muscle and to test the effects of A1 receptor activation on the
quantal release of ATP in murine detrusor muscle using
electrophysiological methods.

Materials and Methods
General Protocol. Human studies were carried out in accordance

with the Declaration of Helsinki. The ethics and study protocols were
approved by the institutional review boards of Southern Illinois
University Medical School and Northwestern University Feinberg
School of Medicine. Bladder tissue obtained from consenting patients
undergoing radical cystectomy by surgeons in the Southern Illinois
University Division of Urology was immediately placed in a HEPES-
buffered solution (pH 7.2).

For the animal studies, the methods used for anesthesia and
exsanguinations were in accordance with guidelines established by
the National Research Council (2011) and the institutional animal
welfare committees of Northwestern University and Southern Illinois
University Medical School. Briefly, female mice (B6129F2J, weighing
20–30 g; Jackson Laboratory, Bar Harbor, ME) were anesthetized
with 5% isoflurane for 3–5 minutes, until unresponsive to touch,
followed by cervical dislocation and exsanguination. The urinary
bladderwas removed and placed in a balanced salt solution containing
137 mMNaCl, 5 mMKCl, 2 mM CaCl2, 2 mMMgCl2, 30 mMHEPES,
24 mM NaH2CO3, 1 mM NaH2PO4, and 11 mM dextrose (pH 7.2–7.4)
and gassed with O2 in a Sylgard-lined chamber (silicone elastomer,
volume of approximately 4 ml; Dow Corning Corporation, Midland,

Fig. 1. Effects of adenosine and A1-selective
agonists on EFS-elicited human detrusor con-
tractions. (A) Log concentration-response curves
for the inhibition of EFS-stimulated contractions.
As shown here, the order of agonist potency
(CCPA . CPA . adenosine) corresponds with
effects mediated by A1 receptors (CCPA, n = 5;
CPA, n = 6; adenosine, n = 9). The maximal
inhibition was not significantly different for
adenosine, CPA, or CCPA (ANOVA P = 0.86).
(B) Lack of effect of adenosine (200 mM, n = 5),
CCPA (10 mM, n = 5), and CPA (12.5 mM, n = 5) on
carbachol-induced contractions.
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MI). The bladder was dissected along the ventral wall with a
longitudinal incision from the bladder neck (posterior) to the top of
the dome (anterior) and the bladder was opened and pinned flat
(interior surface uppermost). Unless otherwise stated, the urothelium
and suburothelium were removed with careful dissection.

Contraction Studies. The detrusor tissues used in these exper-
iments were donated by 4 female and 17 male patients. The human
detrusor muscle was cut into strips (4–8 mm � 15–20 mm) and
mounted using silk sutures in 10-ml tissue baths (World Precision
Instruments, Sarasota, FL). Electric field stimulation (EFS) (0.05-
millisecond square pulse duration; 5, 10, and 20Hz, 5 and 120 seconds
apart) was applied via Ag/AgCl electrodes and delivered from a Grass
Instruments stimulator (S48 or S88) (Natus Neurology Inc., Warwick,
RI) under the control of an Arduino microprocessor board (Arduino
LLC, Cabridge, MA). For construction of the carbachol concentration-
response curves, maximal contractile responses were obtained at the
end of the experiments with application of 1 mM carbachol after
washout of the adenosine receptor agonist.

For the murine studies, the bladder detrusor muscle was bisected
with two equal halves and mounted with silk sutures in 10-ml tissue
baths. EFS (0.05-millisecond duration) was applied at 1, 5, and 10 Hz
for 5 seconds, every 120 seconds via Ag/AgCl electrodes.

Tension measurements were made with either Radnoti (Radnoti
LLC, Monrovia, CA) or Grass FT 103 tension transducers (using a
modified WPI transbridge transducer amplifier) with signals fed to
Digidata 1440 and recorded via AxoScope software (Molecular De-
vices, Sunnyvale, CA). Hexamethonium (300 mM) was present in all
contraction experiments to block ganglionic nicotinic receptors.

Electrophysiological Studies. For electrophysiological experi-
ments, the detrusor muscle was pinned (outside surface uppermost)
and muscle cuts were made along the craniocaudal axis to restrict
muscle contractions. Silver wire electrodes were placed on the surface
of the muscle sheet. The chamber was mounted on the heated stage
(Dagan Corporation, Minneapolis, MN) of an inverted microscope
(Nikon, Tokyo, Japan) and maintained at 36°C to 37°C by superfusion
with warmed physiologic saline solution at a constant flow rate
(12 ml/min21). Electrophysiological experiments were performed in
the presence of 10–15 mMnifedipine to block the postjunctional L-type
Ca21 channels, thereby revealing the underlying EJP. Atropine
(100 nM) was also used to block contractions of the muscle mediated
by muscarinic receptors and 300 mM hexamethonium used to block

ganglionic nicotinic receptors. Electrically evoked responses were
elicited using field stimulation of the preparation (0.5-millisecond
duration at a frequency of 0.1Hz), with the bath electrode strategically
placed tominimize the stimulus artifact. Intracellular recordingswere
made from the smooth muscle cells with glass capillary microelec-
trodes, filled with 0.5 MKCl (tip resistance, 60–100MV) using a high-
input impedance amplifier (Axoclamp-2A; Molecular Devices,
Sunnyvale, CA). Signals were filtered (5 kHz low-pass), amplified,
and digitized at 1 kHz using a Digidata 1200 A/D converter (Molec-
ular Devices, Sunnyvale, CAs) and sent directly to a computer using

Fig. 2. Effect of the irreversible A1 adenosine receptor antagonist FSCPX
(10 mM, 60 minutes) on CPA-mediated inhibition of EFS-elicited human
detrusor contractions. As shown, FSCPX blocks the inhibition of EFS human
detrusor muscle contractions by CPA (CPA, n = 5; FSCPX + CPA, n = 7).

Fig. 3. The effects of adenosine and the A1-selective agonist CPA on EFS-
elicited murine detrusor contractions. (A) Log concentration responses for
the inhibition of contraction as a percentage of the control contractions
(adenosine, n = 6; CPA, n = 5). A significantly greater maximal effect was
seen for the action of adenosine on contractions compared with the
maximal effect of CPA. Specifically, the maximal inhibition for CPA was
38.2% 6 4.0% of the control (n = 5) versus the maximal inhibition for
adenosine, which was 60.0% 6 6.3% (n = 6; P = 0.021). (B–E) Neither
adenosine nor CPA had any significant effect on contractile responses to
either carbachol or methacholine. (B) For CPA, the EC50 values for
carbachol were 251 6 50 nM in the control versus 325 6 49 nM in 3 mM
CPA (n = 5; P = 0.321). (C) The EC50 values for carbachol were 2516 50 nM
in the control versus 325 6 49 nM in 500 mM adenosine (n = 5; P = 0.321).
(D) The EC50 values for methacholine were 11.2 6 5.7 mM in the control
versus 3.46 0.9 mM in 3 mMCPA (n = 5; P = 0.214). (E) The EC50 values for
methacholinewere 5.56 2.7mMin the control versus 2.76 0.9mMin 500mM
adenosine (n = 5; P = 0.359), and the EC50 values for carbachol were 355 6
84 nM in the control versus 2996 71 nM in 500 mM adenosine (P = 0.622).
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winEDR software. The data were analyzed using winEDR and
winWCP programs (J. Dempster, Strathclyde University, Glasgow,
UK) aswell asMicrosoft Excel (Microsoft Corporation, Redmond,WA),
Corel Quattro Pro (Corel Corporation, Ottawa, Canada), Sigma Plot,
and Sigma Stat software packages (SPSS Inc., Chicago, IL). Sigma
Plot was used to provide sigmoidal curve fits of individual and
averaged data.

Reagents. Carbamylcholine chloride (carbachol), 2-chloro-N6-
cyclopentyladenosine (CCPA), N6-cyclopentyladenosine (CPA), and
8-cyclopentyltheophylline (CPT) were obtained from Sigma-Aldrich
(St. Louis, MI). 8-Cyclopentyl-3-[3-[[4(fluorosulphonyl)benzoyl]oxy]
propyl]-1-propylxanthine (FSCPX) was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). In the experiments with FSCPX, we
followed the protocol previously used by Gesztelyi et al. (2013) to block
A1 receptor activation in isolated guinea pig atria. Briefly, prepara-
tions were pretreated with 10 mM FSCPX for an hour and then
subsequently washed with drug-free solution for 45 minutes before
testing the effects of CPA.

All other chemicals were obtained from VWR International
(Radnor, PA).

Statistical Methods. Comparisons were made by either para-
metric statistics (paired t test) ornonparametric statistics (Mann–Whitney
rank-sum test; see Glantz, 1992). For multiple comparisons, either
analysis of variance (ANOVA) or Bonferroni corrections were used.
For the purpose of discussion of the results, differences between
groups were considered significant when P , 0.05. For all experi-
ments,n represents the number of single experiments carried out from
a single patient or animal. For electrophysiological experiments,
single intracellular impalements on individual preparations were
used. In contraction studies when multiple bladder strips from a
single patient or animal were tested, results were averaged and the
averaged result was treated as a single n value. Data are presented
as means 6 1 S.E.M.

Results
Adenosine Inhibits Human Detrusor Muscle Con-

tractions. The first series of experiments were made on the
effects of A1 adenosine receptor agonists on human detrusor
muscle. Fig. 1 shows the concentration-dependent inhibition
of evoked human detrusor muscle contractions by the endog-
enous nonselective adenosine receptor agonist adenosine and
by two selective A1 adenosine receptor agonists (CCPA and
CPA). Fig. 1A shows the log concentration-response curves for
the inhibition of contractions expressed as a percentage of
maximal inhibition for each individual experiment. As shown
inFig. 1, the rank order of potency of adenosine agonists on the
inhibition of EFS-mediated contractions (CCPA . CPA .
adenosine) is consistent with the activation of A1 receptors
(EC50 values: CCPA, 1.42 6 0.679 mM, n 5 6; CPA, 10.8 6
3.53 mM, n5 5; and adenosine, 1456 33.7mM, n5 8; ANOVA,
P , 0.001) (Gao and Jacobson, 2002; Fredholm et al., 2011).
Adenosine (200 mM, n 5 5), CCPA (10 mM, n5 5), and CPA

(12.5 mM, n5 5) did not have any significant effect on detrusor
contractions in response to carbachol application (Fig. 1B),
indicating a lack of postjunctional effects of these adenosine
receptor agonists at these concentrations.
Treatment with the irreversible A1 antagonist FSCPX

(Srinivas et al., 1996; Morey et al., 1998) significantly reduced
the inhibitory responses to CPA (Fig. 2), providing further
evidence for the role of A1 adenosine receptors in the inhibition
of neuromuscular transmission in the human bladder. To
determine whether a purinergic component of transmission
was present in these humanmuscle preparations, the effect of

atropine (0.5 mM) was tested on the EFS-evoked muscle
contractions before ending each experiment (Gao and Jacobson,
2002). In all experiments (n 5 21), atropine abolished or
reduced the evoked contraction to less than 5% of the control
contraction. Specifically, post-atropine contractions were
0.7% 6 0.3% of the control (n 5 21), indicating that EFS-
evoked contractions in the human detrusor were primarily
mediated by the action of ACh on muscarinic receptors and
were independent of a significant purinergic component of
transmission in these experiments
Adenosine Inhibits Muscarinic and Purinergic

Transmission in the Murine Detrusor Muscle. To fur-
ther our understanding of the effects of A1 adenosine receptors
on detrusor transmission, the effects of adenosine receptor
agonists were tested in murine tissue, in which the contribu-
tion of P2X receptors toward detrusor transmission allows for
changes in neurotransmission to be measured with electro-
physiological techniques. The effects of adenosine and CPA
were initially tested on murine detrusor contractions to
determine whether the effects of these agents are similar
in human and murine tissues. As demonstrated in the
concentration-response curves in Fig. 3A, inhibition of murine
detrusormuscle EFS-evoked contractions by CPA (EC50 1756
60 nM; n 5 5) and adenosine (EC50 97.5 6 8.5 mM; n 5 5) are
consistent with actions on A1 adenosine receptors. However,
the maximal inhibition of EFS-evoked contractions was
significantly greater with adenosine versus CPA (P 5 0.021),
suggesting that at the higher concentrations of adenosine

Fig. 4. The effects of CPA and adenosine on EJP amplitudes. (A)
Concentration-response curves for the inhibition of EFS-evoked EJP
amplitudes. The potencies of adenosine (n = 7) and CPA (n = 5) on the EFS-
evoked contractions (Fig. 3) and on EFS-evoked EJPs were similar, such
that the EC50 concentrations of adenosine and CPA for contractions and
EJPwere not significantly different (P = 0.126 andP = 0.076, respectively).
(B) The inhibitory effects of adenosine (1 mM) and CPA (3 mM) on EJP
amplitudes and the lack of effect of these agents on sEJP amplitudes.
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used, additional adenosine receptors may play an inhibitory
role, including A2B-type adenosine receptors (Fredholm et al.,
2011; Weller et al., 2015).
In contrast with the human detrusor muscle, neurotrans-

mission to murine detrusor muscle consists of both cholinergic
and purinergic components (Searl and Silinsky, 2012a). In-
deed, contractions in response to EFS (10 Hz, 5 seconds
duration) were reduced to 63% 6 8% of the control after
application of atropine (n 5 8), confirming that a substantial
portion of the contractile response in the murine bladder is
mediated by purinergic receptors. Because concentration-
contraction response curves evoked by carbachol or the
selective muscarinic agonist methacholine were not affected
by either adenosine (500 mM) (Fig. 3, C and E) or the A1

adenosine receptor agonist CPA (3 mM) (Fig. 3, B and D), it
appears that these adenosine agonists areworking exclusively
on prejunctional loci. This contrasts with the postjunctional
effects of A1 receptor activation seen in the human colon
(Fornai et al., 2009).
The purinergic component of neurotransmission in the

murine detrusor provides a means to measure both the
purinergic component of neurotransmission and changes in
postjunctional sensitivity to ATP by exploiting the electrically
evoked EJP and spontaneous sEJP amplitudes (Searl and
Silinsky, 2012a). As shown in Figs. 4 and 5, neither adenosine
nor CPA had any effect on sEJP amplitudes, demonstrating
that the inhibitory effects of these A1 adenosine receptor

agonists were exclusively prejunctional. For the adenosine
experiments, sEJP amplitudes were 6.1 6 1.3 mV in the
control versus 7.16 1.8mV in 1mMadenosine (n5 7). For the
CPA experiments, sEJP amplitudes were 3.4 6 1.5 mV in
the control versus 4.0 6 1.6 mV in 3 mM CPA (n 5 5). In
contrast with the spontaneous events, the EJPs were reduced
in amplitude by CPA (EC50 1796 44 nM; n5 5) and adenosine
(EC50 161.4 6 31.6 mM; n 5 7), indicating a presynaptic
inhibitory effect of A1 receptor activation on evoked ATP
release. Examples from typical experiments of EJPs before
and after the addition of adenosine are shown in Fig. 5, as is a
typical example of the effects of adenosine on EJP and sEJP
amplitude distributions.
To confirm the role of A1 receptors in these effects on

electrically evoked purinergic detrusor muscle EJPs, the
effects of CPT, a neutral A1 antagonist (Searl and Silinsky,
2012b) were tested on the actions of CPA. As shown in Fig. 6,
CPT (10 mM) had no effect on EJP amplitudes in control
experiments but it reversed the inhibition of EJP amplitudes
produced by CPA (3 mM), hence confirming the role of A1

adenosine receptors on prejunctional parasympathetic nerve
endings innervating the murine urinary bladder (Srinivas
et al., 1996)
Influence of Urothelium-Derived Adenosine on

Detrusor Neurotransmission. It is known that substantial
amounts of ATP are released from the urothelium (the inner
wall of the urinary bladder) lining the bladder (Ferguson et al.,

Fig. 5. Effect of adenosine on EJP amplitudes and the amplitude distributions of EFS-evoked EJPs and spontaneous sEJPs. (A) The typical effects of
adenosine (1 mM) on EJPs recorded from themurine detrusor. (B and C) Histograms show the reduction in mean amplitude of the EJPs (B), whereas the
sEJP amplitude distribution (as measured during the corresponding EJP collection periods) was unaffected (C).
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1997). This ATP release is implicated as playing a major role
in the sensory arm of the urinary bladder via sensory nerve
activation (Vlaskovska et al., 2001). Thus, it might be possible
for adenosine derived from this urothelium ATP release to
affect detrusor transmission. However, as shown in Fig. 7, the
inhibitory effects of 3 mMCPA were not significantly different
between intact urothelium-detrusor preparations and those
preparations in which the detrusor was denuded of the
urothelium and suburothelium tissues.

Discussion
The purpose of this study was to determine the potential for

adenosine agonists to serve as therapeutic adjuncts in mod-
ulating neuromuscular transmission in the detrusor muscle of
the human and murine urinary bladder. The relative poten-
cies of A1 adenosine receptor agonists on human detrusor
muscle contractions are consistent with actions on A1 adeno-
sine receptors (CCPA . CPA . adenosine). Incubation with
10 mM FSCPX abolished the effects of CPA and reduced the
effects of adenosine, further supporting the role of A1 receptors
underlying the inhibitory actions of CPA and adenosine.
Application of concentrations of CCPA, CPA, or adenosine at
greater than EC50 concentrations resulted in no change in
responses to ACh, methacholine, or carbachol, suggesting that
the effects of A1 receptor agonists are prejunctional and that
postjunctional effects are not seen at these concentrations of
A1 adenosine receptor agonists. It is worth noting that the
dose-response curves for CPA resulted in a lower maximal
inhibition than either CCPA or adenosine. Thismay be related
to a greater selectivity of CPA on A1 receptors compared with
the known actions of adenosine on A2-type adenosine recep-
tors, which are also present on the detrusor muscle.
Because CCPA and adenosine had similar effects on the

contractions evoked by EFS in both human and murine
detrusor muscle, we thus used electrophysiological methods
on the murine detrusor preparation to test for prejunctional
changes in transmitter release by adenosine and CPA on
evoked purinergic EJP amplitudes and sEJPs. Our results
showed that evoked EJPs were reduced but sEJP amplitudes
were unaffected by these agents, indicating a prejunctional
effect on the nerve endings innervating the detrusor muscle
(i.e., adenosine and CPA act to reduce the number of quanta

evoked by nerve stimulation). In addition, the A1 adenosine
receptor antagonist CPT reversed the effects of CPA, further
supporting the role of A1 adenosine receptors underlying these
effects.
The potencies of adenosine and the A1 receptor agonists are

similar to those seen at the rodent skeletal neuromuscular
junction (Nagano et al., 1992; Correia-de-Sá et al., 1996;
Silinsky, 2004). It should be mentioned that one feature of
adenosine receptors is that the efficacy of adenosine and
adenosine agonists vary many fold between tissues, depend-
ing on the numbers of spare receptors present (Fredholm,
2010; Gesztelyi, et al., 2013). The low potencies of adenosine
and the A1 adenosine receptors agonists at the murine and
human detrusor muscles suggest that the spare receptor
populations in both preparations are comparatively low
(Fredholm, 2010; Gesztelyi et al., 2013; Kiss et al., 2013). In
addition, the EC50 concentrations for EJPs and for contrac-
tions were not significantly different in this preparation (Figs.
3 and 4), suggesting that contraction studies may provide a
reliablemeasure of the potency of prejunctionally acting drugs
in detrusor muscle preparations.
The urothelium and the underlying suburothelium are

generally believed to play an important role in regulating
detrusor muscle activity and also play an inhibitory role in
neurotransmission (Chaiyaprasithi et al., 2003; Munoz et al.,
2010). In our contraction experiments, the effects of CPA
were unaffected by the presence of the urothelium, with no
significant differences between the effects of CPA on EFS-
evoked contractions in preparations with the detrusor alone
and those in which the urothelium was left intact, suggesting
that there was insufficient endogenous adenosine present to
affect detrusor transmission in these experiments.
The potential clinical benefits of A1 adenosine receptor

agonists as therapeutic treatment of OAB in unclear. Thus,
in one study, intravesical perfusion of subnanomolar concen-
trations of CCPA was found to significantly lower the voiding
threshold in both control and cyclophosphamide-treated rats
(Prakasam et al., 2012). However, in a different study also in
rats, intravesical perfusion of CCPA was found to reduce
bladder overactivity induced by dimethylsulfoxide (Kitta
et al., 2014).
In summary, both the contraction and electrophysiological

evidence presented here demonstrate that activation of

Fig. 6. Reversal of the effect of the A1 adenosine receptor agonist CPA on
EJP amplitudes by the A1 adenosine receptor antagonist CPT. As shown,
the A1 adenosine receptor antagonist CPT (10 mM) had no effect on control
EJP amplitudes (n = 5). However, the inhibition of EJP amplitude by CPA
(3 mM) (P , 0.009, ANOVA) was reversed by CPT (10 mM) (n = 5).

Fig. 7. Absence of effects of the urothelium on A1 adenosine receptor
modulation of detrusor contraction. When the urothelium-suburothelium
was left intact, CPA (3 mM) reduced the EFS-evoked contractions to
67.9% 6 7.5% of the control (n = 7). When the urothelium-suburothelium
was removed, CPA (3 mM) reduced the EFS-evoked contractions to
55.9% 6 9.1% of the control (n = 7). The difference in the degree of
reduction in EFS-evoked contractions was not significant (P = 0.32).
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prejunctional A1 adenosine receptors provides a potential
means to dampen aberrant transmission to the detrusor
muscle from nerves innervating both human and murine
detrusor muscle. Potentially, targeting such agents to the
urinary bladder to minimize potential harmful effects on
cardiac function might be attained through the synthesis of
prodrugs. However, further in vivo studies are needed to test
for the potential usefulness of A1 adenosine receptor agonists,
acting either alone or as adjuncts acting synergistically with
antimuscarinic agents or b3 receptor agonists for the treat-
ment of OAB.
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