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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 purinergic component of parasympathetic
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

Overactive bladder syndrome

Detrusor overactivity

Neurogenic detrusor overactivity
Idiopathic detrusor overactivity

Bladder pain syndrome/interstitial cystitis (BPS/IC)

Bladder outflow obstruction

Botulinum toxin and ATP release

Multiple sclerosis

Post-irradiation bladder dysfunction

Ischaemic bladder

Chronic alcohol consumption and bladder function

Vitamin E deficiency

Diabetes

Bladder Cancer

Benign prostatic hyperplasia

Enterocytoplasty bladders

Bacterial infection

Urethra
Ureter

Functional expression of purinoceptors

Renal colic

P2X7 receptors and ureteral inflammation and interstitial
fibrosis

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
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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 [5S00]; 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 proposal 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-
tolamine and two experimental drugs (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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Fig. 1 a Contractile responses of the guinea-pig bladder strip top

intramural nerve stimulation (NS; 2 Hz, 0.2 ms pulse duration,
supramaximal voltage for 20 s) and ATP (8.5 uM). Atropine (1.4 uM)
and guanethidine (3.4 pM) were present throughout. b Effect of changing
the Ca®" 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 Ca®" concentration in the superfusate varied as
follows: (i) 2.5 mM (normal Krebs); (i7) 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 uM) and
guanethidine (3.4 uM) 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.) ¢ The effect of «,3-methylene
ATP (o, 3-meATP) on the response of isolated guinea-pig bladder strips
to NS, ATP (A) and histamine (Hist). Upper trace: control responses;
lower trace, desensitization attained by five successive applications of
«,3-meATP (50 uM, 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 uM. Effect of «,f3-methylene ATP («,3-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 o,3-meATP (10 uM) (right trace). At control
membrane potential, EJPS are no longer visible during desensitization
with «,[3-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 pm.
(Reproduced from [172], with permission from Elsevier)

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 analogue [3,y-methylene
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ATP (B3,y-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
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stimulants, nicotine and dimethyl-phenylpiperazinium, in-
creased intravesicular pressure by an atropine-resistant mecha-
nism which 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
Ca®" signals that provide the initial Ca*"/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 1980s, 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 o, 3-methylene ATP («x,(3-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 [-nicotinamide adenine dinucleotide (3-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
[3-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 (ANAPP;) was also proposed as a specific antagonist to
ATP [298] and was shown to inhibit contractile responses of
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the cat and guinea-pig bladder to both ATP and pelvic or
intramural nerve stimulation [52, 664, 721]. In the rabbit
bladder ANAPP; 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, o,3-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, o,3-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, x,(3-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
«,3-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 (ApsA) appeared to be acting through this
P2X receptor since, like ATP responses, responses to ApsA
were abolished alter desensitisation with o, 3-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 «,3-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 Ca®'-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), «,[3-meATP and f3,
v-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 even when 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 from most 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 spontancous depolarisations
(probably sEJPs) were recorded in mouse detrusor muscle
and their frequency and whole cell Ca®" 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 M, receptors may also be involved in
some species [221, 222]. Functional impairments found in M;
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 M5 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 3-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 o,[3-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
«,3-meATP blocked the effects of ATP. Carbachol produced
sustained increases in bladder pressure and micturition. After
blockade of the micturition reflex with morphine (10 pg intra-
thecally), ATP, «,3-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 «,
3-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
«,3-meATP or adenosine-5'-(y-thio)-triphosphate (ATPyS)
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 «,[3-meATP was reduced by

@ Springer

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 ATPYS 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 «,
[3-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 ANAPP; [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 f3-
adrenergic receptors [205], did not affect hypogastric nerve-
mediated excitation [665]. However, in guanethidine-treated
animals, ANAPP; 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 o,3-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. le). 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 [NOJ)
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, «,[3-meATP,
ADP, AMP, adenosine and 2-chloroadenosine (2-CIADO)
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-CIADO,
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 o-
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: 2CIADO >> 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
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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 A; subtype, while
postjunctional smooth muscle receptors are of the A, 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 «,3-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
from Nauclea 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-HT; receptors [301]. This
was later confirmed in guinea-pig bladder, where the effects of
5-HT were shown to be mediated by 5-HT,, and 5-HT,
receptors [486] and also in bladder of pigs [123], humans
[161] and rabbits [44]. In contrast, y-aminobutyric acid
(GABA), acting through GABAg 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 CB; receptors reduced nerve-mediated
contractions in some, but not all mammalian species, but
did not affect responses to ACh or «,3-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 D,
receptors [230], while the contractile response of the rat
urinary bladder is mediated by muscarinic M; receptors,
M, 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 «,3-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 NK, receptor agonist

[B-Ala®]NKA(4-10) were examined in the anaesthetised
guinea-pig [8]. Pretreatment of the animals with both
atropine and o,[3-meATP or by ganglion blockers led to
complete blockade of neurokinin NK, receptor-induced
contractions. These results suggest that stimulation of
NK, receptors located on capsaicin-sensitive sensory
nerves (where NK, 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
[3,-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 TL DRG 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 o,[3-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 CB; 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-5,
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 decreasing ATP 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 naive and bladder-
inflamed mice and rats [140].

Nociception and purinergic mechanosensory
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
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by Ferguson et al. [237], who speculated about this being the
basis of a sensory mechanism. Prolonged exposure to a
desensitising concentration of o,(3-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 in mechanosensory
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 and «,
[3-meATP and attenuated by P2X3 antagonists as well as in
P2X3 KO mice; 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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Fig.2 a Schematic of hypothesis a
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 um. (Reproduced from [158],
with permission from Nature
Publishing Group) b

Subepithelial
SENsory nerves

Epithelial cells

were dose-dependently inhibited by PPADS and 2'(3')-
0-(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 P2Y, 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 Mj
receptor-mediated contractility, while there were no

ATP ATP ATP ATP TP ATT

ATR

P2Xy; receptors  DISTENSION
/ / / oy
. ./////.///_//_,//:’_, ,_' v '/'/://'/////.’,/._ )/

significant changes in the contractile responses to «,3-meATP
or electrical field stimulation. Activation of op-
adrenoceptors in rat urothelium facilitates the micturition re-
flex, by increasing the release of ATP; naftopidil, an o;p-
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 B, (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 IB, afferent sprouting by IBy-
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
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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 A, 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: (3,y-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 «,[3-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 = (3,y-meATP > ATPyS=
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
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receptors were present in detrusor smooth muscle [667].
In the rat and dog urinary bladder, a potency order of o,f3-
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 o, 3-meATP were fast and transient, reaching a maximum
in about 20s; in contrast, contractions in response to
adenosine 5'-O-2-thiodiphosphate (ADP(3S) and UTP were
slower and sustained and were barely affected by «,[3-
meATP desensitisation, suggesting two different receptor

a
Rat
l i f
ATP 1mM ADP1mM  ¢,f-meATP 10 yM o f-meADP 0.1 mM
1 min
Dog -|1 mm
ADP 1mM
Y
ATP 1mM ADP 1mM  «,p-meATP 10 uM . f-meADP 0.1 mM

HEP15.9
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), «,f3-methylene ATP (x,3-meATP, 10 uM) and
«,3-methylene ADP (o,[3-meADP, 0.1 mM). In each panel, responses to
ATP, ADP and «,3-meATP were obtained from the same strip, whereas
those to «,[3-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 um. (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 ADPPS [284]. The
diadenosine polyphosphate, Ap4A, contracts the guinea-pig
bladder and since this was abolished after desensitisation with
«,[3-meATP and by suramin, PPADS and nifedipine, it is
likely to act through P2X receptors [687].

An early study of the characteristics of ["H]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 [*H]w, -
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 [*H]«,
[3-meATP were demonstrated in rat urinary bladder membranes
and displacement experiments with unlabelled purinoceptor
ligands confirmed that [*H]et,3-meATP mainly binds to P2X
receptors with a potency order of &, 3-meATP > [3,y-meATP >
suramin > ATP > ADP > 2-MeSATP >> adenosine [71]. In
later studies, autoradiographic localisation and characterisation
of [’H]a,B-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
[*>S]ATPYS 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 