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Abstract Purinergic signalling is involved in a number of
physiological and pathophysiological activities in the low-
er urinary tract. In the bladder of laboratory animals there
is parasympathetic excitatory cotransmission with the
purinergic and cholinergic components being approxi-
mately equal, acting via P2X1 and muscarinic receptors,
respectively. Purinergic mechanosensory transduction oc-
curs where ATP, released from urothelial cells during
distension of bladder and ureter, acts on P2X3 and
P2X2/3 receptors on suburothelial sensory nerves to ini-
tiate the voiding reflex, via low threshold fibres, and
nociception, via high threshold fibres. In human bladder
the pur ine rg i c componen t o f pa ra sympa the t i c
cotransmission is less than 3 %, but in pathological con-
ditions, such as interstitial cystitis, obstructed and neuro-
pathic bladder, the purinergic component is increased to
40 %. Other pathological conditions of the bladder have
been shown to involve purinoceptor-mediated activities,
including multiple sclerosis, ischaemia, diabetes, cancer
and bacterial infections. In the ureter, P2X7 receptors
have been implicated in inflammation and fibrosis.
Purinergic therapeutic strategies are being explored that
hopefully will be developed and bring benefit and relief to
many patients with urinary tract disorders.
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Purinergic signalling in the human bladder in health and
disease

Healthy bladder
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Concluding comments

Introduction

Review articles, which include various aspects of purinergic
signalling in the lower urinary tract, are available [25, 56, 60,
81, 106, 109, 110, 197, 239, 240, 248, 366, 411, 516, 749].

Urinary bladder

Innervation of bladder

Parasympathetic cotransmission

Atropine-resistant responses of the urinary bladder to stimu-
lation of parasympathetic nerves were recognised for many
years ([147, 290, 406, 686]; see [106]) and were later shown to
be due to non-cholinergic, non-adrenergic transmission [19,
384, 463]. However, it was not until 1972 that evidence was
presented to support the view that the atropine-resistant com-
ponent in guinea-pig bladder was purinergic, i.e., due to
adenosine 5′-triphosphate (ATP) released from the parasym-
pathetic nerves supplying the bladder [117]. The evidence in

this paper included: mimicry of the non-adrenergic, non-
cholinergic (NANC) nerve-mediated excitatory responses by
ATP (Fig. 1a); block of contractions both to NANC nerve
stimulation and to exogenous application of ATP, but not to
acetylcholine (ACh), by quinidine; and depression of NANC
responses during tachyphylaxis produced by high concentra-
tions of ATP. Direct evidence for ATP release from NANC
nerves came in later papers [113] (Fig. 1b). Later studies have
offered unequivocal support for this hypothesis (see [106]),
not only in guinea-pig bladder [83, 112, 254, 287, 314, 325,
356, 482, 556, 721], but also the bladders of many other
species, including: mouse [4, 301, 682, 714]; pig [253]; ham-
ster [561]; marmoset and ferret [500]; dog [653]; monkey
[166]; cat [417, 664]; shrew [312]; sheep [162, 166]; rat [53,
80, 93, 289, 326, 545, 680]; rabbit [134, 211, 254, 310, 321,
420, 442, 763] and human [74, 313, 333, 540, 589, 695, 725].
The prejunctional inhibition of both cholinergic and
purinergic components of the nerve-mediated responses of
the rat bladder by adenosine was taken as evidence in
support of cotransmission ([545]; see also [499]).

Following the initial proposa1 that ATP contributed to the
contractile responses of the urinary bladder to parasympathetic
nerve stimulation [97], much debate followed, as indeed it did
about the general concept of purinergic neurotransmission.
Ambache et al. [18] published a paper entitled "Evidence
against purinergic motor transmission in guinea-pig bladder"
based mainly on the relative insensitivity of the bladder to ATP
and the inability of ATP to match precisely the atropine-
resistant neurogenic responses, extending their earlier conclu-
sion [19], although earlier papers had pointed out the close
mimicry of the responses of ATP to atropine-resistant responses
in terms of onset and decline [94, 473]. However, at that time
the rapid ectoenzymatic breakdown of released ATP was not
clearly recognised and the desensitisation of responses to ATP
was not taken into account. Weetman and Turner [717] also
argued against purinergic transmission on the basis of the lack
of specific effects of several ATP receptor blocking agents that
had been claimed to be effective on ATP responses in the
guinea-pig taenia coli: “quinidine reduced the response to nerve
stimulation without affecting the histamine controls, although
this was probably due to local anaesthetic effect” and “phen-
t o l am ine and two expe r imen t a l d rugs (2,2 ′ -
prydiylisatogen, and 2,2′-methoxyphenylisatogen), that are ac-
tive against ATP-induced relaxation of the guinea-pig isolated
taenia, were non-specific in their blockade of contractions of
the bladder to nerve stimulation”. The lack of effect of theoph-
ylline or dipyridamole on the excitatory junction potentials
(EJPs) in the rabbit bladder in response to intramuscular nerve
stimulation was also taken as evidence against ATP being the
non-cholinergic excitatory transmitter [167], but since these
agents only affect the P1 receptor-mediated actions of adeno-
sine, but not ATP, this was clearly not a valid argument.
Tetrodotoxin-resistant release of ATP was taken to indicate
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ATP release from muscle during transmural stimulation and
argued against ATP as a neurotransmitter in the rabbit bladder
[138]. Since responses to electrical field stimulation in the
presence of atropine were reduced, but not abolished, following
desensitisation of the ATP receptor, it was concluded that ATP
was unlikely to be the sole non-cholinergic motor transmitter in
the rat detrusor [445].

Despite these reservations, several other laboratories con-
firmed and extended the evidence in favour of purinergic
transmission. Dean and Downie [211] showed that
desensitisation with ATP selectively depressed responses to
ATP and to field stimulation (particularly at low frequencies),
but not those in response to carbachol. Burnstock et al. [113]
extended their earlier findings: quinacrine, a fluorescent dye
know to bind to high levels of ATP in granular vesicles, produced
positive staining in neurons and nerve fibres in the bladder;
release of ATP during stimulation of NANC excitatory nerves
was demonstrated using the firefly luciferin–luciferase assay
method (also reported in [112]); and sympathectomy with 6-
hydroxydopamine did not affect the release of ATP in response to
intramural nerve stimulation. Compared to ATP, 100-fold lower
concentrations of the slowly degradable analogueβ,γ-methylene

ATP (β,γ-meATP) were shown to mimic contractions of the
atropine-resistant responses of the rat bladder, suggesting that
the relative insensitivity of the bladder to ATP is due to its
rapid degradation to adenosine 5′-monophosphate (AMP) and
adenosine, which cause relaxation of the bladder [93]. The
functional effects of purinergic innervation of the rabbit
urinary bladder were also reported [420].

Evidence for purinergic and cholinergic components of the
responses of the bladder to parasympathetic nerve stimulation
in an in vivo preparation of urethane-anaesthetised guinea-pigs
has been presented [556]. In anaesthetised cats, the ganglion

�Fig. 1 a Contractile responses of the guinea-pig bladder strip to
intramural nerve stimulation (NS ; 2 Hz, 0.2 ms pulse duration,
supramaximal voltage for 20 s) and ATP (8.5 μM). Atropine (1.4 μM)
and guanethidine (3.4μM)were present throughout. b Effect of changing
the Ca2+ concentration on the release of ATP from the guinea-pig isolated
bladder strip during stimulation of intramural nerves. Upper trace :
mechanical recording of changes in tension (g) during intramural NS
(2 Hz, 0.2 ms pulse duration, supramaximal voltage for 20 s). Lower
trace : concentration of ATP in consecutive 20-s fractions of the
superfusate. The Ca2+ concentration in the superfusate varied as
follows: (i) 2.5 mM (normal Krebs); (ii) 0.5 mM; (iii) 0.25 mM; (iv)
2.5 mM. The successive contractions were separated by 60-min intervals
as indicated by the breaks in the mechanical trace. Atropine (1.4 μM) and
guanethidine (3.4 μM) were present throughout. The temperature of the
superfusate was between 22 °C and 23 °C. (a and b Reproduced from
[113], with permission from Elsevier.) c The effect of α,β-methylene
ATP (α,β-meATP) on the response of isolated guinea-pig bladder strips
to NS, ATP (Δ) and histamine (Hist). Upper trace : control responses;
lower trace , desensitization attained by five successive applications of
α,β-meATP (50 μM, filled triangle), at 4-min intervals, completely
abolished nerve-mediated and ATP induced contractions, although
histamine-induced contraction is only slightly reduced. (Reproduced
from [356], with permission from Elsevier.) d Rabbit urinary bladder
detrusor, sucrose-gap recording at 33 °C, in the presence of atropine
0.3 μM. Effect of α,β-methylene ATP (α,β-meATP) on excitatory
junction potentials (EJPS) evoked by field stimulation (filled circle ,
0.5 Hz, 0.3 ms, 5 V, continuously) before (left trace ) and during
desensitization with α,β-meATP (10 μM) (right trace ). At control
membrane potential, EJPS are no longer visible during desensitization
with α,β-meATP. (Reproduced from [310], with permission from
Elsevier.) e Fluorescent histochemical localization of quinacrine in
whole-mount stretch preparation of adult rabbit urinary bladder
showing a ganglion cell containing at least six fluorescent nerve cells.
The nuclei (arrow ) are non-fluorescent. Calibration bars=50 μm.
(Reproduced from [172], with permission from Elsevier)
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stimulants, nicotine and dimethyl-phenylpiperazinium, in-
creased intravesicular pressure by an atropine-resistant mecha-
nismwhich was mimicked by ATP [381]. In a later study of the
in vivo responses of the cat bladder to pelvic nerve stimulation
it was concluded that purinergic transmission plays a role in the
initiation of bladder contraction and perhaps in the initiation of
urine flow, in contrast to cholinergic transmission that is in-
volved in maintenance of contractile activity and flow [668]. In
a recent study, evidence was presented that the purinergic
component of parasympathetic cotransmission mediated
Ca2+ signals that provide the initial Ca2+/calmodulin activa-
tion of myosin light chain kinase in smooth muscle, while
the muscarinic receptors provide supporting sustained re-
sponses [682]. Purinergic neurotransmission was impaired
in myosin Va-deficient mouse bladders indicating that myo-
sin Va plays a major role in the vesicular ATP transport from
varicosities [170].

In the late 1970s and the l980s, neuropeptides, particularly
vasoactive intestinal peptide (VIP), became the favoured con-
tenders for NANC transmission in a variety of preparations,
including those of the lower urinary tract and penile erectile
tissues (see [23, 311]), but in a study designed to compare the
effects of substance P (SP),VIP and its structurally related
polypeptide peptide histidine isoleucine, on the guinea-pig
bladder with the affects of field stimulation and ATP [454],
the slow sustained excitation elicited by VIP contrasted clear-
ly with the fast transitory responses elicited by both ATP and
field nerve stimulation. In a later study, Meldrum and
Burnstock [482] showed that P2 purinergic receptor
desensitisation with α,β-methylene ATP (α,β-meATP) did
not alter the responses to VIP while blocking NANC excita-
tion. Copper inhibits purinergic transmission in the bladder
and the copper(i) chelater, neocuproine, enhances bladder
activity by facilitating purinergic excitatory responses [268].

Release of β-nicotinamide adenine dinucleotide (β-NAD)
has been reported during electrical field stimulation of intrin-
sic nerves in the human bladder [90]. The release is unaf-
fected by guanethidine, but increased by capsaicin, suggest-
ing that sensory nerves might be the origin of the release of
β-NAD, rather than sympathetic or parasympathetic nerves.

Various compounds that inhibit ATP-induced contractions
also inhibit the responses induced by electric field stimulation
[106, 617]. NANC nerve-mediated responses of strips of
guinea-pig urinary bladder were markedly reduced following
desensitisation with ATP, but only slightly with guanosine 5′-
triphosphate (GTP) or cytidine 5′-triphosphate (CTP) [449].
Reactive blue 2 was reported to antagonise selectively the
ATP-induced relaxations of the guinea-pig distal colon [364].
Reactive blue 2 was also shown to inhibit the responses to ATP
and to NANC nerve stimulation in both guinea-pig and rat
bladders [150]. At about this time, arylazido-aminopropionyl
ATP (ANAPP3) was also proposed as a specific antagonist to
ATP [298] and was shown to inhibit contractile responses of

the cat and guinea-pig bladder to both ATP and pelvic or
intramural nerve stimulation [52, 664, 721]. In the rabbit
bladder ANAPP3 blocked the atropine-resistant neurogenic
response, but apparently not responses to exogenous ATP
[442]. Kasakov and Burnstock [356] showed that the slowly
degradable analogue of ATP, α,β-meATP, produced selective
desensitisation of the P2 purinoceptor and that it abolished
NANC excitatory responses of the guinea-pig urinary bladder
(Fig. 1c). This was confirmed in later studies of both guinea-
pig and rat bladder [83, 401]. In the first study of mouse
bladder, α,β-meATP was shown to abolish the response to
ATP and greatly reduce the NANC component of the neu-
rogenic response [4]. At about the same time, α,β-meATP
desensitisation experiments also supported NANC excitatory
transmission in the bladders of ferret and marmoset [500].

After suramin was shown to be a reversible P2 purinergic
receptor antagonist in the mouse vas deferens [217], it was
reported to reduce the responses to both purinergic agonists
and the NANC component of neural responses in the guinea-
pig, rat and shrew bladders [312, 314, 680]. In a study of the
effects of suramin on the responses to nerve stimulation and
ATP in the bladder muscle strips from guinea-pigs, rabbits,
monkeys and sheep and detrusor strips from humans, it was
show that it produced parallel inhibition in guinea-pig and
rabbit, but in sheep and human tissue, where the purinergic
nerve component was smaller, the effect of suramin was diffi-
cult to assess because of increase in spontaneous activity [166].

Pyridoxalphosphate-6-azophenyl-2′,4′-disulphonic acid
(PPADS) was introduced as a P2X antagonist in the vas
deferens in 1992 [405] and later was also shown to be effective
in selectively antagonising P2X purinoceptor-mediated con-
tractions in the rabbit urinary bladder produced by exogenous
α,β-meATP and by purinergic nerve stimulation [680, 763].
P2X receptors in the guinea-pig bladder were shown to be
more sensitive to PPADS than suramin, and diadenosine
tetraphosphate (Ap4A) appeared to be acting through this
P2X receptor since, like ATP responses, responses to Ap4A
were abolished alter desensitisation with α,β-meATP [687].

Reactive blue 2 reduced the post-contractile relaxation of
the bladder neck of the male mini-pig and this was taken to
suggest that P2Y purinoceptors were involved [678].

EJPs elicited by stimulation of sympathetic nerves supplying
the guinea-pig vas deferens were first recorded by Burnstock
and Holman in the early 1960s [119, 120], although it was not
until the 1980s that EJPs were shown to be due to the actions of
neuronally released ATP [627]. The first recordings of EJPs
(using both microelectrode and sucrose-gap methods) in
smooth muscle cells of the urinary bladder in response to
intramural nerve stimulation were published in 1983 [167],
although the authors presented data that they interpreted as
not supporting the proposal that ATP was the NANC-
excitatory transmitter. Later papers, however, clearly showed
that the atropine-resistant EJPs recorded in the bladders of
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rabbits, guinea-pigs and pigs were inhibited by desensitisation
of the ATP receptor with α,β-meATP (Fig. 1d) and were
therefore the result of purinergic transmission [82, 254, 310].
In other studies EJPs recorded in the guinea-pig bladder were
reduced by the ATP antagonist suramin [95,166].

In an elegant study employing the whole-cell patch clamp
technique on single smooth muscle cells isolated from guinea-
pig bladder, it was possible to show that ATP could closely
mimic the EJP and this was taken as support for the concept that
ATP is the transmitter responsible for fast neurotransmission in
the bladder [332]. Patch-clamp studies on isolated smooth
muscle cells from sheep bladder suggested that Cibacron blue
is a potent activator of a Ca2+-dependent outward current in
addition to its action as a purinergic antagonist [162]. Using a
voltage-clamp of smooth muscle cells from guinea-pig blad-
der, ATP, adenosine 5′-diphosphate (ADP),α,β-meATP andβ,
γ-meATP were shown to produce rises in fast inward trans-
membrane current, while GTP, inosine 5′-triphosphate (ITP),
AMP and adenosine failed to activate this current [465].

Analysis of the EJPs recorded in the guinea-pig bladder [88]
showed first that they varied greatly in both amplitude and time
course evenwhen recorded from cells at similar distances from
the stimulating electrodes, and second that, as the strength of
field stimulation was reduced, the amplitude of EJPs was
decreased in two or three discrete steps, rather than gradually.
Spontaneous EJPs (sEJPs) were also recorded frommost cells.
The authors raised the possibility that EJPs result from the
activation of two different membrane conductances and that
the variation in EJP amplitude may be related to the degree
of coupling between smooth muscle cells in and between
muscle bundles. EJPs, but not sEJPs, recorded in mouse
bladder, were abolished by tetrodotoxin, but both EJPs and
sEJPs were abolished by NF279, a P2X1 receptor antago-
nist [602]. The authors also showed that phorbol dibutyrate
potentiated EJP amplitudes, but not those of sEJPs, proba-
bly by increasing ATP release from the nerve varicosities.

Frequent ATP-mediated spontaneous depolarisations
(probably sEJPs) were recorded in mouse detrusor muscle
and their frequency and whole cell Ca2+ flashes increased in
the absence of the urothelium, suggesting that an inhibiting
agent released from the urothelium may modulate the
spontaneous activity of the bladder [485]. Spontaneous
depolarisations or sEJPs were abolished by NF449, a
P2X1 receptor antagonist [746].

The concept of cotransmission is now well accepted (see
[98, 108]), including strong evidence that ATP acts as a
cotransmitter with noradrenaline (NA) in the sympathetic
nervous system (sea [101, 103]). It is surprising that there is
much less information about cotransmission with ATP in the
parasympathetic nervous system. ATP is released from syn-
aptic vesicles from motor nerve terminals together with ACh
in the rat diaphragm and in teleost electric organs [612, 767],
and there is also evidence that ATP is coreleased with ACh

from sympathetic nerves supplying catfish chromatophores
[256]. The paucity of information about parasympathetic
cotransmission may partly be due to the fact that it is easier
to eliminate surgically postganglionic sympathetic nerves, or
chemically denervate with sympatholytics such as guanethi-
dine or 6-hydroxydopamine, than it is to disrupt surgically or
chemically postganglionic parasympathetic nerves.

Perhaps the first hint that ATP and ACh might be
cotransmitters in parasympathetic nerves supplying the bladder
came from an ultrastructural study of nerves supplying the
smooth muscle of the bladder, where the vesicular composition
of nerve profiles containing small agranular and large opaque
vesicles led the authors to propose that cholinergic and NANC
transmitters were colocalised [308]. Further indirect evidence
for purinergic cotransmission came from binding studies and
regional studies of the responses of strips taken from five
different areas of the rabbit bladder, where it was shown that
the bladder body and base showed parallel sensitivity to
urecholine (a muscarinic agonist), and to ATP. Other indirect
evidence for purinergic cotransmission came from studies of
purified botulinum neurotoxin (BTX) type A and neuromuscu-
lar transmission in the guinea-pig bladder; both cholinergic
and purinergic components of the excitatory responses to
nerve stimulation were significantly reduced by BTX [455].

It seems likely from pharmacological studies of bladder
contractility that a spectrum of nerves exist, utilising different
proportions of ATP and ACh, from predominantly ATP in cat
and guinea-pig through to roughly 50:50 in rat and dog to
predominantly ACh in healthy human bladder.

The M3 muscarinic receptor appears to be the subtype
primarily responsible for excitatory cholinergic transmission
in the bladder, although M2 receptors may also be involved in
some species [221, 222]. Functional impairments found inM3

knockout (KO) mice were milder than those elicited by active
blockade of muscarinic receptors in wild type (WT) mice,
suggesting that non-cholinergic (purinergic) transmission
can compensate for the chronic loss of M3 receptors [328].

In a whole rabbit bladder in vitro preparation exogenous
ATP and electrical field stimulation in the presence of atropine
produced a transient rapid rise in intravesical pressure [423].
However, these purinergic responses did not result in significant
bladder emptying, suggesting that they may be complementary,
but functionally different, from those which occur in response
to cholinergic transmission [415, 420]. A comparison of the
purinergic responses in the whole bladder in vitro preparations
of cat and rabbit revealed both qualitative and quantitative
species differences [417]. In particular, the component of
purinergic NANC transmission in the bladder of the cat was
considerably less than that found for the rabbit bladder. Studies
of whole rabbit bladders by another group led to the conclusion
that neurally released ATP is important in the initiation of
micturition, but ACh is necessary for bladder emptying [134].
Another study, in which substances were administered intra-
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arterially to the whole rabbit bladder preparation, showed that
pre-treatment with isoprenaline, a β-adrenergic agonist, signif-
icantly inhibited contractions to ACh or ATP [426]. Thus in
pathological conditions such as bladder–urethral dyssynergia,
involving simultaneous firing of sympathetic and parasympa-
thetic nerves, both cholinergic and purinergic bladder contrac-
tions could be suppressed while the urethra was contracted.

Pharmacological studies of the cat bladder in vivo [206,
238, 419] showed a clear atropine-resistant contraction
evoked by pelvic nerve stimulation, which had a purinergic
component [664]. Purinergic transmission also contributes to
bladder contractions evoked by stimulation of the hypogastric
(sympathetic) nerves [665].

In another study using unanaesthetised rats and continuous
cystometry, it was shown that ATP, or α,β-meATP, adminis-
tered intra-arterially close to the bladder, produced rapid, pha-
sic and dose-dependent increases in bladder pressure and mic-
turition immediately after injection [326]; pre-treatment with
α,β-meATP blocked the effects of ATP. Carbachol produced
sustained increases in bladder pressure and micturition. After
blockade of the micturition reflex with morphine (10 μg intra-
thecally), ATP, α,β-meATP and carbachol were unable to
induce bladder emptying. In a later study, this group examined
purinergic responses in unanaesthetised rats with bladder outlet
obstruction [327]. In an in vivo anaesthetised rat model, it was
shown that the contractile response of the bladder to pelvic
nerve stimulation consists of a phasic purinergic component
that predominates at lower stimulation frequencies, followed
by a tonic cholinergic component predominating at higher
frequencies [530].

Evidence has been presented for purinergic transmission in
the urinary bladder of pithed rats [289]. Spinal electrical
stimulation (L6–S2) evoked increases in intravesicular pres-
sure and the major NANC component was antagonised by α,
β-meATP or PPADS. ATP produced dose-dependent in-
creases in intravesicular pressure. It was concluded that
purinergic transmission mediated by ATP acting on P2X
receptors represents a major component of excitatory inner-
vation of the rat urinary bladder.

Implantation of chronic bladder catheters and
cystometrography was used to study the micturition reflexes
in unanaesthetised rats and it was shown that, at the spinal
level, xanthine-sensitive P1 (adenosine) receptors, probably
located on an excitatory interneuronal link, inhibited the
volume-evoked micturition reflex [630].

In urethane-anaesthetised rats, intrathecal administration of
α,β-meATP or adenosine-5′-(γ-thio)-triphosphate (ATPγS)
induced transient bladder contractions followed by a
prolonged depression of reflex bladder activity recorded under
isovolumetric conditions [370]. These agents also elicited
bladder contractions and a secondary inhibition of reflex
bladder contractions when administered intravenously. The
excitatory affect of intravenous α,β-meATP was reduced by

atropine or hexamethonium, a ganglionic blocking agent,
indicating that this response was mediated in part by stimula-
tion of the parasympathetic pathways to the bladder and in
part by a direct effect on the bladder smooth muscle. On the
other hand, the excitatory effect of intravenous ATPγS was
not suppressed by atropine but was completely blocked by
hexamethonium, indicating that the effect was mediated by
reflex activation of non-cholinergic pathways to the bladder,
possibly due to stimulation of bladder afferent nerves. It was
concluded that excitatory and inhibitory purinergic mecha-
nisms are present not only in the peripheral nervous system/
smooth muscle of the lower urinary tract but also in reflex
pathways in the spinal cord that control micturition.

Prolonged modulation of the parasympathetic micturition
reflex was studied in anaesthetised cats, reflex discharges
being recorded from a thin pelvic nerve branch to the bladder
and evoked by stimulation of the remaining ipsilateral bladder
pelvic nerves or urethral branches of the pudendal nerve
[344]. The results have led to the proposal that prolonged
modulation of the micturition reflex represents physiological
adaptive processes preserving bladder function.

Experiments in the anaesthetised rat [577] have evaluated
the effects on bladder function of local injection of ATP or α,
β-meATP into the brain. Injection of either agent into the
periaqueductal grey matter or the locus coeruleus, two
brainstem areas which play an important role in the
supraspinal control of micturition, led to increases in pelvic
neural activity and bladder pressure and/or rate of bladder
contractions. Since electrical stimulation in these same areas
also activates the parasympathetic pathways to the bladder
[529], it seems likely that purinergic excitatory receptors are
present in the micturition reflex circuitry in the brain.

Sympathetic cotransmission

Sympathetic innervation of the detrusor has in general been
reported to be sparse, although the trigone region is relatively
densely innervated by sympathetic nerves (see [16, 311]). Sym-
pathetic nerve fibres reach the bladder largely in the hypogastric
nerve. Stimulation of the hypogastric nerve may cause an
increase or decrease in pressure in the urinary bladder, but
always excites the urethra (see [165, 207, 330]). Physiologically
inhibitory sympathetic transmission in the detrusor is important
during the filling phase of the voiding cycle [209, 402, 461]. In
addition to transmitter released from sympathetic nerves acting
directly on smooth muscle, they may act prejunctionally on
parasympathetic nerve terminals to inhibit both cholinergic
and non-cholinergic (purinergic) excitation, which are in-
voked in the voiding phase of the micturition cycle.

Although purinergic transmission predominantly originates
from postganglionic parasympathetic or intramural nerves, in
the cat at least, ATP may also be released from the hypogastric
nerve. This nerve is predominantly sympathetic, but may also
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contain parasympathetic elements (see [430]). When the hy-
pogastric nerve is stimulated in the cat it causes the bladder to
contract; this contraction is reduced by ANAPP3 [663, 664,
670], implying that ATP is being released. Furthermore, 6-
hydroxydopamine, which destroys sympathetic nerves, pre-
vents this contractile response, indicating that the ATP is
released from sympathetic nerves [665]. Guanethidine, in a
dose which blocked the bladder relaxation induced by hypo-
gastric nerve stimulation and mediated by NA acting on β-
adrenergic receptors [205], did not affect hypogastric nerve-
mediated excitation [665]. However, in guanethidine-treated
animals, ANAPP3 blocked the excitation. These findings sug-
gest that ATP may be released from the hypogastric nerve.

Nicotinic-induced contractions of the guinea-pig bladder in
the presence of atropine, were abolished by desensitisation of
the P2X receptor with α,β-meATP [297]. Several possible
mechanisms might be involved, namely, that nicotine might
produce a contraction by activating nicotinic receptors on:

1. Parasympathetic nerve terminals coreleasing ACh and
ATP

2. Sympathetic nerve terminals coreleasing NA and ATP
3. Intramural bladder neurones that corelease ATP with

peptides

One of the basic features of neuromuscular cotransmission
appears to be that the cotransmitters released act synergisti-
cally (see [100]). There is evidence that NA and ATP released
as cotransmitters from sympathetic nerves act synergistically
[299], but there do not appear to be any reports of synergistic
cotransmission in the urinary bladder involving either para-
sympathetic (ACh and ATP) or sympathetic (NA and ATP)
nerves. It is also likely that ATP is a cotransmitter with NA in
perivascular sympathetic nerves supplying blood vessels in
the bladder (see [101]).

Intramural bladder neurones and pelvic ganglia

Intramural ganglia have been described in the bladder of
several mammalian species, including humans [15, 111,
173–175, 266, 566]. Quinacrine, a fluorescent dye, that selec-
tively labels high levels of ATP bound to peptides in granular
vesicles, stained a subpopulation of neurons in ganglia in the
guinea-pig bladder [112, 176] (Fig. 1e). Subpopulations of
neurones in bladder ganglia also stained positively for VIP,
somatostatin, SP, 5-hydroxytryptamine and acetylcholines-
terase. Thus, intramural ganglia, perhaps largely parasym-
pathetic postganglionic neurones, contain and probably re-
lease ATP. They also respond to microapplication of ATP
[111]. No intramural neurones have been observed in the rat
bladder, but several weeks after unilateral pelvic ganglion
destruction, intramural neurones were consistently ob-
served along the remnants of nerves in the originally
denervated half of the bladder [690].

Parasympathetic ganglia on the surface of the cat urinary
bladder have provided useful preparations for examining syn-
aptic modulatory mechanisms (see [199]). These ganglia con-
tain several types of principal ganglion cells (coexpressing
various neuropeptides, ACh, NA, ATP and nitric oxide [NO])
as well as small intensely fluorescent cells. They receive an
innervation from both parasympathetic and sympathetic
preganglionic axons. Parasympathetic preganglionic axons,
which arise in the sacral segments of the spinal cord and
travel in the pelvic nerve, represent the principal excitatory
pathway to the cholinergic–purinergic ganglion cells [194,
200], which in turn provide an excitatory input to the
detrusor smooth muscle. The sympathetic innervation orig-
inates in the thoracolumbar (TL) spinal cord and passes to
the bladder via the hypogastric nerves and the sympathetic
chain. The sympathetic system exerts an inhibitory control
over activity of the detrusor muscle and an excitatory input to
the trigone and urethra.

Various purinergic agonists including ATP, α,β-meATP,
ADP, AMP, adenosine and 2-chloroadenosine (2-ClADO)
administered intra-arterially depress cholinergic transmission
and depress the bladder contractions elicited by stimulation of
preganglionic axons in the pelvic nerve [198, 669]. High
doses of ATP also produce postganglionic firing in
unstimulated, decentralised ganglia, indicating a direct excit-
atory effect of ATP on bladder ganglion cells. Other nucleo-
tides and related substances such as cyclic AMP (cAMP),
dibutyryl cAMP, adenosine, inosine and ITP have weak or
no effects on transmission. ATP, ADP, AMP and adenosine
are equipotent in depressing transmission, whereas 2-ClADO,
an agent that is more resistant to cellular uptake and metabo-
lism, is ten times more potent than adenosine. This indicates
that metabolism could have a significant influence on the
effectiveness of purinergic agents. This is also indicated by
the effect of dipyridamole to enhance and prolong the inhib-
itory responses to injected purinergic agents. Dipyridamole,
which slows the cellular uptake of adenosine, enhances the
inhibitory actions of AMP and adenosine as well as those
of ATP and ADP, suggesting that the latter agents can be
converted to adenosine.

Theophylline and caffeine block the inhibitory effects of
purinergic agents on ganglionic transmission and on neu-
rally evoked bladder contractions, indicating that the inhi-
bition is mediated by P1 receptors. The P1 receptors appear
to be located presynaptically as well as postsynaptically on
the ganglion cells. Since the sympathetic input has a mod-
ulatory effect on transmission in bladder ganglia [205, 399,
400], and since ATP can be released as a cotransmitter from
sympathetic nerve terminals, sympathetic nerves may be
a source of ATP released within the bladder ganglion,
although the principal sympathetic modulatory mecha-
nisms in the ganglia are mediated by NA acting on α-
adrenoceptors [361].
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Since ATP can be released from adrenergic and cholinergic
nerves, studies were conducted on cat bladder ganglia to
determine whether endogenously released substances might
elicit purinergic inhibition. Extracellular recordings in situ did
not detect a theophylline-sensitive (purinergic) component in
either the inhibition of ganglionic transmission elicited by
stimulation of sympathetic nerves (hypogastric) or the
heterosynaptic inhibition elicited by stimulation of pregangli-
onic axons in the pelvic nerves [202]. On the other hand,
intracellular recordings from isolated bladder ganglia in vitro
identified a non-cholinergic, slow hyperpolarising synaptic
potential elicited by high intensity and high frequency
(40 Hz) stimulation of the preganglionic nerve trunk [11,
609]. The non-cholinergic slow hyperpolarisation, which has
amplitude of approximately 5 mV and duration of 30s, is
increased in amplitude and duration by dipyridamole, an
agent which blocks the uptake of adenosine, and is reduced
in amplitude by adenosine deaminase, an enzyme that
metabolises adenosine. Caffeine, a P1 receptor antagonist,
also blocks the synaptic potential. The slow hyperpolarising
synaptic potential is mimicked by the administration of
exogenous purinergic agonists (500 nM–1 mM), the relative
order of potency being: 2ClADO >> AMP > adenosine >
ADP > ATP. This order of potency is consistent with a
response mediated by a P1 receptor.

While hyperpolarising responses are detected in virtually
all bladder ganglion cells (92 %), a smaller percentage of
cells (52 %) exhibit fast depolarising responses to ATP
and other purinergic agonists [609]. In some cells the fast
depolarising response is followed by a more prolonged slow
hyperpolarisation lasting 1–1.5 min. The ATP depolarisation
is associated with a decrease in membrane resistance, reverses
polarity at −7 mV and is dependent on the concentration of
Na+ and not K+ ions. The relative order of potency among
purinergic agents to produce the fast depolarisation is: ATP >
ADP >> AMP > adenosine. This depolarising action of ATP
no doubt mediates the ganglionic excitatory effects of ATP
noted during in situ experiments [669].

The precise physiological roles of purinergic agents in the
control of transmission in bladder ganglia need resolution. The
demonstration of purinergic slow hyperpolarising potentials
following stimulation of preganglionic nerves indicates that
purinergic agents can be released in ganglia during neural
activity. However, since ATP is present in bladder postgangli-
onic neurones as well as in cholinergic and adrenergic nerve
terminals, there are various possible sources of purinergic
transmitter. In addition, although adenosine has been proposed
as the inhibitory transmitter [11], it is possible that the extra-
cellular catabolism of ATP to adenosine could be important in
the mediation of the slow hyperpolarising responses. Whether
this catabolism could occur within the latency for evoking the
hyperpolarising potentials is not known. It is also important to
note that preganglionic nerves contain cholinergic and

adrenergic postganglionic axons as well as preganglionic
axons and therefore various neural pathways could be involved
in eliciting the slow hyperpolarising potential. Adenosine de-
aminase has been identified in sacral preganglionic neurones in
the rat [604]. This has prompted the speculation that pregan-
glionic pathways may be purinergic as well as cholinergic. It is
not known whether a similar situation exists in the cat.

Single electrode voltage-clamp techniques in rabbit vesical
parasympathetic ganglion cells [528] showed that ATP and
ADP, but not AMP or adenosine, caused an inward current
associated with increased conductance. Suramin and Reactive
blue 2, but not hexamethonium reversibly depressed the
actions of ATP and ADP, suggesting that ATP activates
cation channels through P2X receptors in rabbit parasym-
pathetic neurones. Application of ATP also modulates the
amplitude of nicotinic fast excitatory postsynaptic potential
in the rabbit vesical parasympathetic ganglia [527].

P2X receptors have been demonstrated in pelvic ganglion
neurones of rat [762] and guinea-pig [761]. In the rat, evidence
from the pharmacological characteristics of pelvic ganglion
neurones in response to P2 agonists and antagonists recorded
with the whole cell voltage-clamp technique combined with in
situ hybridisation and immunohistochemistry led to the con-
clusion that P2X2 receptors are the predominant P2X subtype
present in about 39 % of the neurones. In contrast, in the
guinea-pig, at least three distinct P2X receptors were shown
to be present in different subpopulations of neurones in the
pelvic ganglion, probably P2X2 and P2X3 homomultimers in
5 % and 70 % of the neurones, respectively, and about 25 %
with heteromultimeric P2X2/3 receptor, but the possibility
that an unidentified P2X receptor subtype is also present
was not discounted.

Neuromodulation in the bladder

ATP released as a cotransmitter at various sites including
sympathetic, parasympathetic, sensory and motor nerve ter-
minals, at synapses in autonomic ganglia and in the central
nervous system (CNS) can be broken down by ectoenzymes
to adenosine that then acts on prejunctional P1 receptors to
modulate the release of neurotransmitters (see [6, 180, 208,
251, 358, 453, 479, 575, 629, 632, 705]). P1 receptors on the
nerve terminals on the bladder are of the A1 subtype, while
postjunctional smooth muscle receptors are of the A2 subtype
[6, 100]. At some sites, especially where the junctional cleft is
narrow, ATP itself acts on prejunctional P2 receptors to mod-
ulate transmitter release [252, 610, 706, 723]. This has also
been described in rat bladder [372]. ATP can also act as a
postjunctional modulator of cholinergic (nicotinic) transmis-
sion to skeletal muscle [291] and of sympathetic responses in
vas deferens [299].

In the rat urinary bladder, ATP, adenosine and α,β-meATP
were all shown to produce a dose-dependent and reversible
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inhibition of the atropine-resistant contractile responses to
transmural nerve stimulation [183], suggesting that both P1
and P2 receptors are present on terminals of parasympathetic
nerves in this bladder preparation. A study of natural products
fromNauclea latifolia , a tree that grows in the northern part of
Nigeria, showed that the leaf extract was very potent in
potentiating purinergic neurotransmission and ATP-induced
contractions in rat bladder, while the root extract depressed
purinergic contraction by a direct action on smooth muscle,
since it did not modify ATP-induced contractions [685].

In the mouse bladder, 5-hydroxytryplamine (5-HT), perhaps
released from circulating platelets, was shown to potentiate
strongly the predominantly purinergic parasympathetic nerve
mediated responses, probably via 5-HT1B receptors [301]. This
was later confirmed in guinea-pig bladder, where the effects of
5-HT were shown to be mediated by 5-HT2A and 5-HT4

receptors [486] and also in bladder of pigs [123], humans
[161] and rabbits [44]. In contrast, γ-aminobutyric acid
(GABA), acting through GABAB prejunctional receptors,
inhibited nerve-mediated contractions in mouse bladder
[596]. Morphine, however, did not alter the responses to
nerve stimulation or exogenously applied ATP in the mouse
bladder. Cannabinoid CB1 receptors reduced nerve-mediated
contractions in some, but not all mammalian species, but
did not affect responses to ACh or α,β-meATP, providing
evidence for prejunctional modulation of release of trans-
mitter from parasympathetic nerves [467, 555]. Dopamine
reduced the twitch (purinergic) component of the nerve-
mediated response of the rat bladder via prejunctional D2

receptors [230], while the contractile response of the rat
urinary bladder is mediated by muscarinic M3 receptors,
M2 receptors have a modulatory action on purine-evoked
relaxations [264].

In the rat bladder, bradykinin and SP have been shown to
facilitate the purinergic component of parasympathetic nerve
responses and the responses to exogenous ATP, implying
that in this case the mechanism of action is at the
postjunctional site [7, 552]. Neuropeptide Y (NPY) also
potentiated α,β-meATP contractions in the rat bladder, but
not ACh-evoked contractions, suggesting that NPY, which is
present in sympathetic and parasympathetic pathways to the
rat detrusor [360], contributes to transmission in two ways:
(1) by promoting non-cholinergic motor transmission and
(2) by inhibiting prejunctionally cholinergic transmission
[336, 681, 770]. Endothelin-1 produced long lasting poten-
tiation of both NANC and ATP responses in rat bladder [215].

In the guinea-pig bladder, histamine potentiated the
responses to ATP and NANC nerve stimulation, suggesting
an action at postjunctional sites. However, it did not potentiate
the response to ACh or cholinergic component of the nerve-
mediated response [551].

The mechanisms underlying stimulation of bladder con-
tractions by the selective neurokinin NK2 receptor agonist

[β-Ala8]NKA(4–10) were examined in the anaesthetised
guinea-pig [8]. Pretreatment of the animals with both
atropine and α,β-meATP or by ganglion blockers led to
complete blockade of neurokinin NK2 receptor-induced
contractions. These results suggest that stimulation of
NK2 receptors located on capsaicin-sensitive sensory
nerves (where NK2 receptors have been demonstrated
autoradiographically) leads to bladder contractions via
both cholinergic and purinergic parasympathetic motor
nerves. SP and bradykinin both potentiate the neurogenic
responses of the guinea-pig bladder by influencing the
purinergic component of the excitatory motor innervation,
apparently at a postjunctional site [552]. Clenbuterol, a
β2-adrenoceptor agonist significantly inhibited the con-
tractile response to both nerve stimulation and ATP by a
postjunctional action [319].

Central control of bladder function

Activation of P2 receptors in both periaqueductal grey matter
and Barrington's nucleus/locus coeruleus regions of the rat
brain stem is implicated in the neural mechanisms that gener-
ate patterns of activity in the parasympathetic innervation of
the urinary bladder ([577]; see also [107]).

Afferent pathways in bladder

Reviews concerned with afferent signalling in the lower uri-
nary tract are available [185, 197, 210, 656].

Most of the afferent supply of the bladder and urethra
originates in dorsal root ganglia (DRG) at the lumbosacral
(LS) region of the spinal cord and passes peripherally through
the pelvic nerve [195, 514]. Although smaller in number,
afferents also project to the urogenital tract through sympa-
thetic nerves (hypogastric) from DRG at the TL level (see
[340, 497, 741]). In addition, the afferent supply of the exter-
nal urethral sphincter travels by the pudendal nerve to the
sacral region of the spinal cord (see [315]).

A study was carried out to explore differences in sensitivity
to purinergic agonists in LS and TLDRG sensory neurons that
innervate the bladder via hypogastric and pelvic nerves, re-
spectively. It was shown that the majority of LS neurons
(93 %) were sensitive to α,β-meATP compared to 50 % of
TL neurons [189]. The authors concluded that bladder pelvic
and hypogastric splanchnic afferents are functionally distinct
and likely to mediate different sensations arising from the
urinary bladder. The central projections of pelvic and puden-
dal afferents overlap within the spinal cord allowing integra-
tion of somatic and parasympathetic motor activity [201].

Afferent signals originating in the bladder have been
shown to be regulated via presynaptic P2X3 and P2X2/3
receptors in the spinal cord to facilitate the sensory input of
the micturition reflex [350]. Activity of afferents from one
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region of the pelvic viscera can influence the efferent output to
another region. Thus, stimulation of anal, rectal or vaginal
afferents can inhibit micturition [160]. It is also now becoming
clear that sensory afferents can modulate efferent activity in
peripheral autonomic ganglia as well as in the CNS. Afferent
neurones can release neurotransmitters from peripheral ter-
minals in the viscera as well as from central terminals in
the spinal cord. In the bladder, transmitter release from
sensory nerve endings may also play an efferent role by
direct postjunctional effects on the detrusor muscle [196,
457].

The roles of ATP released from urothelial cells and
suburothelial myofibroblasts on various bladder functions
have been considered at length in several reviews [32, 411,
643, 730] and evidence presented that urothelial-released ATP
may alter afferent nerve excitability [55,197]. The kinetics of
ATP release from bladder urothelium has been described
[425]. Topical activation of a cannabinoid agonist acting via
the CB1 receptor leads to a decrease in the firing activity
evoked by urinary bladder distension, mainly on high thresh-
old afferents [708]. The authors present evidence to suggest
that the cannabinoid agonist acts directly on sensory afferents
and/or an indirect action by interacting with the purinergic
system involving urothelial cells.

Mechanosensitive afferents of the rat bladder include A-δ,
capsaicin-sensitive and capsaicin-insensitive C-fibres; the
activities of primary afferents produced by intravesical
introduction of ATP are mediated mainly through a subset
of capsaicin-sensitive C-fibres [9]. Decreased intravesical
stretch-evoked ATP release was found in isolated bladders
from transient receptor potential vanilloid (TRPV) 4 KO mice,
suggesting a role for TRPV4 in urothelium-mediated transduc-
tion and in voiding behaviour [259]. Pressure-stimulated ATP
release from the bladder urothelium is blocked by inhibitors of
vesicular transport, connexin hemichannels and ATP-binding
cassette (ABC) protein family transporters [713]. Eviprostat, a
phytotherapeutic drug for benign prostatic hypoplasia, also
inhibits pathological bladder activity by decreasingATP release
from urothelium [641]. Differential purinergic signalling in
LS and TL DRG mediated by P2X2, P2X3 and P2X2/3
receptors has been reported in both naïve and bladder-
inflamed mice and rats [140].

Noc i c ep t i o n and pu r i n e rg i c mechano s e n so r y
transduction Burnstock [104] put forward a hypothesis,
indicating that distension of epithelial cells lining the tubes
(including ureter) and sacs (including urinary bladder) in
the body leads to release of ATP which then acts on
P2X3 receptors on suburothelial sensory nerves to modu-
late afferent firing that can lead to bladder voiding reflexes
and pain (see Fig. 2a).

Early evidence for ATP release from rabbit urinary bladder
epithelial cells by hydrostatic pressure changes was presented

by Ferguson et al. [237], who speculated about this being the
basis of a sensory mechanism. Prolonged exposure to a
desensitising concentration of α,β-meATP significantly
reduced the activity of mechanosensitive pelvic nerve afferents
in an in vitro model of rat urinary bladder [513]. Later, it was
shown that mice lacking the P2X3 receptor exhibited reduced
inflammatory pain and marked urinary bladder hyporeflexia
with reduced voiding frequency and increased voiding volume,
suggesting that P2X3 receptors are involved inmechanosensory
transduction underlying both inflammatory pain and
hyperreflexia and a role in physiological voiding reflexes was
also suggested [158]. A later study from this group, using P2X2
KO mice and P2X2/P2X3 double KO mice revealed a role for
the P2X2 subtype too in mediating the sensory effect of ATP
[157]. In a systematic study of purinergic mechanosensory
transduction in the mouse urinary bladder, ATP was shown to
be released from urothelial cells during distension and discharge
initiated in pelvic sensory nerves was mimicked by ATP andα,
β-meATP and attenuated by P2X3 antagonists as well as in
P2X3KOmice; P2X3 receptors were localised on suburothelial
sensory nerve fibres (Fig. 2b) [704]. Single unit analysis of
sensory fibres in the mouse urinary bladder revealed
both low and high threshold fibres sensitive to ATP
contributing to physiological (non-nociceptive) and nocicep-
tive mechanosensory transduction, respectively [580]. Several
functionally distinct populations of bladder sensory nerves
have been recognised, not all of which respond to ATP
[753]. Purinergic agonists increase the excitability of afferent
fibres to distension [580]. It appears that the bladder sensory
DRG neurons, projecting via pelvic nerves, express predom-
inantly P2X2/3 heteromultimer receptors [760]. BTXA,
which has antinociceptive effects in treating interstitial cystitis
(IC), inhibits distension-mediated urothelial release of ATP in
conditions of bladder inflammation [624]. Clinically, there
is a significantly increased level of ATP release from the
urothelium isolated from bladder pain syndrome (BPS)
patients during mechanical stimulation, compared to those
from normal human bladders [397].

Evidence for ATP involvement in the micturition reflex ATP
given intravesically stimulates the micturition reflex in awake
freely moving rats, probably by stimulating suburothelial
C-fibres, although it was suggested that other mediators
might also be involved [543]. Studies of resiniferatoxin
desensitisation of capsaicin-sensitive afferents on detrusor
over-activity induced by intravesical ATP in conscious
rats, supported the view that increased extracellular ATP
has a role in mechanosensory transduction and that ATP-
induced facilitation of the micturition reflex is mediated, at
least partly, by nerves other than capsaicin-sensitive affer-
ents [10, 87]. ATP has also been shown to induce a dose-
dependent hyperreflexia in conscious and anaesthetised
mice, largely via capsaicin-sensitive C-fibres; these effects
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were dose-dependently inhibited by PPADS and 2′(3′)-
O -(2,4,6-trinitrophenyl) ATP (TNP-ATP) [317]. P2X1 and
P2X3 receptors play a fundamental role in the micturition
reflex in female urethane-anaesthetised rats; P2X3 receptor
blockade by phenol red raised the pressure and volume
thresholds for the reflex, while P2X1 receptor blockade
diminished motor activity associated with voiding [373].
These authors also suggested that P2Y1 receptor blockade
may remove an accommodating inhibitory drive to rat
detrusor muscle. Voiding dysfunction involves P2X3 recep-
tors in conscious chronic spinal cord injured rats, which raises
the possibility that P2X3 receptor antagonists might be useful
for the treatment of neurogenic bladder dysfunction. Urinary
bladder hyporeflexia was evident in P2X3 receptor KO mice
[158]. Intravesical ATP stimulates overactivity and the mictu-
rition reflex in awake, freely moving rats [543]. The cholin-
ergic and purinergic contributions to the micturition reflex
were studied in conscious female rats with long-term bladder
outlet obstruction [440, 590]. It was found that there was a
substantial decrease in the detrusor muscle responses to M3

receptor-mediated contractility, while there were no

significant changes in the contractile responses toα,β-meATP
or electrical field stimulation. Activation of α1D-
adrenoceptors in rat urothelium facilitates the micturition re-
flex, by increasing the release of ATP; naftopidil, an α1D-
adrenoceptor antagonist, inhibited distension-induced bladder
afferent activity and distension-evoked ATP release [337,
640]. Activation of urothelial TRPV4 and subsequent release
of ATP trigger a novel neural mechanism that regulates the
late phase of detrusor muscle contractility after micturition
that occurs if the bladder is not empty [61].

Isolectin B4 (IB4) protein-labelled afferent fibres, most of
which express P2X3 receptors, sprout after spinal cord tran-
section at time points preceding the emergence of bladder
overactivity; interruption of IB4 afferent sprouting by IB4-
saporin treatment increased voiding efficiency [769]. Gentle
mechanical stimulation of the skin can inhibit transmission of
vesical afferent volleys into the vesico-vesical parasympathet-
ic reflex pathways, leading to inhibition of rhythmic micturi-
tion contractions [303].

Activation of muscarinic receptors localised near the lumi-
nal surface of the bladder affects voiding functions via

Fig. 2 a Schematic of hypothesis
for purinergic mechanosensory
transduction in tubes (e.g., ureter,
vagina, salivary and bile duct,
gut) and sacs (e.g., urinary and
gall bladders, and lung). It is
proposed that distension leads to
release of ATP from epithelium
lining the tube or sac, which then
acts on P2X2/3 receptors on
subepithelial sensory nerves to
convey sensory/nociceptive
signals to the CNS. (Reproduced
from [104], with permission from
Blackwell Publishing.) b P2X3
receptor immunoreactivity in the
mouse bladder. Immunostaining
is seen on small suburoepithelial
nerve fibres. Calibration bar=
50 μm. (Reproduced from [158],
with permission from Nature
Publishing Group)
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mechanisms involving ATP and NO release from the
urothelium that in turn could alter the firing properties of
afferent nerves, again supporting the view that urothelial-
afferent nerve interactions can influence reflex voiding func-
tions [393]. It has been suggested that blockade of TRPV1
receptors in urothelium with ERC-6211 results in a reduction
in ATP release, leading to a decrease in bladder reflex activity
[137]. Interactions between A2A receptors and dopaminergic
receptors in the CNS have also been claimed to control the
micturition reflex [376].

Smooth muscle

Since the potent actions of ATP in the bladder were first
recognised, substantial advances have been made in identify-
ing the ATP receptors involved. From cloning and second
messenger studies in the early 1990s, it was proposed that
receptors to ATP belong to two families: a P2X ion channel
family and a P2Y G protein-coupled receptor family [1, 571].
Seven P2X subtypes and eight P2Y subtypes are currently
recognised [107].

Although ATP undisputedly contracts the urinary bladder
of most species (see [23, 94, 311]) it can also induce relaxa-
tion. Thus it is likely that multiple purinergic receptors are
present in the bladder. A number of recent studies have been
carried out to try to identify the receptor subtypes mediating
excitation and inhibition in the lower urinary tract.

P2X receptors mediating contraction of the bladder

An analysis of the excitatory actions of purine and pyrim-
idine nucleotides on the guinea-pig bladder revealed the
following order of potency: β,γ-meATP > ATP > GTP =
CTP > ADP, while adenosine, AMP, guanosine diphos-
phate, guanosine, cytosine diphosphate, cytosine
monophosphate and cytidine had no contractile activity up
to 1 mM [450]. In retrospect, this potency series, although
incomplete, was already suggestive of P2X receptor-
mediated responses, particularly P2X1 or P2X3, especially
since ATP responses exhibited rapid desensitisation, a
property of the latter receptors [112]. In the rabbit urinary
bladder, the response to ATP is biphasic; however follow-
ing desensitisation by α,β-meATP, the response became
monophasic, suggesting that more than one type of excit-
atory receptor to ATP was present [139].

Studies of the responses of the feline bladder to
purines and pyrimidines revealed the following potency order:
5′-adenylimidodiphosphate = β,γ-meATP > ATPγS=
2-methythio ATP (2-MeSATP) > ATP > uridine 5′-triphoshate
(UTP) = CTP = GTP [667]. Reactive blue 2 and Coomassie
brilliant blue G, mistakenly regarded as selective P2Y receptor
antagonists at that time, both antagonised the purine-induced
contractions, prompting the suggestion that multiple purine

receptors were present in detrusor smooth muscle [667].
In the rat and dog urinary bladder, a potency order of α,β-
meATP > ATP > ADP was reported [650] and the authors
concluded that three subtypes of purinoceptor might be
present in rat bladder; Pl receptors (mediating relaxation),
P2X receptors, and another type of P2 receptor (mediating
contractions); but only a single receptor type (P2X) in dog
bladder (Fig. 3a).

Contractile responses of the rat bladder induced by ATP
and α,β-meATP were fast and transient, reaching a maximum
in about 20s; in contrast, contractions in response to
adenosine 5′-O-2-thiodiphosphate (ADPβS) and UTP were
slower and sustained and were barely affected by α,β-
meATP desensitisation, suggesting two different receptor

Fig. 3 a Contractile effects of various purines on rat and dog urinary
bladder smooth muscle strips. Contractions were induced by ATP
(1 mM), ADP (1 mM), α,β-methylene ATP (α,β-meATP, 10 μM) and
α,β-methylene ADP (α,β-meADP, 0.1 mM). In each panel, responses to
ATP, ADP and α,β-meATP were obtained from the same strip, whereas
those to α,β-meADP were obtained from a different strip. (Reproduced
from [650], with permission from John Wiley and Sons.) b Transverse
section of rat urinary bladder detrusor muscle immunostained for P2X1
receptors. Calibration bar=100 μm. (Reproduced from [412], with per-
mission from Elsevier)
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subtypes [77]. It has been proposed that about 20 % of
the neurogenic contraction of rat bladder is mediated by
purinergic receptors sensitive to ADPβS [284]. The
diadenosine polyphosphate, Ap4A, contracts the guinea-pig
bladder and since this was abolished after desensitisation with
α,β-meATP and by suramin, PPADS and nifedipine, it is
likely to act through P2X receptors [687].

An early study of the characteristics of [3H]ATP binding to
homogenates of the rabbit urinary bladder using radioligand
filtration methodology showed high affinity binding,
favouring the view that ATP receptors are present in smooth
muscle membranes [416].

Autoradiographic studies of the distribution of [3H]α,β-
meATP in the rat bladder showed a high level of labelling in
the smooth muscle of the detrusor, but none in the urethra,
which correlated closely with the pharmacology [69]. In a
parallel study, high- and low-affinity binding sites for [3H]α,
β-meATPwere demonstrated in rat urinary bladder membranes
and displacement experiments with unlabelled purinoceptor
ligands confirmed that [3H]α,β-meATP mainly binds to P2X
receptors with a potency order of α,β-meATP > β,γ-meATP >
suramin > ATP > ADP > 2-MeSATP >> adenosine [71]. In
later studies, autoradiographic localisation and characterisation
of [3H]α,β-meATP binding sites were described in the
urinary bladders of guinea-pigs, rabbits, cats and humans
[72, 74, 487, 758]. High-affinity binding sites for
[35S]ATPγS in the human bladder have also been described
[487]. cDNA encoding P2X purinoceptors from human
bladder smooth muscle were expressed in oocytes, pharma-
cologically characterised [233] and subsequently shown to
be the hP2X1 receptors.

Immunohistochemical studies which have been carried out
with specific antibodies to the different P2X receptor subtypes
showed that P2X1 receptors are the dominant subtype in the
membranes of the smooth muscle cells in the rat detrusor and
also vascular smooth muscle in blood vessels in the bladder
[412] (Fig. 3b). In another immunohistochemical study of the
rat bladder, clusters of P2X1 receptors were described on
smooth muscle cells, some, but not all, of which were closely
related to nerve varicosities [278]. In a later paper by this
group, it was shown that P2X1 receptors migrated and formed
clusters beneath parasympathetic nerve varicosities during
development [220].

Northern blotting and in situ hybridisation have also shown
the presence of P2X1 mRNA in urinary bladder [694]. North-
ern blot analysis also detected the expression of the human
P2X4 receptor gene in the bladder [213], but immunohisto-
chemistry has not detected staining for this receptor. In anoth-
er study, the P2X1 receptor was shown to be the functional
P2X receptor subtype mediating contraction of the mouse
bladder, although some diffuse immunostaining was detected
for P2X2, P2X4 and P2X7 receptors [702]. Briefly elevated
calcium levels sensitise rat bladder smooth muscle purinergic

P2X1 receptors to promote desensitisation recovery [181]. A
recent paper has claimed that there is an interaction of P2X2
and nicotinic ACh receptors in smooth muscle cells from the
base, but not the dome, of rat urinary bladder [342].

Interstitial cells of Cajal (ICCs) have been claimed to be
present, not only in gut, where they express P2X and P2Y
receptors [122, 696], but also in the bladder of guinea-pigs
[193, 712], mice [476, 752] and humans [476, 608]. ICCs
(also referred to as myofibroblasts; see [727]) are considered
to be pacemaker cells, regulating smooth muscle activity. A
comparison of electrical and mechanical activity and ICCs in
urinary bladders from WT and the mouse W/Wv mutation
phenotype, showed upregulation of the purinergic component
of contraction for the W/Wv mice, perhaps involving ICCs
[477]. In a recent paper, it was claimed that ICCs in mouse
bladder express NTPDase2 [752], indicating specific mecha-
nisms for ATP disposition.

The first nucleotide structure–activity relationship (SAR)
studies on bladder were carried out by Noel Cusack and
colleagues [115]. Neither 2-chloro-ATP nor 2-MeSATP was
significantly more effective than ATP itself in producing
contraction of guinea-pig bladder. Enantiomers showed some
stereoselectivity at low concentrations, but this was lost or
even reversed with higher concentrations. However, it was
recognised that the rapid ectoenzymatic breakdown of ATP to
adenosine, which relaxes the bladder [93], probably distorted
the results. Adenylyl 5′-(β,γ-methylene)-diphosphonate
(β,γ-meATP) had much greater contractile effects on
the guinea-pig bladder than ATP and the enantiomer
of β,γ-meATP, L-β,γ-meATP, was even more potent,
probably because L -β,γ-meATP was completely resis-
tant to degradation [178], although it was inactive on
P2Y receptors in the taenia coli [306]. Of the phospho-
rothioate analogues of ATP, ADP and AMP, it was
found that adenosine 5′-O -1-thiotriphosphate, ATPβS,
Rp-ATPβS and Sp-ATPβS were much more potent than
ATP in the bladder [116]. Among the 2-methylthio derivatives
of β,γ-meATP the potency order in the bladder was:
difluoromethylene > methylene > dichloromethylene [179].
None of the analogues were degraded by ectonucleotidases,
and restoration of the electro-negativity of the triphosphate
chain did not further enhance their potency. Unlike the effects
of these agents on the taenia coli, the order of potency in the
bladder did not reflect their order of acidity ; this may be
because some distortion of the triphosphate chain is necessary
to accommodate the bulky chloro groups, whereas the
difluoro analogue is sterically more similar to ATP [66]. A
study of the SARs of nucleotide effects on excitatory P2
receptors in the bladder provided evidence that dephosphory-
lation of ATP analogues reduced pharmacological potency.

Using a radioligand binding assay it was found that aden-
osine, adenine and xanthine had no significant effect on
[3H]α,β-meATP binding to membrane fractions prepared
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from rat urinary bladder, while pentasodium triphosphate and
disodium pyrophosphate could effectively displace the
binding; these results were taken to indicate that the
phosphate side chain of ATP and its analogues is the
key structure responsible for the binding to P2X receptors
[73]. A further study of the affinities of ATP derivatives
for P2X purinoceptors in rat bladder was carried out with
modifications of the polyphosphate chain as well as the
adenine and ribose moieties [75]. Replacement of the
bridging oxygen in the triphosphate chain of ATP with a
methylene or imido group markedly increased the affinity,
modifications at N6, N1 and C-8 positions of the purine base
reduced the affinity of ATP, attachment of an alkylthio group
to the C-2 position increased affinities, while replacement of
the 3′-hydroxyl group on the ribose with substituted amino or
acylamino groups produced more potent P2X receptor ago-
nists. Diadenosine polyphosphates (ApnA) were also shown
to displace [3H]α,β-meATP binding with a rank order of
potency Ap6A > Ap5A > Ap4A >> Ap3A >> Ap2A.

Suramin, PPADS and Reactive blue 2 competitively
displaced the binding of [3H]α,β-meATP to P2X receptors.
An extensive study of SARs for derivatives of ATP as agonists
at P2X and P2Y receptors was carried out [118]. For example,
3′-benzylamino-3′-deoxy-ATP was found to be very potent in
the guinea-pig bladder, but was inactive at P2Y receptors.
There are reviews that discuss the developments of P2X
receptor antagonists [240, 260, 651].

P2Y receptors mediating relaxation of the bladder

ATP, as well as adenosine, has been shown to reduce pelvic
nerve-evoked bladder contractions; however, since methyl-
xanthines did not fully antagonise the responses [669], this
suggests that P2Y receptors as well as P1 (adenosine) recep-
tors might be involved in purine inhibition. These P2Y recep-
tors are likely to be on nerve terminals in the bladder provid-
ing prejunctional inhibition of release of excitatory neuro-
transmitters and both Reactive blue 2 and Coomassie brilliant
blue G antagonise the inhibitory actions of ATP and analogues
on nerve-mediated contractions [667]. However, these exper-
iments did not exclude the possibility that ATP could also be
acting through postjunctional P2Y receptors on bladder
smooth muscle mediating direct relaxation, although usually
masked by the dominating contractile actions of ATP through
P2X receptors.

The first direct evidence for ATP-induced relaxation of
smooth muscle came from studies of the mouse bladder
[76]. In carbachol precontracted preparations, ATP elicited
initial contractions, followed by a sustained relaxation, while
onK+ precontracted preparations, ATP caused relaxation only,
which was not inhibited by 8-phenyltheophylline (8-PT). The
order of potency for relaxation was: 2-MeSATP > ATP > β,γ-
meATP, perhaps indicative of P2Y receptors A biphasic

response of bladder strips in response to ATP was also de-
scribed in the rat [78]. The initial contraction was abolished
after desensitisation of the P2X receptor with α,β-meATP,
revealing a clear relaxation response to ATP. The evidence put
forward that these relaxant responses were mediated by a P2Y
receptor was first that 2-MeSATP was more potent than ATP,
and second that G proteins were involved, since the G protein
activator, guanosine 5′-O -3-thiotriphosphate, significantly po-
tentiated the relaxant responses, while the G protein blocking
agent, guanosine 5′-O -2-thiodiphosphate (GDPβS),
completely abolished the relaxation; these agents had no effect
on the ATP-induced contractions.

In the mini-pig bladder it appears that the neurally evoked
relaxation which follows the initial cholinergic contraction
of the bladder neck is mediated by P2Y receptors [680].
In another study of pig bladder neck, it was shown that
ATP after breakdown to ADP caused relaxation via P2Y1

receptors and, after breakdown to adenosine, relaxation via
A2A receptors [294]. 8-PT did not affect the relaxations,
negating P1 receptor mediation, but the P2Y antagonist
Reactive blue 2 reduced the relaxations by about 80 %.
However, it is well known that Reactive blue 2 can
produce non-specific inhibitory effects with prolonged expo-
sure or with high concentrations, so more experiments will
need to be carried out to confirm this claim. Nevertheless,
supporting evidence for postjunctional purinoceptor subtypes
has come from studies in the marmoset urinary bladder [481]
where a biphasic response to ATP was demonstrated. The
potency order for the relaxation phase was ATP=2-MeSATP
≥ ADP >> α,β-meATP. When the initial contraction was
abolished by desensitisation with α,β-meATP, a relaxation
response clearly remained, which was abolished by the G
protein inactivator, GDPβS. The relaxation was unaffected
by 8-PT, or the NO synthase (NOS) inhibitor, NG-nitro-L-
arginine (L-NOARG), but was blocked by Cibacron blue
which is regarded as a P2Y antagonist, at least on native
receptors, and which did not affect the contractile responses
to ATP. Since N -tosyl-L-phenylalanine chloromethyl ketone,
an inhibitor of cAMP-dependent protein kinase (PK) A,
significantly shifted the curve for the ATP-induced relaxa-
tion to the right, it was suggested that the subtype of the
P2Y G protein-coupled receptor involved might be one that
acts through adenylate cyclase.

Evidence for P2Y1 receptors in the rat bladder, which have
been claimed to mediate relaxation, has also been provided
using reverse transcription-polymerase chain reaction
(RT-PCR), Northern blotting and in situ hybridisation [531].
The in situ hybridisation technique showed the presence of
P2Y1 mRNA in detrusor smooth muscle and blood vessels in
the bladder, but no positive staining was seen in urethral
smooth muscle. P2Y receptors might also mediate excitatory
responses in the bladder because UTP contracts the rat bladder
[78]. According to current thinking UTP would be acting
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through a P2Y2 or P2Y4 receptor or may be acting through an
as yet unidentified P2Y receptor subtype. It has been claimed
[515] that, in addition to a P2X receptor (probably the P2X1
subtype), there are ADPβS-sensitive receptors in the rat blad-
der. Since these receptors mainly depend on Ca2+ release from
intracellular stores and this is mediated by the production of
inositol triphosphate via the activation of phospholipase C, it
seems likely that the ADPβS-sensitive receptor might be a
P2Y receptor.

In summary, the evidence for the presence of P2Y receptors
on smooth muscle of the bladder is growing and the concept
that purinergic innervation may play a role at the start of
micturition by inducing the initial detrusor muscle contraction
and at the same time relaxing the bladder neck, is attractive. In
a more recent paper, it was concluded that in the rat bladder
contractions are mediated predominantly via P2X1 receptors,
while P2Y2, P2Y4, P2Y6 and A2B receptors mediate relaxa-
tion [37]. In addition, ATP has been reported to activate pro-
inflammatory responses through P2Y receptors expressed by
a human uroepithelial cell line infected by bacteria [599] and a
recent paper has shown using RT-PCR the expression of
P2Y1, P2Y2 and P2Y4 receptors in the human bladder [607],
but only the P2Y4 receptor was found to be functional.

P1 receptors mediating relaxation and contraction
of the bladder

In the initial study of the possible roles of purines in NANC
transmission in the guinea-pig bladder [117], it was clearly
shown that, in contrast to ATP and ADP, adenosine and AMP
caused relaxation. In contrast to the contractions produced in
the detrusor, ATP produced relaxation of the bladder neck
[295]. However, since ATP is rapidly broken down to adeno-
sine, and ATP and adenosine are equipotent in this tissue, it
seems likely that ATP exerts its action via a P1 receptor. In
support of this view, α,β-meATP, which is slowly degradable,
is without effect on the bladder neck and both ATP and
adenosine concentration curves are shifted to the right by the
P1 receptor antagonist 8-PT. However, 8-PT failed to modify
nerve-mediated relaxations in the bladder neck [295, 377], so
it was interesting that the NANC responses were later identi-
fied as nitrergic [554, 674].

I n t h e r a t b l a d d e r , a d e n o s i n e a n d 5 ′ -N -
ethylcarboxamidoadenosine (NECA) inhibited the contrac-
tions induced by carbachol. Since NECA was much more
potent than cyclopentyl adenosine and adenosine, the P1
receptor subtype involved was likely to be A2 [521].

It has been claimed that P1(Al) receptors mediate 2-ClADO
contractions in cat detrusor muscle and that the contraction
depends on a pertussis toxin-sensitive Gi3 protein, phospholi-
pase C-β3 and the release of intracellular Ca

2+ [733]. There is
loss of adenosine A2B receptor-mediated relaxation of the
aged female rat bladder [539].

Extracellular calcium, calcium channel blockers
and potassium channel openers

The sources of calcium for ATP contraction of the bladder
smooth muscle have been examined. In the rat bladder the
responses to ATP were reversibly abolished in Ca2+-free
media and were never inhibited less than 45 % by verapamil
and diltiazem. It was concluded that, while extracellular
Ca2+ was largely involved in the actions of ATP, some
intracellular Ca2+ was also involved [54, 318]. In the mouse
bladder, responses to ATP and electrical field stimulation
were also mainly dependent upon extracellular calcium [5].
In studies of guinea-pig detrusor and dispersed smooth
muscle cells from rabbit bladder, it was concluded that
stimulation of purinergic receptors opens an ion channel
and allows influx of Ca2+, while muscarinic receptor stimu-
lation mobilises intracellular Ca2+ via hydrolysis of inositol
phospholipids [168, 325]. Experiments on cultured smooth
muscle cells from rabbit bladder, performed with the fura-2
technique to measure changes in intracellular Ca2+, showed
that ATP produced a rapid but transient increase in [Ca2+]i,
while ACh produced a delayed, prolonged increase [534].
Studies on isolated smooth muscles cells from guinea-pig
bladder, using a whole-cell voltage-clamp technique, con-
firmed that purinergic receptor stimulation opens non-
selective cation channels, while muscarinic stimulation trig-
gers Ca2+ release from intracellular stores [512].

Different types of Ca2+ channels are present prejunctionally
and postjunctionally in the urinary bladder. L-type channels
appear to be predominantly present in bladder smooth muscle
[374, 466]. Stimulation of purinoceptors activates both Ca2+

influx through L-type calcium channels and Ca2+ release from
intracellular Ca2+ stores [285]. Whereas ATP release from
parasympathetic nerves in the bladder involves predominantly
P- and Q-type calcium channels, ACh release depends
primarily on N-type channels [714]. However, activation
of P- and Q-type Ca2+ channels, though phosphorylation
by PKC may be involved in the enhancing effect of the
PKC activator, β-phorbol-12,13-dibutyrate, on the muscle
contractions elicited by excitatory purinergic neurotransmis-
sion in mouse detrusor strips [429, 437].

Since ATP was known to act by opening Ca2+ channels, the
effect of several calcium channel blockers on NANC nerve-
mediated responses of the urinary bladder were examined.
Early studies using rabbit and rat urinary bladder, hinted that,
while terodiline was largely anticholinergic, nifedipine, an L-
type Ca2+ channel blocker, might be effective against the
NANC-mediated component [130, 320, 335, 459, 460]. Nifed-
ipine (0.1–0.2 mg/kg) reduced the ATP-mediated contractions
of guinea-pig bladder in vivo by 34–100 % [618]. Nifedipine
was shown nearly to abolish the responses of the rat bladder to
β,γ-meATP and the purinergic neuronal component, while a
substantial proportion of the responses to ACh and the
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cholinergic neuronal component were resistant to nifedipine
[70, 754]. Verapamil was more potent than diltiazem in
inhibiting both ATP and NANC fast initial neurogenic re-
sponses, but ACh-mediated responses were also affected [53,
759]. Bay K 8644, a 1,4-dihydropyridine, which is an L-type
channel activator, substantially increased the contraction of the
bladder to β,γ-meATP and NANC nerve-mediated responses
[70]. In another study of the rat bladder [456], the effects of
nifedipine and Bay K 8644 were confirmed andω-conotoxin,
an N-type channel blocker, was shown to reduce the purinergic
component of nerve-mediated responses, although to a lesser
extent than those of the cholinergic component, and had little
effect on the responses to either ATP or ACh. In the guinea-pig
bladder, too, ATP-evoked contractions weremarkedly inhibited
by dihydropyridine-like Ca2+ antagonists, such as nifedipine
and nitrendipine, but not by D-600, ω-conotoxin or
tetramethrin [359]. Benzodiazepine (diazepam) also
antagonises the responses to ATP, probably by decreasing
Ca2+ entry [600].

The potassium channel opener,YM934, was show to in-
hibit markedly the contractile responses of the guinea-pig
detrusor smooth muscle to exogenously applied α,β-
meATP, but only slightly inhibited the contractions produced
by carbachol; i t was concluded that YM934 may
hyperpolarise the smooth muscle membranes by opening
ATP-sensitive potassium channels and as a result may func-
tionally inhibit the contractile response to purinergic nerve
stimulation that elicits membrane depolarisation [470]. Oth-
er K+ channel openers cromakalim and ZM244085 were
shown to hyperpolarise and reduce contractions of bladder
smooth muscle; this effect was blocked by glibenclamide,
but was unaffected by apamin [255, 428]. In a subsequent
study, cromakalim was shown to affect profoundly the re-
sponses to exogenous ATP, but had little action on the re-
sponses to carbachol [80]. The authors concluded that
cromakalim acts on purinergic transmission predominantly
postjunctionally, whereas its minor action on cholinergic
transmission is mainly at the prejunctional level.

A transgenic mouse containing the Ca2+-sensing molecule,
G-cAMP, has been developed and has been used to showCa2+

flashes in response to intrinsic nerve and ATP stimulation via
P2 receptors [343].

Low concentrations of artificial sweeteners increased the
maximum detrusor muscle contraction to α,β-meATP, but not
to carbachol, suggesting that they act via modulation of L-type
Ca2+ channels [191]. Two distinct types of Ca2+ signals have
been identified in urinary bladder smooth muscle cells, using
confocal microscopy combined with fast Ca2+ imaging tech-
niques: global Ca2+ flashes and novel, smaller, localised
purinergic Ca2+ transients. The global Ca2+ flashes represent
Ca2+ influx during action potentials. The smaller, localised
purinergic Ca2+ transients are not ryanodine receptor-
mediated Ca2+ sparks, but instead represent Ca2+ influx

through P2X receptors located on the muscle cells. These
localised purinergic Ca2+ transients may represent the initial,
crucial steps in the nerve-evoked cascade of events that leads
to increases in intracellular Ca2+ and contraction of bladder
smooth muscle by ATP released from nerve varicosities [292].

Involvement of prostaglandins in purinergic signalling

It was shown in 1974 that adenine nucleotides induce prosta-
glandin (PG) synthesis [517] and, soon after, evidence was
presented that PGs were responsible for the rebound contrac-
tions of the guinea-pig taenia coli that follow stimulation of
purinergic inhibitory nerves [114]. Since then, evidence has
accumulated that PGs are generated in bladder smooth muscle
as a result of purinergic neurotransmitter activity. In the
guinea-pig, rabbit and monkey isolated detrusor, PGE2 and
PGF2α caused potent contractions [345, 346]. In response to
electrical field stimulation, there is an initial phasic contraction
followed by a secondary tonic contraction. Indomethacin, a
PG synthesis inhibitor, reduced the initial phasic contraction
(purinergic) and the response to ATP [151, 212, 346]. PGE2

was later shown to be released from detrusor smooth muscle
as a result of neural activity, but not from nerves [14], and
atropine-resistant contractions were also reduced by the PG
antagonist SC19220 [216].

ATP, but not adenosine, ACh or carbachol, evoked the
release of PGs from detrusor muscle [22, 357]. In the rabbit
detrusor muscle, ATP evoked a biphasic contraction
consisting of an initial phasic contraction followed by a de-
layed secondary tonic contraction. Indomethacin prevented
the secondary but not the initial phasic response [28, 322].
ADP produced only a slow tonic contraction that was almost
abolished by indomethacin. Similar results were found in the
human bladder [323]. The structural conformation of the
polyphosphate chain of the ATP molecule is critical for stim-
ulation of PG biosynthesis [92]. ATP can also lead to produc-
tion of prostanoids in uroepithelial cells of the bladder, an
affect which is enhanced in pathological conditions [565].
PGE2 production was significantly increased in the guinea-
p i g b l a d d e r l am i n a p r o p r i a b y 2 ′ ( 3 ′ ) -O - ( 4 -
benzoylbenzoyl)adenosine 5′-triphosphate acting via both
P2X and P2Y receptors [523].

Ectoenzymatic breakdown of ATP

It has been recognised for a long time that ectoenzymes
can hydrolyse ATP released from nerves and non-neuronal
cells. Much is now known about the various enzymes
involved and the roles of the breakdown products in
different tissues (see [768]). Burnstock [99] proposed the
concept that ATP acts on P2 receptors and that, after
breakdown by ectoenzymes to adenosine, it then acts via
another receptor, the P1 receptor.
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Studies of the guinea-pig bladder revealed that ATP ana-
logues which are resistant to enzymatic degradation were
more potent in eliciting a contraction via P2X receptors
[718], although genuine differences in SARs do exist for
methylene analogues of ATP that are only slowly degraded
by ectonucleotidases [179].

The role of enzymatic degradation was also evaluated by
studying the effect of putative inhibitors of ectonucleotidases
on the pharmacological response of ATP in guinea-pig bladder
[305]. Some inhibitors of ecto-ATPase were identified, in-
cluding suramin and ethacrynic acid, which were strongly
effective in enhancing the response to ATP; difluoro-
dinitrobenzene was less effective, while N-ethylmaleimide,
ATPγS and Reactive blue 2 were without effect. In a later
study, ARL 67 l56 was identified as a potent ATPase
inhibitor [164] which potentiated the response to ATP
(but not α,β-meATP) and responses to atropine-resistant
responses to nerve stimulation [722] (Fig. 4a and b).
Cyclopiazonic acid, an inhibitor of sarcoplasmic ATPase,
potentiated the contractile response of the guinea-pig bladder
to exogenous ATP and NANC excitatory nerve stimulation
but this was non-specific [764]. In the same paper, ecto-
ATPase in the bladder was estimated to have a Vmax of
0.98 nmol P i 30 min−1 mg−1 wet tissue, with a Km of

881 μM ATP, respectively; cyclopiazonic acid (10 μM)
inhibited ecto-ATPase activity by about 18 %. Subsequent
studies [766] revealed that some divalent cations, such as
Cu2+, Ni2+, Zn2+ and La3+, inhibit the ecto-ATPase activity
in a concentration-dependent manner in the guinea-pig blad-
der, but not all of them potentiate contractions to ATP.

Magnesium-dependent adenosine triphosphatase
(Mg2+-ATPase) as well as 5′-nucleotidase and alkaline phos-
phatase were identified in the epithelial cells of the rat urinary
bladder [756], perhaps functioning to degrade the ATP
released from uroepithelial cells [237, 288, 379] during
purinergic mechanosensory transduction [104, 513]. A recent
study using RT-PCR has shown that eight members of the
ectonucleoside triphosphate diphosphohydrolase (NTPD)
family as well as 5′-nucleotidase are expressed in mouse
bladder [750]. 5′-Nucleotidase was present exclusively in
detrusor smooth muscle together with NTPD1, suggesting
a mechanism for providing adenosine to act on P1 receptors
on myocytes.

Urothelium, suburothelial myofibroblasts and umbrella cells

P2X3 receptors were found to be localised on the urothelium
of both rat and human bladders [231]. ATP is released from

Fig. 4 The effect of ARL 67156
in guinea-pig bladder strips on
a contractions to exogenous ATP
(100 μM, n =16) and α,β-
methylene ATP (α,β-meATP,
5 μM, n =7) and b neurogenic
contractions (1–8 Hz, for 20 s,
n =8). Open bars represent
control responses and the hatched
bars those in the presence of ARL
67156 (100 μM). **P<0.01,
***P<0.001. (a and b
Reproduced from [722], with
permission from Elsevier.)
c Contractile responses of
isolated strips of urinary bladder
of adult and neonate (2- to 6-day-
old) rabbits to nerve stimulation.
Note that responses to nerve
stimulation were also greater in
neonatal tissue. Bars represent the
mean response ± SEM for 5–7
experiments. N.S. significant
difference, *P<0.05
(Student's t-test for unpaired
data). (Reproduced from [628],
with permission from Elsevier)

Purinergic Signalling (2014) 10:103–155 119



the bladder urothelium in response to distension [237, 704],
probably by vesicular exocytosis [510]. ACh and NO are also
released from urothelial cells (see [58]). A report claims that
the urothelium is the primary source of released ATP and NO
in the rat urinary bladder, rather than nerves [505].

Extracellular Ca2+ regulates the stimulus-elicited ATP
release from mouse urothelium [471] and rise in [Ca2+]i
may control ATP release [726]. Distension-induced ATP
release from mouse urothelium is regulated by the
adenylyl cyclase–cAMP pathway [472]. It was suggested
that this pathway might be involved in facilitating the
micturition reflex or that it might cause an excess of
ATP release in pathological conditions causing frequent
urination. Release of ATP in response to stretch was
higher in porcine urothelial and myofibroblast cell cultures
compared to smooth muscle [144]. Cultured rat bladder
urothelial cells release ATP when exposed to sustained
hydrostatic pressure in the physiological threshold range
that would trigger micturition (10–15 cm H2O) [535].

It has been claimed that pannexin-1 channels mediate
P2X7 receptor-induced release of ATP from rat bladder mu-
cosa, probably from both urothelial cells and myofibroblasts
[672]. Cyclooxygenase inhibitors suppress ATP release from
rat bladder epithelium via decreasing PGE2 action via prosta-
noid EP1 and/or EP3 receptors [660]. Both the vanilloid and
acid-sensing ion channel (ASIC) systems contribute to acid-
induced ATP release from urothelial cells [586]. Stretch and
acid, but not capsaicin, are effective stimuli for ATP release
from the porcine bladder mucosa [585].

The capsaicin-gated ion channel, TRPV1 is expressed by
urothelial cells, as well as by suburothelial afferent nerve
terminals and stretch-evoked ATP release was diminished in
TRPV1 KO mice [62]. These findings indicate that TRPV1
receptors participate in normal bladder function and are
essential for mechanically-evoked purinergic signalling by
the urothelium. However, it was claimed in a recent paper
that the mouse urothelial cell response to ATP is mediated
by P2X, but not TRPV1 receptors [274].

Urothelium exerts inhibitory control over purinergic con-
tractility produced by ATP or Ap4A [367]. In healthy cats,
P2X1-7 and P2Y1,2,4 receptor subtypes were expressed
throughout the bladder epithelium [63] and P2Y2, and to a
lesser extent P2Y4, receptors in the urothelium of rats [153].
Knockdown of P2Y2 receptor expression using small interfer-
ing RNA resulted in reduction of ATP-evoked rise in [Ca2+]i
in both human and rat bladder urothelial cells [636]. It has
been reported recently that uridine diphosphate (UDP), via
P2Y6 receptors, increases voiding frequency in humans via
release of ATP from the urothelium and autocrine reinforcement
of its release [616]. Urothelial cells can be activated by mechan-
ical stretch and by ATP, ACh and other agents to release ATP as
well as ACh, NO, PG, SP and nerve growth factor (NGF) (see
[33, 59]).

Adenosine exerts negative feedback control of ATP release
from the urothelium via A1 receptors [219]. In contrast stim-
ulation of α3 nicotinic ACh receptors on bladder epithelium
increases [Ca2+]i through extracellular influx and increases
basal ATP release leading to increase in reflex bladder activity
[51]. Cultured rat urothelial cells express functional M1, M2

and M3 muscarinic receptor subtypes, whose activation leads
to ATP release, probably through mechanisms involving
[Ca2+]i increases [392]. Muscarinic receptor agonists in-
creased the release of ATP from urothelial cells in response
to stretch and muscarinic receptor antagonists reduced the
ATP release [726, 745]. The inhibitory effects of the anti-
muscarinic agents, propiverine and imidefenacin, on bladder
activity may be partly due to blocking an increase of ATP
release from the urothelium [526]. BTXA prevents release of
ATP from the urothelium and attenuates bladder afferent nerve
firing [186]. Application of a TRPV4 agonist led to increased
[Ca2+]i and released ATP [10]. Pituitary adenylate-cyclase
activity peptide released ATP in rat bladder urothelium, there-
by regulating micturition pathways [267]. Urothelial cells
express multiple TRP and ASIC channels, whose activation
produces ionic currents and Ca2+ influx. It is suggested that
these properties may underlie the basic mechanisms for the
release of transmitters, including ATP, NO and ACh that can
affect afferent nerve signalling [394]. Spontaneous contractile
activity of the urothelium was increased by α,β-meATP
[498], suggesting mediation via P2X1 and/or P2X3 receptors.
It has been suggested that urothelial purinergic receptors are
important modulators of LS dorsal spinal neuronal activity
and that enhanced LS neuronal signals result from activation
of urothelial P2 receptors and C-fibres during noxious
intravesical pressure stimulation [508].

Suburothelial myofibroblasts, which lie between urothelial
cells and sensory nerve terminals, have been isolated from
both human and guinea-pig bladder and shown to elicit ATP-
generated transients via P2Y2 (and/or possibly P2Y4) recep-
tors [727]. It has been suggested that these cells may be
involved in an intermediate regulatory step in the sensation
of bladder fullness between urothelial ATP release and affer-
ent excitation [642]. In a later study it was shown that the
predominant P2 receptor subtype in guinea-pig suburothelial
myofibroblasts is the P2Y6 receptor, although there was weak
expression of P2X3, P2Y2 and P2Y4 receptors [643]. Electro-
physiological studies of suburothelial cells isolated from the
human bladder showed that they were electrically active,
responsive to ATP and perhaps coupled to neighbouring cells
via gap junctions [642]. The urothelium and ATP suppressed
carbachol-induced contractions of rat detrusor smooth muscle
to a similar extent and this was interpreted to suggest an
inhibitory role for ATP released from urothelium to modulate
detrusor smooth muscle activity [597].

Specialised umbrella cells line the mucosal surface of the
bladder and form a barrier between urine and the underlying
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tissue and bladder filling increases the apical surface area of
these cells [32]. These cells are mechanosensitive. It is sug-
gested that ATP released from the urothelium acts on P2
receptors on the umbrella cells to stimulate membrane inser-
tion of the apical pole of the cells [713]. KO mice lacking
expression of P2X2 and/or P2X3 receptors failed to show
increases in apical surface area when exposed to hydrostatic
pressure. A recent review discusses urothelial signalling in
both physiology and pathophysiology, including the role of
purines and pyrimidines [57].

Perinatal development and ageing of purinergic signalling
in urinary bladder

Perinatal development

ATP and ACh are cotransmitters in parasympathetic nerves
supplying the adult bladder. In an early study of the responses
of the rabbit urinary bladder to autonomic neurotransmitters
during development, receptors to ATP and ACh were
recognised in the newborn animals, while adrenoceptors were
poorly expressed at this stage [418]. In a later study, newborn
rabbit bladders were shown to generate much greater tension
in response to ATP than in adult tissue and then decline, while
the response to cholinergic agonists did not decline [362, 628,
755] (Fig. 4c). Crowe and Burnstock [172] carried out a
histochemical study using markers for cholinergic, adrenergic
and purinergic transmission during perinatal development of
rabbit bladder. Acetylcholinesterase-positive nerve fibres and
ganglion cells and quinacrine-positive ganglion cells were
both present on day 23 of gestation, while quinacrine-
positive varicose nerve fibres were first seen on day 24. At
foetal day 26, large numbers of ganglia (25–38), each con-
taining 30–40 quinacrine-positive neurones, were seen in the
detrusor wall. In contrast, only 5–12 ganglia contained 3–12
acetylcholinesterase-positive nerve cell bodies at the same
foetal age. No catecholamine-containing nerve cell bodies
were seen at any foetal age or in the adult and
catecholamine-containing nerve fibres were not detected until
28 days of gestation. In adult bladder, there was a reduction of
25–30 % in the number of quinacrine-positive cell bodies
within the ganglia when compared with 1-day-old bladders,
although there was an increase of about 50 % in nerve fibres.

The postnatal development of purinoceptors in rat urinary
bladder has also been examined. Neurogenic contractions of
bladders from newborn rats were atropine-sensitive in the
whole range of frequencies studied. During the first 2 weeks,
the atropine-resistant component of these contractions in-
creased progressively to reach adult-like conditions, i.e.,
atropine-resistant contractions consisted of over 90 % of con-
tractions at 0.1 Hz and about 60 % at 1–20 Hz [462]. Re-
sponses to adenosine (inhibitory) and ATP (excitatory) medi-
ated by P1 and P2X receptors, respectively, were present as

early as postnatal day 2, the earliest day studied [520]. Aden-
osine was more potent in the neonate than in the adult, while
the potency of ATP initially increased with age, but then
declined, being highest between postnatal days 10 and 25. In
vivo evidence for the functional roles of cholinergic and
purinergic components of parasympathetic cotransmission
for micturition contractions in normal unanaesthetised rats
has been presented [326].

Western blot studies demonstrated an age-dependent
decrease in P2X2 receptor expression in the postnatal blad-
der, whereas P2X3 receptor expression peaked at P14–P21
[638]. P2X2 immunoreactivity was present in urothelial
cells, suburothelial sensory plexuses, smooth muscle and
serosa in bladder neck and trigone at birth. With increasing
postnatal age, the intensity of P2X2 immunoreactivity de-
creased in urothelial cells but increased in the suburothelial
plexuses, while P2X3 immunoreactivity increased in
urothelial cells and suburothelial plexuses with postnatal
age. P2X3 receptor expression in dorsal horn of the
lumbospinal spinal cord also increases from P14 to P21.
Importantly, the authors suggest that these changes in P2X
receptor expression may play a role in the postnatal matu-
ration of voiding reflexes. It is known that during postnatal
maturation a spinobulbospinal reflex and voluntary voiding
replaces premature voiding reflexes.

The main pathway in nerve activation of the urinary blad-
der of newborn mice is cholinergic with a low contribution of
the purinergic component, while adult bladder is equally
dependent on cholinergic and purinergic activation [224].
However, there were no differences in responsiveness of
new-born and adult bladders to ATP or α,β-meATP, suggest-
ing that the differences in purinergic control between new-
born and adult bladders was due to the properties of ATP
transmitter release rather than to a change in receptor function.

Using various markers for sensory and motor nerves, it was
concluded that both nerve types were present at birth and that
sensory (calcitonin gene-related peptide [CGRP]-positive and
SP-positive) nerve fibres approached adult levels at the end of
the second week, shortly before the micturition reflex was
fully developed [594]. In a review of postnatal development in
several rat visceral smooth muscle preparations, it was con-
cluded that in the bladder, in contrast to vas deferens,
purinergic mechanisms were more important in the neonate
than in the adult [304].

In foetal human bladder, expression of P2X1 receptor
transcripts was much lower than in adult bladder; P2X4 and
P2X7 receptors were also present in the foetus [536]. With
increasing gestation, the P2 receptor expression shifted from
the dome to the body of the bladder. Obstruction of the foetal
male sheep bladder leads to enlarged, hypocontractile and
compliant bladder; however, there was no clear evidence for
changes in purinergic (or in cholinergic or nitrergic) neuro-
transmitter effects [673].
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The rate and pattern of breakdown of ATP and adenosine
by ectoenzymes in the rat urinary bladder was shown to be
identical in neonates and adults, indicating that the marked
differences in potency to ATP and adenosine during develop-
ment is likely to be due to changes in receptor number and/or
agonist potency [522]. The distribution of P2X receptors on
smooth muscle cells during postnatal development has been
studied [220]. Small clusters of P2X receptors (about 0.4 μm
in diameter) were present at day P1, although few varicose
nerve fibres were present at this time. At P4, many varicose
fibres were present and small clusters of P2X receptors; some
appeared to be in association with varicosities. By P21, many
of the P2X receptor clusters were found adjacent to varicosi-
ties of parasympathetic nerve fibres, but others were not.
Newborn rat detrusor smooth muscle showed markedly in-
creased purinoceptor-mediated contractions, which reached
adult levels 1 month after birth [683].

Ageing

There are few reports describing changes in purinergic signal-
ling in the ageing bladder, although a comparison of contrac-
tions in detrusor muscle strips from unobstructed bladders of
young and aged rats showed that, with age, there is an in-
creased sensitivity to ATP as well as NA, but with no change
in response to ACh and KCl [236]. The secondary role of PGs
in response to purinergic transmission appears to be increased
in old age [353]. A reduction in acetylcholinesterase-positive
nerve fibres in the human bladder with increasing age has
been reported [266] and decreased fluorescence intensity for
catecholamines in neurons in the hypogastric ganglion which
supplies sympathetic fibres to the bladder has also been shown
[550]. Ageing impairs neurogenic contractions mediated by
ATP, but less so ACh, in guinea-pig urinary bladder; melato-
nin has been used to improve these age-induced changes
[269].

It has been reported that P2X3 receptor expression is
increased after ovariectomy and the authors speculated that
this may explain why there is an increase in bladder dysfunc-
tion in ageing women [676].

The contractile response of the rat bladder to ATP released
as a cotransmitter from parasympathetic nerves increases with
age [353]. The contractile responses of the aged rat bladder to
ATP are significantly greater than those of the young bladder,
although there is no change in the responses to ACh or KCl
[587]. The atropine-resistant (purinergic) component of nerve-
mediated contractions of the human bladder was also in-
creased with age, largely due to increased release of ATP
[739]. The sensitivity of the bladder to α,β-meATP increased
with age [729]. However, the mRNA detected for P2X1 and
P2X3 receptors did not change with age, although there could
be changes in receptor protein. For the ageing rat bladder,
increased expression of P2Y4 receptors was reported [639].

Purinergic transmission increases with age in the human
bladder, while cholinergic transmission decreases. These ef-
fects appear to be due to increased release of ATP and de-
crease in ACh release and the authors suggest that purinergic
receptor antagonists may provide a useful complement to
muscarinic receptor antagonists in the treatment of older pa-
tients with overactive bladder (OAB) [739]. Ageing impaired
the contractile response of mouse detrusor muscle strips, but
responses to ATP were enhanced [270]. There is down-
regulation of P2X1mRNA expression with age in the detrusor
muscle of male patients with and without bladder outlet ob-
struction [154]. They suggest that P2X receptor mRNA down-
regulation may occur as the result of increased neural ATP
release in the ageing bladder.

Plasticity of purinergic signalling in bladder

Changes occurring during pregnancy or hormone therapies

Incontinence is a common problem in adult women [684]. The
first symptoms of urinary incontinence can arise after the first
pregnancy and the risk of incontinence increases with multiple
deliveries [584]. However, the sensitivity of the rat detrusor
muscle to ATP was not modified by multiple pregnancies,
while there was increased sensitivity to adrenergic and cho-
linergic stimulation [273]. Other studies reported that the
responses to adrenergic and cholinergic stimulation were re-
duced [422, 679], and the responses to ATP increased during
pregnancy in both rat and rabbit bladders [679]. These latter
authors concluded that suppressed bladder contractility during
pregnancy, due to a reduction in cholinergic and less impor-
tantly α-adrenergic function, is associated with decreased
muscarinic receptor density, while the affinity of purinergic
receptors for ATP is increased. The sensitivity of the detrusor
muscle to α,β-meATP was not modified by multiple pregnan-
cies, even though smooth muscle hypertrophy occurred [273].

An old concept is that incontinence during pregnancy is
related to hormonal factors [334, 634]. Oestrogen has been used
for the treatment of urinary stress incontinence in women [91,
591]. Oestrogen is known to have a profound influence on the
function of smoothmuscle [47] and receptors for oestrogen have
been identified in both rabbit myometrium [46] and human
female lower urinary tract [334]. When ovariectomized rabbits
were injected i.v. with [3H]oestradiol, high affinity binding sites
were clearly demonstrated in the female urethra and urinary
bladder [334]. The amplitude of NANC transmission in detrusor
strips from mature female rats was increased in oestrogen-
treated, but not ovariectomized animals [223].

Sex hormones influence detrusor responses to purinergic
stimuli and alteration of sex hormone levels by surgery or
medication modulate bladder function, which are different in
males and females [671]. Chronic treatment with oestrogen
induced a marked increase in the responses to purinergic (as
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well as muscarinic and α-adrenergic) agonists in the rabbit
bladder body and mid-section, but not the bladder base [421].
Pregnancy substantially increases the purinergic components
of the response of the rabbit bladder to field stimulation, while
the response of bladder to bethanechol was significantly re-
duced and was associated with a 50 % decrease in muscarinic
receptor desensitisation [424]. Oestradiol and the oestrogen
receptor antagonist, tamoxifen, inhibit contractions of rabbit
detrusor strips produced by α,β-meATP and bethanechol
[574]. After ovariectomy, there was an increase in P2X3
receptor mRNA expression in the bladder [129]. Progesterone
administration mimics some, but not all, of the effects of
pregnancy; for example, no significant alteration in the re-
sponse to ATP was observed [679].

Degeneration of adrenergic nerves in the rat urinary blad-
der during pregnancy has been described [570]. Since ATP is a
cotransmitter in sympathetic nerves, it is likely that less ATP
as well as NA is available in pregnant compared to non-
pregnant bladders.

Changes due to selective denervation

When the rat urinary bladder was deprived of half of its
innervation by removing the pelvic ganglion on one side, the
motor responses of the bladder to stimulation of the remaining
pelvic nerve were larger than those of the control bladder at
1 week, 1 month and especially 2 months postoperatively
[225]. Further experiments with atropine and eserine led to
the conclusion that the increased response 1 week postopera-
tively were mainly due to sensitisation of the muscarinic
receptors, while those observed at later stages were due to
collateral sprouting from the cholinergic nerve fibres in the
intact pelvic nerve. Atropine-resistant responses were not
examined. In a later study, development of supersensitivity
to methacholine in rat detrusor following either parasympa-
thetic denervation or decentralisation was reported [227].
When the sacral parasympathetic preganglionic pathways
were surgically interrupted on one side of the cat urinary
bladder, it was claimed that cholinergic sympathetic pathways
in the hypogastric nerve make sympathetic connections with
decentralised cholinergic ganglion cells in the bladder [203].

Capsaicin treatment of newborn rats leads to selective
degeneration of sensory nerve fibres (see [302]). In a study
of rat bladder in 3-month-old rats treated at birth with capsa-
icin, contractions evoked by electrical field stimulation were
significantly larger than those of control (vehicle-treated) an-
imals, an effect which preferentially involves the cholinergic
component of the response, although there was some increase,
too, in the purinergic component [765]. However, since con-
tractions in response to exogenous carbachol or ATP were not
significantly different, this suggested that the changes involve
prejunctional mechanisms, probably a trophic increase in
parasympathetic innervation. Capsaicin treatment, causing

selective sensory denervation of the rat ureter, leads to in-
creased sympathetic innervation [593] presumably leading to
increase in release of both NA and ATP.

After bilateral sympathectomy by cutting the hypogastric
nerves distal to the hypogastric ganglia, the adrenergic nerve
supply to the bladder did not differ from normal bladder either
at 10 days or 6–9 weeks after denervation; in contrast, 10 days
after total unilateral postganglionic denervation by removal of
the left pelvic ganglion, few adrenergic nerve fibres were seen
in the left half of the bladder [17]. However, 6–9 weeks after
pelvic ganglion removal, the adrenergic innervation had
reappeared, although the origin of the regenerating fibres
was not resolved. Studies on the vascular system show that
P1 receptor agonists prevent the trophic changes caused by
sympathetic denervation, which was taken to be consistent
with an involvement of purines in the trophic effects of sym-
pathetic innervation [13]. In spontaneously hypertensive rats,
where there is increased sympathetic nerve activity, there is
hyperactive bladder voiding that appears to be associated with
higher secretion of NGF by bladder smooth muscle and hy-
perinnervation [156, 633].

Over-distension of the bladder is caused by urinary reten-
tion, but it has also been used as a method for treating unstable
bladder or IC [218, 348]. However, micturition problems are
often encountered after long-term over-distension [658] pos-
sibly due to damage of sensory nerve fibres. For example,
distension of the rat urinary bladder for 3 h led to depletion of
catecholamines which was complete after 2 days, although
partially recovered after 5–7 days [659]. The urinary bladder
of the rat, deprived of its motor innervation, increases several-
fold in weight in response to distension [228]. This increase in
weight is due to both hyperplasia and hypertrophy of the
smooth muscle [226]. Since it is now known that distension
of the bladder leads to substantial release of ATP from
urothelial cells and ATP is known to have trophic effects [2],
it is possible that purines participate in the trophic changes that
occur in the bladder.

Damage to the spinal cord rostral to the LS level can induce
marked changes in the neural control of the lower urinary
tract; following spinal cord injury that interrupts the normal
supraspinal pathway regulating micturition, the urinary blad-
der is initially areflexic, but over the course of several weeks
becomes hyperreflexic and hypertrophic [204, 387]. Little is
known about the mechanisms underlying these changes [204],
although it has been shown that chronic spinal injury enhances
the electrical excitability of bladder afferent neurones by
increasing the expression of low-threshold tetrodotoxin-
sensitive Na+ channels [742].

Bladder grafts

The gastrointestinal tract has been the chief source of material
for bladder augmentation and substitution despite
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complications such as malignancy, electrolyte abnormalities,
infection, obstruction, the inherent need for catheterisation,
mucus production and perforation (see [490]). A small intes-
tine submucosal preparation has been developed and used as a
bladder patch in rats that produced both smooth muscle and
urothelial cell regeneration [385, 386]. A further study indi-
cated that small intestine submucosal-regenerated bladder ex-
hibits contractile activity, expresses muscarinic, purinergic
andβ-adrenergic receptors and exhibits functional cholinergic
and purinergic transmission [697].

Another approach has been to use autologous cultured
urothelium for bladder reconstruction [40, 324]. Collagen-
based and biodegradable materials have also been shown to
have regenerative and functional capacities and a bladder
acellular matrix graft has been claimed to be successful for
augmentation cytoplasty in the rat model leading to structural
and functional regeneration of detrusor smooth muscle [568]
including contractile activity to electrical field stimulation
showing responses to muscarinic, purinergic and adrenergic
agonists [557].

Hibernation

Purinergic and cholinergic components of parasympathetic
neurotransmission were investigated in hibernating hamsters
(Fig. 5) [560]. Perhaps surprisingly, 4 weeks of hibernation
significantly increased both cholinergic and purinergic neuro-
genic responses of the hamster urinary bladder. This appears to
be due to an increase in postjunctional responses to ACh, while
there was a decrease in the postjunctional response to ATP.

Purinergic signalling in the human bladder in health
and disease

Although the purinergic component of parasympathetic neu-
romuscular transmission in the urinary bladder is between
40 % and 75 % in laboratory animals, in normal human

bladder, atropine will block over 95 % of parasympathetic
nerve-mediated contraction, despite the fact that P2X recep-
tors are present [106]. However, there are a number of exam-
ples where the purinergic component of cotransmission is
increased to up to 40 % in pathological conditions such as
IC [540], outflow obstruction [537, 623], idiopathic detrusor
instability [537] and some types of neurogenic bladder [27].

Recent reviews of management of detrusor dysfunction
highlight the growing potential of therapeutic strategies relat-
ed to purinergic signalling (e.g., [27, 64, 239–241, 243, 247,
496, 572, 582, 744]).

Healthy bladder

The presence of an atropine-resistant nerve component in the
human bladder has been controversial, although most authors
did find a small component, usually less than 5 % in healthy
bladder [31, 50, 166, 262, 296, 371, 446, 462, 518, 583, 611,
620, 631, 652]. One early report suggested that the NANC
component in the human female bladder was greater than in
the male bladder, amounting to about 50 % of the nerve-
mediated contractile response of the bladder [163]. In a paper
concerned with anticholinergic drugs, it was claimed that
terodiline and propiverine significantly inhibited the
atropine-resistant contractions in the human bladder [707].

Atropine-resistant responses of the human bladder were
significantly reduced by ATP (possibly mediated by
postjunctional desensitisation and/or prejunctional inhibition)
and indomethacin and were abolished by nifedipine [323].
One paper claimed that the atropine-resistant component of
excitatory transmission in the human bladder was not medi-
ated by neural release of ATP in spite of the presence of P2
receptors in the effector cells [652].

A NANC nerve-mediated relaxation following the initial
excitation was identified in human detrusor muscle [378].
Transmural stimulation of muscle strips from the human
trigone revealed a NANC response which represented 40 %
of maximal contractions at 5 Hz; NANC relaxation responses
were also identified in the trigone [631] and in detrusor where
they might be due to NO [339]. Responses of human bladder
strips to NANC nerve stimulation and ATP or P1P6-
diadenosine hexaphosphate were blocked following
desensitisation of P2X1 receptors with α,β-meATP [313]
(Fig. 6).

There is clear evidence for the presence of P2X
purinoceptors in the human bladder from pharmacological
studies where ATP produces contractions [313, 323, 333].
ATP, α,β-meATP and P1P6-diadenosine hexaphosphate
caused concentration-dependent contractions of human
detrusor muscle strips [313]. ATP elicits large inward currents
[333] and increases in intracellular Ca2+ [50, 728] in dispersed
human bladder smooth muscle cells. In a study of P2 receptor
subtypes in human bladder strips the agonist rank order of

Fig. 5 Non-cumulative concentration–response curves to α,β-methy-
lene ATP (α,β-meATP) in longitudinal smooth muscle strips of urinary
bladder from age-matched control hamsters, cold-exposed hamsters and
hibernating hamsters. In cold-exposed and hibernating hamsters α,β-
meATP elicited decreased contractions (ANOVA, P <0.05; n =6).
(Reproduced from [560], with permission from Wiley)
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potency was: α,β-meATP = ADPβS > 2-MeSATP > ATP >>
UTP. In addition, it was reported that responses to α,β-
meATP and ADPβS were additive and that the P2 antagonist
p -chloromercuribenzene sulphonic acid [724] antagonised
ADPβS-induced contractions, but was inactive against α,β-
meATP, while Reactive blue 2 had no effect against ADPβS
contractions [541]. The authors concluded that the human
detrusor muscle contains two contractile purinoceptor sub-
types: one is activated by α,β-meATP and is probably a P2X
receptor; the other receptor is activated by ADPβS and ap-
pears to be different from those which are included in the
current classification system. In a later paper from this group
[542], evidence was presented for prejunctional P2 receptors
on parasympathetic nerve terminals as well as two
postjunctional P2 receptor subtypes, one of which was insen-
sitive to suramin. ATP-induced contractions were reduced
about 30 % by indomethacin, indicating involvement of
PGs, by 48 % after nifedipine and were abolished in Ca2+-
free medium [323].

Supporting evidence for P2X receptors in human bladder
comes from radioactive ligand binding and autoradiography
[74,487], and from immunohistochemistry [537]. Additional-
ly, a cDNA encoding an ion channel receptor (hP2X1), gated
to extracellular ATP, was isolated from human urinary bladder

[695]. By fluorescence in situ hybridisation, the hP2X recep-
tor gene was mapped to the short arm of human chromosome
17. ATP stimulatedNGF production in human bladder smooth
muscle cells, which suggests that the human bladder may have
a mechanism to maintain and regulate the extent of bladder
innervation [661].

The main source of ATP release from the human (and pig)
bladder is urothelium to act on subepithelial sensory nerve
terminals [395]. The vesicular nucleotide transporter plays a
crucial role in stretch-evoked release of ATP from human
bladder urothelium [511]. Bradykinin increases NGF mRNA
expression in the human urothelial cell line (UROtsa) and
stretch-induced ATP release [532]. It was claimed that aden-
osine formation from extracellular ATP was negligible in
human urinary tract urothelial cells due to low CD39 expres-
sion, but the cells express CD73, which converts extracellular
AMP to adenosine [492]. Expression of P2X3 receptors has
been described on suburothelial myofibroblasts of the normal
human urinary bladder [438]. ATP enhances spontaneous
calcium activity in cultured suburothelial myofibroblasts of
the human bladder, supporting the notion that suburothelial
myofibroblasts are able to register bladder fullness [145].
Different signalling pathways for A2A and A2B adenosine
receptors expressed by human uroepithelial cells were identi-
fied [598]. Mechanical stretch (which presumably leads to
release of ATP) promotes contraction and proliferation of
human bladder smooth muscle cells via P2X and perhaps A1

or P2Y receptors, respectively [715].

Overactive bladder syndrome

OAB syndrome is characterised by urgency, with or without
urge incontinence (sometimes referred to as OAB wet and
OAB dry, respectively), frequency and nocturia [3]. In OAB
dry patients the urgency is accompanied by discomfort or pain
during filling, and this is defined as BPS. Some patients with
BPS are later diagnosed with IC.

The occurrence of OAB increases in old age. Bladders of
24-month-old mice showed a significantly higher afferent
response to distension compared to 3-month-old mice and
ATP detected in intraluminal samples was higher in the old
mice [187]. However, the underlying mechanisms mediating
these findings and the increased occurrence of OAB were not
resolved. Valuable reviews concerning the roles of purinergic
signalling in OAB are available [36, 41, 109, 110, 239, 398,
408, 484, 538].

In recent papers it was reported that women with OAB
have high urinary levels of ATP compared to controls and the
nucleotide levels increase with water intake and it was sug-
gested therefore that higher urinary ATP may be a useful
prognostic marker for detrusor overactivity [142, 615]. It
was suggested that the increased concentrations of ATP in
the urine is probably due to enhanced ATP release from

Fig. 6 Responses to ATP, α,β-methylene ATP (MeATP) and Pl,P6-
diadenosine 5′-hexaphosphate (A6PA) in isolated human urinary bladder
detrusor muscle. a Concentration–response relationships. The response
curve relates contractions due to the agonists to the standard contraction
to KC1 (150mM).Points showmean ± SEM unless occluded by symbol.
Curves are fitted following probit transformation and horizontal averag-
ing. b Electrical field stimulation of the intramural nerves (NS, filled
circle) evoked contractions. MeATP (0.3 μM) caused a small contraction
which faded and blocked neurogenic contractions. Following washout of
MeATP (W), the neurogenic responses returned. Record obtained in the
presence of atropine (0.3 μM). Scale bar represents 50 mg. (Reproduced
from [313], with permission from Elsevier)
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proliferating urothelium and that decreased ATP metabolism
may also contribute to the high urine levels of ATP [615]. The
ATP concentration in urine was inversely related to the vol-
ume at the first desire to void in women patients with OAB
[142]. Both TRPV1 and P2X3 receptors are present in the
human bladder and it was suggested that they may become
upregulated and contribute to distinct pathophysiological
states of OAB [735].

People with metabolic syndrome, a condition characterised
by an increased risk of developing cardiovascular disease and
diabetes, have a higher prevalence of OAB. Using a rat model
of metabolic syndrome, fructose-fed rats, alterations in periph-
eral purinergic andmuscarinic signalling were described [155].
It was claimed that there was an increase in expression of P2X3
receptors in subepithelial sensory nerves leading to increased
bladder activity [413]. OAB is prevalent among patients with
Parkinson’s disease and suppression of this overactivity by
A2A receptor antagonists has been reported, which are proba-
bly acting in the CNS to regulate the micturition reflex [375].

UDP via P2Y6 receptors regulates abnormal bladder
smooth muscle activity in OAB and in doing so enhances
P2X1-mediated contractions [751]. Iberiotoxin, a bradykinin
receptor antagonist, enhanced purinergic contractions, sug-
gesting that bradykinin receptors in bladder play a significant
role in OAB [675].

Detrusor overactivity

Detrusor overactivity (previously termed unstable bladder/
detrusor instability and detrusor hyperreflexia) is charac-
terized by involuntary detrusor contractions during the
filling phase that are either spontaneous or provoked.
Detrusor overactivity can be either neurogenic or idio-
pathic in origin [3].

Neurogenic detrusor overactivity Neurogenic detrusor over-
activity is defined as a known neurologic abnormality
impairing signalling between the bladder and the CNS. This
can occur following a stroke, or spinal cord or pelvic injury
and in conditions such as multiple sclerosis (MS) and
Parkinson’s disease.

Studies have been conducted on isolated bladder strips
from patients with neurogenic bladder who underwent
ileocystoplasty in order to resolve intractable incontinence
and/or vesicoureteric reflux due to low compliance or severe
detrusor uninhibited contractions [589]. Atropine-resistant re-
sponses to field stimulation of neurogenic bladder strips were
about 30 % compared with 4 % from control bladder strips. In
a later paper, this group showed that neurogenic bladders are
hyper-responsive to ATP [588]. In another study of muscle
taken from neurogenic bladders, a NANC component of 40 %
was identified, which was regarded as purinergic since it was
blocked by suramin [710].

Both resting and evoked ATP release from urothelial cells
was significantly higher after chronic spinal cord injury [644].
In paraplegic patients with suprasacral lesions, the manage-
ment of urinary incontinence resulting from hyperreflexic
detrusor contraction is a frequent problem. A study of changes
in cholinergic and purinergic transmission was carried out in
detrusor muscle strips taken from chronic spinal rabbits (spi-
nal cord transected at thoracic level T9–T10) with detrusor
hyperreflexia and detrusor sphincter dyssynergia [736]. The
results showed that the relative amplitudes of the cholinergic
and purinergic contractions shifted from a control ratio of
40:60 to 75:25 in the pathologic detrusor, indicating a shift
to cholinergic parasympathetic dominance in neurogenic blad-
ders affected by detrusor hyperreflexia and sphincter
dyssynergia after spinal cord injury. Increased P2X2 expres-
sion in both detrusor muscle and urothelium from patients
with suprasacral spinal cord injury appear to be comparable to
their expression in detrusor tissue from patients with idiopath-
ic OAB [544]. Increased levels of ATP in the bladder of spinal
cord-injured rats are associated with neurogenic bladder over-
activity and the activation of P2X3 and P2X2/3 receptors on
afferent nerve fibres [507]. The carbachol-induced inhibition
of parasympathetic NANC purinergic contractions mediated
by P2X1 receptors occurs more in rat bladders following
chronic spinal cord injury than in neurally intact animals
[403]. Spinal cord injury leads to an increase in spontaneous
contractile activity and propagating Ca2+ waves in the bladder
and these activities are augmented by the P2Y receptor ago-
nists ADP, UTP and UDP originating in the urothelium and
suburothelium [250].

The induced synthesis of PGs may become important in
pathological conditions. For example, in patients undergoing
retropubic prostatectomy, the detrusor has a larger non-
cholinergic excitatory component than in patients undergoing
cystourethectomy [323]. In the former group, indomethacin
causes a significant reduction of the response to non-
cholinergic nerve stimulation, whereas in the latter group,
indomethacin has no such effect. In patients with chronic
neurogenic vesical dysfunction, the sensitivity of the bladder
to intravenous infusion of an analogue of PGF2α is dramati-
cally greater than in control patients [692]. The significance of
this is unknown, but in view of the relationship of ATP with
PG synthesis, it may be related to a degeneration of parasym-
pathetic nerves resulting in supersensitivity to effectors. That
is to say, a loss of purinergic transmission might have led to an
increase in sensitivity of its effector mechanisms, one of which
is PG activity [311].

Reflex sympathetic dystrophy is a disabling syndrome
characterised by severe pain with autonomic disturbances,
including urological problems [135, 257, 601]. Since hyper-
activity of sympathetic nerves is usually implicated in reflex
sympathetic dystrophy, more ATP would be released as a
cotransmitter to target both P2X1 receptors in smooth muscle
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mediating bladder contractions and P2X3 receptors on the
terminals of sensory nerve fibres mediating bladder reflexes
and nociception.

Animal models have been used to investigate bladder over-
activity. For example, both resting and evoked ATP release
from urothelial cells were significantly higher in the bladder of
rats after chronic spinal cord injury and may contribute to the
development of bladder hyperactivity [368]. In a mouse mod-
el of bladder overactivity, bradykinin was shown to facilitate
the release of ATP from nerve terminals via prejunctional
receptors [234]. In the mouse spinal cord transection model
of detrusor overactivity, there was an increase in the amplitude
of spontaneous contractions and it was suggested that en-
hanced stretch-induced urothelial ATP release is implicated
in the increased spontaneous contractions as well as the en-
hanced afferent firing seen in bladders of mice with spinal
cord transection [475]. Antimuscarinic agonists suppressed
ATP release from the urothelium and improved detrusor over-
activity in rats with cerebral infarction [737].

In the absence of P2X3 receptors in mouse knockouts, the
bladder is hyperactive [158,704]. The more recently developed
P2X3 and P2X2/3 antagonist, AF-219, which is orally bio-
available and metabolically stable, is being explored as a ther-
apeutic agent for urinary tract dysfunction [239]. The isolated
porcine detrusor has been claimed to be a reliable model for the
development of novel, selective P2X3 receptor antagonists for
the treatment of detrusor hyperactivity [182].

The use of ketamine as a recreational drug, particularly
in adolescents, is widespread, but has side effects that
include increased voiding frequency, urgency, dysuria,
nocturia and decreased capacity. Mice treated with keta-
mine for 8 weeks showed similar side effects and en-
hanced P2X1 receptor expression and non-cholinergic
nerve-mediated contractions were demonstrated [483]. It
was suggested that dysregulation of purinergic neurotrans-
mission may underlie detrusor overactivity in ketamine-
induced bladder dysfunction.

Idiopathic detrusor overactivity In cystometrically verified
unstable human bladder, a varying degree of atropine resis-
tance was described, with some preparations showing a 50 %
resistance to atropine [620]. Atropine-resistant nerve-
mediated contractions have been demonstrated in
hypertrophied bladders, secondary to benign prostatic hyper-
plasia and it was suggested that the NANC component might
be related to the hyperactivity observed in these bladders [583,
620]. Increased atropine-resistant nerve-mediated responses
have also been shown in the bladders of myelodysplastic
children [262]. This finding was supported in a later study
where, in contrast to control bladders, a NANC excitatory
response amounting to about 25 % of the total nerve-
mediated contraction was described in strips from bladders
obstructed by benign prostatic hyperplasia [623].

In a study of human detrusor muscle, it was reported that
the purinergic atropine-resistant contraction was prominent in
obstructed or unstable bladders but not those with neurogenic
instability. This change was not caused by a differential sen-
sitivity of the muscle to ATP or cholinergic agonists [50]. In a
follow-up paper by the same group [725], it was confirmed
that the generation of purinergic contractions in detrusor strips
from unstable bladders was not due to altered sensitivity of
detrusor muscle to ATP. P2X1 receptor subtype expression
was markedly increased in human unstable bladders [537]. A
further possible explanation for the increased potency of ATP
in generating contractions in detrusor from unstable bladders
may be reduced extracellular ATP hydrolysis [281]. Reduc-
tion of P2X3 and P2X5 receptors in human detrusor from
adults with urge incontinence has been claimed [495]. The
possibility that the increase in purinergic transmission is
due to increased neural release of ATP, reduction in ecto-
ATPase activity or to changes in gap junctions between
muscle cells has been raised [50, 249]. On the other hand,
an earlier study [323] showed that preparations obtained
from hypertrophic human bladders were more sensitive to
ATP than macroscopically normal preparations. ATP re-
leased from the urothelium may mediate initial afferent
sensation in patients with detrusor overactivity characterised
by urgency [143].

It has been claimed that loss of smooth muscle caveolae-
mediated regulation of purinergic signalling and augmented
spontaneous activity in spontaneously hypertensive rats leads
to detrusor overactivity [171].

In patients with idiopathic detrusor instability, there is
abnormal purinergic transmission to the bladder; this may
account for some of the symptoms of OAB [27, 537]. An
increase in density of subepithelial sensory nerves has been
described in the bladder wall of women with idiopathic
detrusor instability; the authors speculated that this may serve
to increase the appreciation of bladder fitting, giving rise to the
frequency and urgency of micturition which are characteristic
of patients with detrusor instability [494]. The greater poten-
cies of ATP for generating contraction in detrusor in patients
with unstable bladders may be due to reduced extracellular
hydrolysis by ectonucleotidases, allowing greater access of
ATP to detrusor smooth muscle P2X1 receptors [281].
Connexin 45 is expressed at low levels in the smooth muscle
of the bladder detrusor, but is significantly up-regulated in
women with urge symptoms and its relationship with
purinergic signalling discussed [519]. ATP is released during
cystometry in women with detrusor overactivity and BPS and
may contribute to urgency [141]. Release of ATP from the
urothelium of human bladders with detrusor overactivity has
been reported for both neurogenic and idiopathic conditions
[396]. Rat bladder overactivity induced by intravesical instil-
lation of ATP with protamine sulphate pretreatment was re-
duced by PPADS as well as oxybutynin that is not acting as an
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antimuscarinic [493]. Anticholinergics, such as oxybutynin,
are widely used for the treatment of patients with OAB, about
90 % of whom suffer from idiopathic OAB. A recent study
has shown that chronic administration of oxybutynin in-
duces a shift from muscarinic to purinergic transmission in
the bladder wall of rats and it was suggested that this may
partially explain the high discontinuation rate of anticholin-
ergics used for the treatment of OAB [691]. Increased
expression of P2X3 receptors on suburothelial sensory
nerve fibres has been observed in patients with idiopathic
detrusor overactivity [434].

Bladder pain syndrome/interstitial cystitis

BPS is pain of unknown aetiology related to bladder filling
together with other symptoms, such as increased day-time and
night-time frequency, in the absence of proven urinary tract
infection or other pathogens [300, 383]. While this definition
also includes IC, the term IC is usually only applied to patients
with typical cystoscopic and histologic features [192]. A
recent review includes discussion of the possible roles of
ATP and adenosine in BPS/IC [699].

In detrusor strips taken from patients with IC, the atropine-
resistant contractile component was about 43 % of the total
responses, while this component was not observed in controls
[540]. Parasympathetic nerve-mediated contractions of the rat
bladder, evoked by the release of ATP and ACh, were sub-
stantially reduced in cystitis induced by cyclophosphamide
[701]. The NANC (purinergic) component in the neurogenic
bladder was abolished following desensitisation with α,β-
meATP and the detrusor muscle showed increased sensitivity
to the agonist actions of α,β-meATP, in contrast to decreased
sensitivity to ACh and histamine. The A1 receptor is present in
rat urinary bladder and is decreased in cyclophosphamide-
induced cystitis and mediates relaxation, perhaps replaced
by the A2B receptor, while A3 receptors mediate contraction
[700]. Stimulation of A1 receptors at the luminal surface of the
uro the l ium st imula tes void ing in animals wi th
cyclophosphamide-induced cystitis [567].

Stretch-activated ATP release from bladder epithelial cells
from patients with IC is significantly greater than from healthy
cells [647], as well as in the cat model of IC [63] and in
cyclophosphamide-induced cystitis in rats and mice [626].
The P2X3 receptor subunit was upregulated during stretch
of cultured urothelial cells from patients with IC [645]; P2X2
and P2X3 receptor expression has been demonstrated on
human bladder urothelial cells (as well as on afferent nerve
terminals); the expression was greater in cells from IC bladder
[63, 662]. ATP-stimulated ATP release is augmented in IC
bladder urothelial cells compared to healthy urothelial cells
[648]. They showed further that ATP-stimulated release of
ATP from healthy urothelial cells can be induced by treatment
with epidermal growth factor and that P2X3 receptors are

increased. Upregulation of afferent nerve fibres in IC has also
been claimed [516].

Detrusor overactivity is induced by intravesical application
of ATP. It was suggested that enhanced penetration of endog-
enous ATP due to urothelial damage may contribute to urinary
frequency and bladder pain in hypersensitive bladder in BPS/
IC [524]. Urothelial cells from patients with IC released
significantly more ATP in response to stretch than did control
cells [644]. Further, the authors showed that the stretch-
activated ATP release was blocked by adding dimethyl
sulphoxide or heparin, both intravesical agents commonly
used to treat the symptoms of IC.

The P2X3 receptor in rodents is largely expressed in the so-
called IB4-labelling small nociceptive capsaicin-sensitive
nerves in the DRG, so it is interesting that IB4-conjugated
saporin, a cytotoxin that destroys neurons binding IB4, when
administered intrathecally at the level of L6–S1 spinal cord,
reduced bladder overactivity induced by bladder irritation by
ATP infusion [525]. The authors suggest that targeting IB4-
binding, non-peptidergic afferent pathways sensitive to cap-
saicin and ATP may be an effective treatment of overactivity
and/or pain responses of the bladder. Bladder urothelial cells
from patients with IC have augmented extracellular ATP
signalling that could be blocked by suramin and heparin-
binding epidermal growth factor-like growth factor [646].

Cats suffer a naturally occurring chronic idiopathic cystitis,
termed feline IC (FIC), with features similar to human IC
[409]. Intracellular Ca2+ measurements in cultured urothelial
cells revealed that purinergic responses of the urothelium are
changed in FIC [96]. Urothelial cells from normal cats showed
increased intracellular Ca2+ levels in response to 2-MeSATP
but not toα,β-meATP, suggesting the presence of P2Y but not
P2X receptors in normal tissue. However, urothelial cells from
FIC cats responded to 2-MeSATP and to α,β-meATP, indi-
cating the increased expression of P2X receptors in the
urothelium of animals with the disorder. NO release was also
altered in FIC [232]. Capsaicin-induced release of NO was
reduced in the mucosal strips from FIC cats compared to
controls, whereas basal NO release mediated by inducible
NOS was increased in FIC cats. Increased expression of c-
jun and NK2 receptors was also noted in bladder afferent
neurones in FIC cats. These results indicate chemical signal-
ling in the urothelium and in bladder sensory nerves is altered
in chronic cystitis in cats. FIC results in mechanical hypersen-
sitivity and increased ATP release from bladder urothelium
[58]. Also, there is a marked reduction in P2X1 and a loss of
P2Y2 receptor staining throughout the urothelium [63]. In
cyclophosphamide-induced cystitis in rats, there are substan-
tial changes in both sympathetic and parasympathetic efferent
nerves, which affect the afferent nervous input from the blad-
der; changes in parasympathetic innervation occur
prejunctionally, while changes in sympathetic innervation
postjunctionally [263]. It has been reported that hyaluronic
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acid reduced bladder hyperactivity by inhibiting H2O2-en-
hanced purinergic and muscarinic signalling [734].

A model for BPS/IC has been developed in rats by
administering cyclophosphamide, an anticancer drug
which is metabolised in the body to acrolein, a chemical
irritant that is excreted in the urine. Acrolein enhances
ATP release and reactive oxygen species formation in
cultured human urothelial cells [149]. Rats treated with
cyclophosphamide develop characteristic behavioural
signs associated with bladder pain in parallel with the
development of bladder lesions and increased expression
of immediate early gene-encoded proteins c-fos and Krox-
24 in the spinal cord [407, 703]. In bladder afferent
neurones, a marked increase in the excitability [743] and
in the expression of neuronal NOS [703] has also been
detected after cyclophosphamide treatment, indicating a
change in the electrical and chemical properties of bladder
afferents following chronic inflammation. It would be
interesting to see if any changes in motor and/or sensory
purinergic signalling occur in this model. Another model
that shows many of the characteristics of BPS/IC has been
proposed, where hypersensitivity inflammation of the
bladder in vivo is induced by local application of ovalbu-
min in ovalbumin-sensitive female rats [8]. Based on
cyclophosphamide-induced inflammatory cystitis, it was
suggested that A1 receptor blockade during the initial
phase of BPS/IC may be a future treatment for this dis-
ease [38]. Cyclophosphamide-induced bladder inflamma-
tion sensitises and enhances P2X receptor function in rat
bladder sensory neurons [190]. LS and TL neurons from
cyclophosphamide-treated rats showed a selective in-
crease in the functional expression of both P2X2/3 and
P2X3 receptors. TRPV1 is involved in generating bladder
noxious sensory input and the high frequency reflex con-
tractions that occur during cystitis [136]. The TRPV4
cation channel mediates stretch-evoked Ca2+ influx and
ATP release from urothelial cells [491]. In rats with
cyclophosphamide-cystitis, there is a down-regulation of
both muscarinic and purinergic receptors in the bladder,
perhaps induced by the enhanced activity of both cholin-
ergic and purinergic nerve activity occurring subsequent
to cyclophosphamide treatment [352]. Targeting deletion
of Dicer, an enzyme essential for microRNA processing
perhaps including those targets of P2X receptor mRNAs,
exacerbated cyclophosphamide-induced OAB [757]. The
selective inhibitory effect of NO in cyclophosphamide
irritated bladders may be due to a suppression of
purinergic excitatory mechanisms in bladder sensory path-
ways following ATP release from urothelial cells and
activation of P2X3 receptors on afferent nerve endings
[748].

Purinergic agonists acting on P2X receptors on the
urothelium or directly on suburothelial afferent axon terminals

can increase the excitability of afferent nerves. Cystitis in-
duced by cyclophosphamide pretreatment can mimic the sen-
sitizing effect of purinergic agonists, consistent with the evi-
dence that ATP is involved in nociceptive mechanisms in the
urinary bladder [747]. Subsensitivity of P2X3 and P2X2/3
receptors, but not vanilloid receptors, has been shown in L6–
S1 DRG in the rat model of cyclophosphamide cystitis [79].
Release of ATP from urothelial cells with hypoosmotic me-
chanical stimulation was increased by over 600 % in inflamed
bladder from cyclophosphamide-treated animals; BTX
inhibited this release [626]. In rats with hydrochloric acid-
induced cystitis, there was a loss of both muscarinic and
purinergic receptors, although the in vivo release of ATP from
mucosal cells was significantly enhanced, perhaps acting on
P2X3 receptors on afferent fibres to contribute to urinary
frequency and non-voiding contractions [738, 740], as well
as in cyclophosphamide- and protamine sulphate-induced
cystitis [732]. A hyperosmolar model of OAB has been
claimed to be less invasive and more physiological compared
to the cyclophosphamide model [349].

Bradykinin 2, but not bradykinin 1, receptors are
expressed in rat bladder urothelium that mediate release
of ATP. However, following acute (24 h) and chronic
(8 day) cyclophosphamide-induced cystitis, bradykinin 1
receptor mRNA was detected throughout the bladder and
this receptor also mediated ATP release and increase in
[Ca2+]i [152]. Intravesical bradykinin activated the mictu-
rition pathway, which was attenuated by the P2 receptor
antagonist PPADS.

Haemorrhagic cystitis is an adverse effect of therapy
with cyclophosphamide used for the treatment of tumours
and autoimmune conditions. P2X7 receptors, probably
expressed by macrophages and neutrophils in the bladder
submucosa, are increased in cyclophosphamide-induced
haemorrhagic cystitis in mice [468]. Further, treatment
with the P2X7 receptor antagonist, A-438079, or genetic
ablation of this receptor reduced nociceptive behaviour
and reduced oedema and haemorrhage. Epigallocatechin
gallate, used to treat bladder cancer, attenuates IC in
human bladder urothelium cells apparently by modulating
purinergic receptors [439].

Bladder outflow obstruction

The expression of P2X1 receptors in bladder smooth muscle
increased considerably in the symptomatically obstructed hu-
man bladder [81, 537]. In human obstructed bladders, activa-
tion of P2X1 receptors facilitated evoked release of ACh [614].
Myocytes from patients with bladder outflow obstruction from
benign prostatic hypertrophy increased contractile responses to
ATP relative to patients with OAB symptoms [65].

In animal models, the results of outlet obstruction
have been reported. For example, in vivo release of
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ATP from urothelial cells in a rat model of bladder outlet
obstruction was increased compared to controls [12]. In a
rabbit model of bladder outflow obstruction there ap-
peared to be a reduction of both atropine-sensitive and
atropine-resistant responses, suggesting nerve damage
[280]. However, when the contribution of cholinergic
and purinergic neurotransmission to micturition contrac-
tions and bladder hyperactivity was investigated by con-
tinuous cystometry in unanaesthetised rats with outlet
obstruction [327], it was concluded that both cholinergic
and purinergic transmission are important for pressure
generation and emptying of the bladder [327, 698]. The
effects of purinergic receptor agonists were examined on
hypertrophied smooth muscle of rat bladder, induced by
partial ligation of the urethra giving an increase in blad-
der weight from 65 mg to 300 mg [622]. The force of
contraction produced by ATP and α,β-meATP was sig-
nificantly lower than in controls, and the rate of contrac-
tion slower. The contractile responses to ATP were at-
tenuated in obstructed rat urinary bladder; this was
shown to be due to a lowered rate of Ca2+ influx and
maximal peak Ca2+ concentration, rather than to a de-
crease in P2X1 receptor density [621]. An increased
population of ICCs in guinea-pig bladder following out-
let obstruction has been reported [389]. P2X3 receptor
up-regulation in ICCs in an experimental rat model of
partial bladder outflow obstruction has been reported
[427]. The sympathetic innervation of the bladder neck
appears to be diminished in patients with bladder outlet
obstruction [546], perhaps indicating that in this condi-
tion there is a reduced role for sympathetic nerve-
released ATP as well as NA.

Suramin, a P2 receptor antagonist, enhanced the inhibitory
action of atropine in detrusor from rats with outlet obstruction
[562]. The authors suggest that this might be of interest in the
therapy of patients with bladder incontinence caused by
detrusor overactivity, who fail to respond to even the maxi-
mum dosage of antimuscarinic drugs.

Partial bladder outlet obstruction in the pig was
characterised by reduced contractile responses to electrical
field stimulation and to both muscarinic and purinergic ago-
nists [488]. However, in the rat bladder model of partial outlet
obstruction, ATP-induced contractions were significantly in-
creased after 2 weeks and 3 months [509].

Botulinum toxin and ATP release

BTXA is being used increasingly for the treatment of detrusor
overactivity (see [34, 159]). An early paper showed that
BTXA inhibited release of ATP as well as ACh from para-
sympathetic nerves in the rat bladder [455] and confirmed
subsequently [410, 654]. More recent studies have shown that
BTX also inhibited ATP release from urothelium ([133, 329,

368, 626]; and see [177]). Daytime frequency, nocturia and
pain were decreased by 44%, 45% and 79%, respectively, by
injection of BTXA unto the human bladder [625] and also
urgency sensation as well as pain [410]. Bladder wall injection
of BTXA in rat bladder after spinal cord injury reduces ATP
release, while simultaneously increasing NO release from
urothelium [624]. The authors hypothesise that alterations in
the ratio of excitatory (ATP) and inhibitory (NO) urothelial
transmitters promote bladder hyperactivity after spinal cord
injury that can be reversed to a large extent with BTX.
Intravesical infusion of either ATP or capsaicin can induce
detrusor overactivity; BTXwas more effective in blocking the
effect of ATP than of capsaicin [42]. It was suggested that
BTX could be used to treat OAB syndrome and bladder
hypersensory states, especially those that may be caused by
an augmentation of the purinergic pathway. BTXA is effective
in the treatment of intractable detrusor overactivity; decreased
levels of sensory receptors P2X3 and/or TRPV1 may contrib-
ute to its clinical effect [35, 42].

Synergistic stimulation of CGRP release from afferent
nerve terminals by ATP and capsaicin has been claimed to
be inhibited by BTXA [573]. BTXA injections into the
trigone to treat idiopathic OAB do not induce vesicoureteral
reflux [355]. Intraprostatic BTXA injections reduce prostate
volume and thereby contribute to the recovery of spontaneous
micturition in patients with chronic urinary retention [613].

Multiple sclerosis

MS patients often have peripheral symptoms, including blad-
der dysfunction [67, 68, 489] and it has been claimed that
peripheral nerve damage occurs in the MS bladder [275].
Mice infected with the Semliki Forest Virus have been pro-
posed as a model for the demyelinating disease, MS [716].
This model was used to study purinergic and cholinergic
neurotransmission in the mouse bladder [502]. A selective
change in purinergic transmission occurred in infected mice,
while cholinergic transmission remained unchanged. There
was a significant increase in the contractile responses to β,
γ-meATP and in the purinergic (atropine-resistant) compo-
nent of nerve-mediated contractions. The question was raised
as to whether the increase in purinergic signalling is secondary
to the bladder hypertrophy that occurs in this model or wheth-
er it is a primary event.

Bladder hyperactivity and incontinence in MS patients
seems to be mediated in part by the emergence of involuntary
bladder contractions induced by C-fibre bladder afferents.
Desensitisation of the C-fibre afferents by intravesicle admin-
istration of afferent neurotoxins (capsaicin or resiniferatoxin)
increases bladder capacity and reduces the number of incon-
tinence episodes [132, 242, 244]. A role for purinergic mech-
anisms in the activation of bladder C-fibre afferents in MS
patients has yet to be established.
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Post-irradiation bladder dysfunction

Most interpretations of late irradiation injury of the urinary
bladder have focussed on urothelial damage and fibrosis (see
[272, 637]). In a study of rat detrusor strips taken 6 months
after bladder X-irradiation at doses of 15 and 25 Gy, there was
an increase in sensitivity to the purinergic agonist α,β-
meATP, but no changes in the sensitivity to ACh or NA
[693]. This led the authors to suggest that purinergic hyper-
sensitivity in irradiated bladder, coupled with ultrastructural
evidence of neural injury, leads to denervation supersensitivity
that may contribute to the pathophysiology of post-irradiation
bladder dysfunction.

Ischaemic bladder

Rabbit detrusor contractions elicited by nerve stimulation
were more sensitive to bilateral ischaemia (3, 6 or 18 h dura-
tion) than were contractions to carbachol and ATP, indicating
ischaemic damage to nerves [89]. This prejunctional change is
consistent with previous studies of bladder outlet obstruction
and ischaemia [279, 611].

Chronic alcohol consumption and bladder function

Amongst the many adverse effects of chronic alcohol con-
sumption, autonomic neuropathies, affecting both sympathet-
ic and parasympathetic system, are very common [347]. In a
study of the effects of chronic (12 weeks duration) ethanol
consumption in rats on bladder activity, it was found that
neurally-evoked contractions and contractile responses to both
carbachol and β,γ-meATP were potentiated. Cholinergic re-
sponses were more sensitive to ethanol than the purinergic
responses, which showed limited potentiation at higher stim-
ulation frequency and concentrations [380]. Chronic ethanol
consumption impairs purinoceptor- as well as adrenoceptor-
mediated relaxation of isolated rat detrusor smooth muscle
[125, 688]. Ethanol has been shown to alter the neuronal P2X
receptor so that the ATP concentration–response curve is
shifted to the right, which involves an allosteric action to
decrease agonist affinity [426].

Vitamin E deficiency

Vitamin E (α-tocopherol) is essential for normal neuronal
physiology and its deficiency results in neuropathic changes
(see [503]). The effects of vitamin E deficiency were studied
on neuromuscular transmission in the caecum, vas deferens
and urinary bladder of the rat [316]. While both pre- and
postjunctional dysfunctions were produced in the caecum,
no changes in sympathetic neuromuscular transmission were
observed in the vas deferens or in parasympathetic neuromus-
cular transmission in the bladder.

Diabetes

Disturbances in micturition and damage to autonomic nerves
supplying the human urinary bladder in diabetes has been
known for many years (see [21, 43, 45, 84, 229, 235, 245,
246, 469]). The major clinical feature of diabetic bladder
dysfunction is a gradual loss of bladder sensation and motor
function, resulting in a large bladder and chronic residual
urine volume. Similar changes have been identified in the
streptozotocin (STZ)-induced diabetic rat model (see [29,
382, 390, 432, 444, 635]), in the diabetic Chinese hamster
[184], and in most reports of the alloxan-induced diabetic rat
model [547, 548, 569, 677, 689]. Functional abnormalities
associated with progressive axonopathy of afferent myelinat-
ed sensory nerve fibres and later of unmyelinated efferent
preganglionic fibres were also described in the spontaneously
diabetic BioBreeding rat [549]. In urethral rings from STZ
diabetic rats, the contractile responses to field stimulation,
ACh and NAwere unchanged compared to controls [458]. It
has been claimed that in the rat urinary bladder, STZ diabetes
causes impairment of capsaicin-sensitive sensory fibres even
at 4 weeks, but not of the cholinergic system, and also stim-
ulates the release of epithelial contracting factors, and further
that epithelium removal impairs ACh-induced contractions in
diabetic bladder, but not in controls [558]. ATP released from
the urothelium has been reported to contribute to bladder
dysfunction in type 2 diabetes [711].

An early study of contractions of the diabetic rat bladder
showed reduced nerve-mediated responses, but only a tenden-
cy for reduced responses to ATP, ACh and KCl [441] (Fig. 7a
and b). Although there was some indication of neuropathy of
motor nerves in the STZ diabetic bladder [431], no sign of
damage to capsaicin-sensitive sensory nerves in the bladder
was observed, at least in 7- to 9-week-old diabetic animals
[595]. A transient increase in sensitivity of the 6- and 12-
week-old STZ rat whole bladder preparations to α,β-meATP
was reported [501]; the biphasic response of the bladder to α,
β-meATP was not changed significantly in earlier 4- to 5-
week-old STZ rats [391]. α,β-MeATP caused increase in
spontaneous bladder activity in STZ diabetic rats and re-
sponses to nerve stimulation were greater than controls, in-
cluding the component mediated by P2X receptors [657]. In
another study of bladder strips taken from STZ rats, it was
shown that atropine-resistant (purinergic) responses to field
stimulation were reduced and it was concluded that this was
probably the result of a reduction in release of the NANC
transmitter [447]. The same authors found a potentiation of
cholinergic transmission in the STZ bladder, and suggested
this was due to enhanced release of ACh [448]. More recent
papers, however, report that while the cholinergic component
of the nerve stimulated contraction is diminished in the STZ
rat and diabetic rabbit bladders, the purinergic component is
enhanced [433, 504].
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The calcium channel blocker, nifedipine, has been shown to
block the purinergic component of the parasympathetic con-
tractile responses of the bladder [70]. No significant differences
were found in the sensitivity of bladder strips from control and
STZ diabetic rats to antagonism by nifedipine [443]. ATP
significantly increases the endogenous release of PGF2 and
PGF2α from the urothelium of 4-week-old STZ diabetic rat
bladder and it was proposed that P2X receptors are present on
urothelial cells as well as smooth muscle [565]. Increased
synthesis of prostanoids during epithelial irritationmay produce
hyperactivity or spasm of the detrusor muscle [309].

In contrast to normal mouse bladder, the urinary bladder of
STZ mice had weaker neurogenic contractile responses to elec-
trical field stimulation [436]. Nerve-mediated contractions in
diabetic bladderswere also less sensitive to the depressant actions
of uranyl nitrate, which was shown in the same study to be
selective for the non-cholinergic contractile component. Since
high Ca2+ or calmodulin inhibitors antagonised the suppressant
effect of uranyl nitrate, it was postulated that Ca2+ regulation of
ATP release might be impaired in the diabetic state.

Bladders from 8-week-old STZ diabetic rats showed en-
hanced relaxant responses to ATP and adenosine, as well as
increased contractile responses to ATP [276]. Enhanced re-
sponses to ATP, but not to ACh or KCl, were also reported in
the 4-week-old STZ diabetic bladder, and it was also shown that
the responses of detrusor muscle from diabetic ovariectomized
rats were decreased, although partially recovered to control
values by oestrogen treatment [564]. A further paper showed
that contractile responses of bladder from STZ-diabetic rats to
ATP and nerve stimulation peaked at 6 to 9 weeks, but reverted
to those of control by 12–20 weeks [188]. Purinergic and
cholinergic receptor activation triggers a significantly greater

release of ATP, but not NO, in STZ female rat bladders [506].
There is an upregulation of muscarinic M3 and P2X1 receptors
in the early phase of STZ diabetic bladder, but downregulation
of the P2X2 receptor [435]. Bladder overactivity that developed
2 months after STZ-induced diabetes was accompanied by
significant increase in expression of P2Y2 and P2Y4 receptors
in the bladder [639]. Diabetes and metabolic syndrome are
known risk factors for the development of lower urinary tract
symptoms, including OAB. Using a long-term fructose-induced
metabolic syndrome model, upregulation of postjunctional
purinergic and muscarinic cholinergic receptor expression was
demonstrated [155].

Goshe-jinki-gan, a traditional Chinese herbal mixture
thought to affect sensory nerves, has been used to treat patients
with dysuria due to diabetes (as well as for patients with
urinary incontinence). This medicine is claimed to decrease
detrusor contractions and increase bladder capacity, while not
reducing voiding pressure. It has been reported that goshe-
jinki-gan reduces urothelial P2X3 receptors without
destroying the nerve fibres [331].

Bladder cancer

ATP reduces the growth of high grade bladder cancer cells,
both in vitro and in vivo ([39, 606]; see also [605]). Doxoru-
bicin, used for the treatment of superficial bladder cancer, has
significant side effects, including dysuria, increased urinary
frequency and urgency, and it has been shown to inhibit
stretch-stimulated release of ATP from urothelial cells [148],
as well as induction of inflammatory cytokines and enhanced
release of PGE2 [354]. Quercetin, a plant-derived flavonoid,
has been used to prevent bladder cancer in cells lines, by
inhibiting cell proliferation, promoting cell cycle arrest or cell
death by inhibiting ecto-nucleotidase activity [452, 578].

Benign prostatic hyperplasia

Urothelial cells from patients with benign prostatic hyperpla-
sia release significantly more ATP in response to stretch than
control urothelial cells [649]. The authors also showed that the
α1-adrenoceptor antagonist doxazosin, which has been used
to ameliorate benign prostatic hyperplasia-inducing
hypersensory voiding symptoms, inhibited the ATP release.

Enterocytoplasty bladders

Incorporation of bowel tissue into the bladder wall has been
used to increase bladder capacity or decrease bladder pressure
(see [603]). It is possible in vitro to differentiate pharmaco-
logically between intestinal and detrusor muscle by studying
the response to ATP, which is contractile in detrusor, but
relaxant in intestinal muscle [49]. In rabbit, intestinal muscle
dissected from ileocystoplasties showed after 4 weeks to

�Fig. 7 a and b Responses of bladder body strips from streptozotocin-
diabetic rats. a Responses to nerve stimulation (supramaximal voltage,
0.5 ms pulse duration for 2 s every 2 min) of bladder strips from 2-
month-old streptozotocin-diabetic (filled triangle, n=5) and control rats
(filled circle, n=5). (b) Responses to ATP of bladder strips from 2-month-
old streptozotocin-diabetic (filled triangle, n=5) and control rats (filled
circle, n=5). For both graphs, each point represents the mean ± SEM and
data are expressed as grams tension per 100 mg tissue. (a and b
Reproduced from [441], with permission from ASEPT.) c Spontaneous
and distension-induced activity in ureter afferent fibres. Multifibre afferent
responses to rapid distension. Note that background afferent activity occurs
in bursts and that ureter distension results in an initial burst of discharge
(circle) followed by a phase of maintained activity (bar). d ATP can
sensitise ureter afferent fibres. An example representative of distension-
induced afferent activity before and following intraluminal application of
increasing concentrations of ATP. (c and d Reproduced from [579], with
permission from Elsevier.) e ATP concentration ([ATP]) in perfusate
immediately before and after distension of the human ureter, grouped in
pressure ranges. The mean [ATP] after distension is significantly greater
than before distension in each pressure range (**P<0.01; n≥7 for each
group of distensions, error bars represent SEM). (Reproduced from [126],
with permission from Springer
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3 months a contractile response to nerve stimulation and ATP
[48, 265].

Bacterial infection

Bacterial infection of the bladder can lead to overactivity and
urinary incontinence and urgency and it has been shown that
there is an increase in ATP in intravesicular fluid in this
condition [146]. Treatment of urothelial cells with lipopoly-
saccharide from enteropathogenic Escherichia coli reduced
stretch-induced ATP release, suggesting that infection may
alter urothelial purinergic signalling in response to filling
[464]. Pseudomonas aeruginosa is a bacterium responsible
for many hospital acquired urinary tract infections. P.
aeruginosa leads to the production of pyocyanin, a virulence
factor that reduces ATP release from urothelial cells [478]. In
this respect, it is interesting that ATP concentrations in the
urine were lower during episodes of bacteriuria [709]. ATP
induces IL-8 and IL-6 release from the human renal epithelial
cell line A498 via P2Y2 receptors and it was suggested that
this may be important for neutrophil recruitment and function
in uropathogenic E. coli infected urothelium [388]. A test for
bacteriuria in urine has employed an ATP assay method for
many years [451] and is a rapid and reliable diagnostic tool.
Urinary tract infections cause complications for renal trans-
plant recipients and it has been suggested that urinary ATP and
bacteria in urothelial cells shed from the bladder is a superior
diagnostic marker for urinary tract infections in renal trans-
plant recipients [363].

Urethra

In many species, including rabbit, cat and humans, there is a
NANC inhibitory transmission to the urethra [30, 295, 338,
378, 474, 480, 619]. Amongst compounds which cause relax-
ation, the putative transmitter was claimed not to be VIP, ATP,
5-HT or adenosine, because blockade of these responses by
pharmacological manipulation did not produce a parallel ef-
fect on the neurogenic response [282, 295, 377, 720]. The
principal NANC inhibitory transmitter is now clearly
established, namely, NO [26, 214, 258, 283, 414, 563, 655,
674]. However, a small component of purinergic neurotrans-
mission may also be involved [24, 561, 563]. ATP has been
shown to cause urethral relaxation, perhaps via P2Y1 recep-
tors, in pigs [719], guinea-pigs [124], rabbits [533] and ham-
sters [559]. It is interesting that ATP has been claimed to be an
inhibitory neurotransmitter to the guinea-pig urinary bladder
neck [294].When the tone of the urethra is raised, ATP caused
relaxation, but if the tone of the urethra is low, high concen-
trations of ATP can cause contraction [124, 169, 351, 553]. A
more recent paper has claimed that the excitatory effect of
ATP on rabbit urethral smooth muscle is mediated by

activation of P2Y receptors on ICCs, which act as pacemakers
[85]. Bursts of spikes in the urethra were initiated by NA or
ACh, but inhibited by ATP [124], perhaps after breaking
down to adenosine. In the pre-contracted proximal urethra of
the hamster, NANC nerve stimulation and exogenous ATP
were also shown to produce relaxations, which were attenu-
ated by suramin and Reactive Blue 2, and to a lesser extent by
8-PT, but not by PPADS. ATP-induced relaxations were also
reduced by indomethacin and were urothelium- and NO-
independent, since they were not affected by removal of the
urothelium or by the NOS inhibitor Nω-nitro-L -arginine
methyl ester [561]. Thus, P2Y as well as P1 receptors appear
to mediate the relaxing effect of ATP released from a NANC
nerve pathway which has a subordinate role to the major
nitrergic pathway. In a study of the roles of purines in neurally
mediated urethral relaxation in male rabbits, NANC relaxa-
tions were shown to be reduced by suramin, as well as by the
NOS inhibitor L-NOARG, and in superfusion experiments
electrical field stimulation markedly increased the outflow of
ATP into the superfusate. It was suggested that P2Y receptors
exist in male rabbit urethra and that ATP and related com-
pounds may play a role in NANC transmission [533]. In a
microelectrode study, transmural stimulation of longitudinal
smooth muscle strips from guinea-pig urethra evoked EJPs
and triggered slow waves that were abolished by α,β-meATP
as well as by tetrodotoxin [286]. The authors concluded that
stimulation of purinoceptors by neurally releasedATP initiates
EJPs in the guinea-pig urethra and also causes the release of
Ca2+ from intracellular stores to evoke slow waves. Evidence
has been presented that purinergic neurotransmission to rabbit
urethral muscle produces contraction via activation of P2X
receptors on smooth muscle cells [86]. Since the responses
were blocked by α,β-meATP, the P2X1 receptor subtype is
likely to be involved.

Sympathetic (hypogastric) nerve stimulation produced a
contraction of the urethra, which was significantly reduced
by quinidine [165], suggestive of sympathetic purinergic
cotransmission. The responses to other sympathetic efferent
pathways projecting to the urethra [369] have not been exam-
ined. ATP may also be released from sensory nerve fibres
supplying the urethra during axon reflex activity (see [102]).

PGs, which can be produced following occupation of P2Y
receptors, may play an important role in bladder or urethral
contractility in physiological or pathophysiological condi-
tions. For example, in the rat, SC19220 reduced detrusor tone
resulting in an increased bladder capacity and decrease in
voiding efficiency [460]. Similarly, treatment with indometh-
acin caused an increase in the residual volume of the bladder
at the end of micturition [458]. Vesical distension in dogs
causes a reflex decrease in urethral resistance, accompanied
by a large increase in PGE2 in urethral venous outflow. The
reflex inhibition and release of PGE2 are prevented when
ganglionic transmission is blocked by pentolinium [261].
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These results imply that a physiological mechanism stimulates
PGE2 synthesis in the urethra, and that endogenous PGs are
important in maintaining tone in the smooth muscle, as shown
by indomethacin or SC19220 causing relaxation of isolated
preparations [338].

Sensory innervation of the urethra is conveyed to the spinal
cord mainly via the pelvic nerves and DRG and, to some
extent, via the hypogastric nerve (see [430]). Sensory function
in the urethra is via afferent fibres that express P2X3 receptors
[127]. High threshold afferent C-fibres might be related to
nociception, while low threshold fibres initiate a usually inac-
tive, non-voluntary spinal micturition reflex [365].

Ureter

Functional expression of purinoceptors

The innervation of the ureter is sparse, perhaps because peri-
staltic activity is myogenic rather than neurogenic as in the
gut. The dominant nerve components are sensory nerves,
largely confined to a suburothelial plexus [307]. These affer-
ent nerves might play a role during vesicoureteral reflux
which could distend the ureter and activate reflexes that mod-
ulate urine delivery to the bladder [666]. Pelvic nerve stimu-
lation produced a modest, transient decrease in ureteral peri-
staltic frequency, while hypogastric nerve stimulation pro-
duced different responses depending on the detrusor pressure.

The first evidence presented for the involvement of purines
as neurotransmitters or neuromodulators in vesicoureteral re-
flex activity was described for the cat ureter [666]. ATP was
shown to constrict the pig ureter, while intravesical adenosine
caused relaxation via A2B receptors on smooth muscle and
may modulate the ureteral NANC excitatory transmission
through a postjunctional mechanism [293]. ATP, α,β-meATP
and adenosine produced transient decreases in ureteral peri-
staltic frequency and in the spontaneous firing of the renal
nerve. Theophylline blocked the effect of adenosine, but not
ATP, so both P1 and P2 receptors are likely to be involved. P2
purinoceptors were first identified immunohistochemically in
the ureter by Lee et al. [412]. The authors showed expression
of P2X1 receptors on smooth muscle membranes, P2X5 and
probably P2X7 receptors on uroepithelium and P2X6 receptors
in the layer beneath the urothelium of the rat ureter. P2X3
receptors were shown to be localised on subepithelial sensory
nerves. In addition P2X1, P2X2, P2X4 and P2X7 receptors
were localised on the smooth muscle of blood vessels in the rat
ureter and by analogy with other visceral blood vessels it is
likely that P2Y and P2X4 receptors are expressed by vascular
endothelial cells [121]. It is likely that some of the purinoceptors
present in the ureter participate in long-term (trophic) events
during development and regeneration, such as cell proliferation,
migration, differentiation and cell death (see [2]).

Renal colic

The electrical activity in mechanosensitive C-fibre afferent
units was recorded in small ureteric branches of the hypogas-
tric nerve during various mechanical stimuli, including prob-
ing of the ureter with small glass probes, insertion of an
intraluminal glass bead to mimic kidney stones and distension
of the ureter using hydrostatic pressure [131,592]. It was
suggested that some of these afferent fibres might be involved
in the signalling of nociceptive events. In the later paper
from this group, they distinguished two classes of
mechanosensitive afferent fibres in the guinea-pig ureter: U1
units monitoring normal peristalsis and U2 units perhaps
involved in the signalling of noxious events. A third class of
mechanosensitive units was identified in the chicken ureter
[277]. Units responding to peristaltic movements of the ureter
have also been reported by another group, who suggested that
one of the functions of ureteric afferents might be the moni-
toring of peristaltic rhythms [341]. Evidence has been pre-
sented that spinothalamic tract neurones mediate nociceptive
responses to ureteral occlusion [20]. Recordings from dorsal
horn neurones in the spinal cord (T12–L1) in anaesthetised rats
led to the conclusion that they receive both noxious and
innocuous ureter stimulation mainly from high-threshold af-
ferents and their response properties correlate well with ure-
teric pain sensations in humans [404]. In a later paper from
this group, spinal neurone recording after implantation of an
experimental ureteric stone led to the conclusion that the
presence of ureteric stone evokes excitability changes in spi-
nal neurones (enhanced background activity, a greater number
of ureter-driven cells, decreased threshold of convergent so-
matic receptor fields) which likely account for the referred
hyperalgesia seen in rats with calculosis [581].

Burnstock [104] proposed that in tubes (e.g., ureter, sali-
vary duct, bile duct, vagina and intestine) and in sacs (e.g.,
urinary bladder, gall bladder and lung), nociceptive
mechanosensory transduction occurs where distension re-
leases ATP from the epithelial cells lining these organs, which
then activates P2X3 and/or P2X2/3 receptors on subepithelial
sensory nerve plexuses to relay messages to the CNS pain
centres (see [105]).

In a later study, it was shown that distension of the
guinea-pig ureter increased spike discharge in sensory neu-
rons, which was mimicked by ATP and reduced by ATP
antagonists [579] (Fig. 7c and d). The afferent responses
consisted of both fast and slow components. The P2 receptor
antagonists TNP-ATP and PPADS reduced distension-
induced afferent activity and blocked the rapid and reduced
the slower response to ATP, while the remaining responses
were blocked by the selective A1 receptor antagonist 8-
cyclopentyl-1,3-dipropylxanthine. The ecto-ATPase inhibitor
(ARL-67156) produced an increase in baseline and
distension-induced sensory discharge.
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Knight et al. [379] found that distending the perfused
guinea-pig ureter at pressures from 20 to 700 cm H2O caused
a pressure-dependent release of ATP from urothelial cells,
approximately ten times the basal release levels. The ATP
release was abolished by removal of the urothelium and
scanning electron microscopy confirmed an intact urothelium
after distension. ATP was not released due to activation of
stretch-activated channels since gadolinium failed to affect
ATP release, nor did glibenclamide, known to inhibit ABC
proteins. However, both monensin and brefeldin A, which
interfere with vesicular formation and trafficking, inhibited
distension-evoked ATP release, which was Ca2+-dependent,
indicating that ATP release from ureter urothelium might be
largely mediated by vesicular exocytosis.

In a study in our laboratory, experiments have been carried
out to show that ATP is released from the human ureter upon
distension (Fig. 7e) and that human ureteric suburothelial
sensory nerves express P2X3 receptors [126]. The release of
ATP only occurred above a threshold of 25–30 cm H2O. This
is similar to the uroteric pressure threshold for pain measured
by Risholm [576]. In a review of the physiology and pharma-
cology of the human ureter, it was suggested that purinergic
receptors might be target analgesics for the treatment of ure-
teral colicky pain and that an additional advantage might be
facilitating spontaneous ureteral stone passage [128].

P2X7 receptors and ureteral inflammation and interstitial
fibrosis

A study has been carried out to investigate the role of P2X7
receptors in the inflammatory and fibrogenic responses of the
kidneys to unilateral ureteral obstruction (UUO) by using
P2X7 KO mice [271]. It was shown that 7 days after UUO
inWTmice there was increased expression of P2X7 receptors
associated with inflammation and fibrogenic responses in the
cortex, although no positive cells were detected in the inter-
stitium. However, no P2X7 receptor immunopositivity was
seen after 14 days. P2X7 receptor KOmice did not exhibit the
alterations seen in theWTmice. There were less macrophages
in the interstitium, a lower population of myofibroblasts,
diminished collagen deposition, as well as decreased
transforming growth factor β expression in the renal intersti-
tium and less apoptotic cells. The authors suggest that there is
a potential role for P2X7 receptor antagonists to prevent renal
interstitial fibrosis. A2A receptor KO significantly increased
the progression of renal interstitial fibrosis in a mouse model
of UUO [731].

Concluding comments

Despite earlier scepticism, there is now abundant evidence for
purinergic signalling in the lower urinary tract, in particular

parasympathetic purinergic contractions of urinary bladder
(via P2X1 receptors) and P2X3 receptors on sensory nerve
terminals involved in the micturition reflex and pain.
Purinergic synaptic transmission occurs in pelvic ganglia
and brain stem regions controlling bladder activities.

Of special interest is the evidence for enhanced purinergic
signalling in pathological conditions such as obstructive blad-
der and BPS/IC encouraging the future development of
purinergic therapeutic drugs that hopefully will be developed
and bring benefit and relief to many patients with urinary tract
disorders.
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