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Lower urinary tract symptoms (LUTS) are present in many common urological syndromes. However,
their current suboptimal management by muscarinic and a1-adrenoceptor antagonists leaves a
significant opportunity for the discovery and development of superior medicines. As potential targets
for such therapeutics, purinoceptors have emerged over the last two decades from investigations that
have established a prominent role for ATP in the regulation of urinary bladder function under normal
and pathophysiological conditions. In particular, evidence suggests that ATP signaling via P2X1
receptors participates in the efferent control of detrusor smooth muscle excitability, and that this
function may be heightened in disease and aging. ATP also appears to be involved in bladder
sensation, via activation of P2X3 and P2X2/3 receptors on sensory afferent neurons, both within the
bladder itself and possibly at central synapses. Such findings are based on results from classical
pharmacological and localization studies in non-human and human tissues, knockout mice, and
studies using recently identified pharmacological antagonists – some of which possess attributes that
offer the potential for optimization into candidate drug molecules. Based on recent advances in this
field, it is clearly possible that the development of selective antagonists for these receptors will occur
that could lead to therapies offering better relief of sensory and motor symptoms for patients, while
minimizing the systemic side effects that limit current medicines.
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Background

The collective term ‘lower urinary tract symptoms’ (often as

the acronym ‘LUTS’) has become common in urological

specialties in recent years (Abrams et al., 2002). LUTS include

urinary urgency, frequency, nocturia, discomfort, urge incon-

tinence and obstruction, and are variously manifested in

syndromes such as overactive bladder (OAB) and benign

prostatic hyperplasia (BPH). In patients with the more morbid

conditions of chronic abacterial prostatitis/chronic pelvic pain

syndrome (CAP/CPPS) and interstitial cystitis (IC), these

symptoms present with a persistent or phasic burden of pain

emanating from the pelvic region (Egan & Krieger, 1997;

Kream & Carr, 1999; Nickel, 2003). The prevalence of LUTS

is extremely high; it is estimated that in the seven major

pharmaceutical markets (U.S.A., Japan, U.K., France, Ger-

many, Italy, and Spain), in excess of 100 million men and

women are afflicted with the bothersome LUTS of OAB and

BPH (Caddle et al., 2003; Fernandes & Cocoros, 2005). A

smaller but still significant number of patients, possibly up to

12 million, are estimated to fit the diagnosis of CAP/CPPS

and IC (Jones & Nyberg, 1997; Krieger et al., 2003; Schaeffer,

2003; Clemens et al., 2005).

Current treatment options for patients with LUTS include

the nonselective muscarinic antagonists (e.g. tolterodine,

oxybutynin, trospium) that are used principally in patients

with OAB and urinary urge incontinence (Chapple, 2000;

Wein, 2001; Michel et al., 2005), and the selective a1-
adrenoceptor antagonists (e.g. tamsulosin, doxazosin, alfuzo-

sin) that are widely used in men with obstructive BPH

(Speakman et al., 2004). Although these treatments offer some

improvement for patients with LUTS, the improvement is

often modest, and the benefits appear to be especially limited

with respect to sensory symptoms such as urgency, nocturia,

discomfort, and pain. Accordingly, a recent review of 32

randomized, placebo-controlled trials of muscarinic antago-

nists in OAB revealed that use of oxybutynin and tolterodine,

on average, results in only one fewer leakage episode or

micturition event per 48 h compared to placebo, with a

minimal effect on sensory symptoms (Herbison et al., 2003).

Muscarinic antagonists also produce many systemic side

effects that significantly impair treatment tolerability, includ-
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ing dry mouth, constipation, blurred vision, dry eyes,

drowsiness, and cognitive decline. As a consequence, persis-

tence with long-term muscarinic antagonist therapy has been

a constant challenge in patients with OAB (Haab & Castro-

Diaz, 2005), and likely reflects the marginal efficacy and

challenging tolerability profile of these medications. Incre-

mental approaches aimed at improving the effectiveness of

muscarinic antagonists include extended release and once daily

formulations of oxybutynin and tolterodine, and development

of the M3-selective muscarinic antagonists darifenacin and

solifenacin (Cardozo et al., 2004; Chapple et al., 2004; 2005;

Haab et al., 2004). However, the persistence of significant side

effects with these newer medications, especially gastrointest-

inal, raises justifiable questions as to whether this mechanism

can ever be ideally optimized to create more effective clinical

relief. Moreover, despite many years of muscarinic antagonist

use, little compelling evidence has surfaced that the patho-

physiology of LUTS relates to dysregulation of cholinergic

control of urinary storage and voiding.

Selective a1-adrenoceptor antagonists, tamsulosin in parti-
cular due to its lower cardiovascular side effects (Milani &

Djavan, 2005; Muzzonigro, 2005), are the preferred first line of

therapy for patients with BPH/LUTS (Speakman et al., 2004).

However, their effect on irritative or storage symptoms is not

especially impressive and continuing use seems most likely

limited to men presenting with urinary obstruction.

Given the limitations of ‘gold-standard’ treatments, it is

clear that alternative, novel therapeutic approaches are needed

that more effectively target LUTS (Fernandes & Cocoros,

2005). Novel interventions in several mechanistic areas have

surfaced through preclinical studies, some of which have

advanced into proof-of-concept clinical testing. These poten-

tial therapeutic targets include tachykinin receptors, various

potassium, calcium, and sodium channels, b-adrenoceptors,
TRPV channels, and purinoceptors, among others. Despite

efforts in these areas, reports of success have been rare (Wein,

2001; Wein & Hanno, 2002; Lecci & Maggi, 2005). Other

novel therapeutic interventions such as intradetrusor botuli-

num toxin (Botox) and intravesical treatment with neurotoxic

agents such as capsaicin or resiniferatoxin (RTX) offer some

symptom improvement in certain conditions; however, the

improvement is varied and the route of administration

unattractive (Fowler, 2000; Zermann et al., 2000; Reitz et al.,

2004; Smith et al., 2004).

Purinergic regulation of lower urinary tract
function

Purinergic transmission has increasingly been recognized as

playing a role in lower urinary tract function, regulating

both afferent and efferent signaling pathways controlling

urine storage and elimination (Figures 1 and 2). The scope

of purinergic signaling within the lower urinary tract is vast,

and involves multiple receptors for ATP including the P2Y

and P2X receptor families (Burnstock, 2000). Currently, eight

metabotropic P2Y receptors (Abbracchio et al., 2003), and

seven P2X (P2X1�7) receptor subunits for ionotropic ATP

Figure 1 Schematic diagram of the neural circuits controlling continence and micturition. The majority of Ad- and C-afferents that
innervate the urinary bladder and urethra are found in pelvic nerves, which also contain parasympathetic efferents originating from
the sacral spinal cord. The remaining bladder afferents are carried by hypogastric nerves, which also contain sympathetic efferents
originating from the thoracolumber spinal cord. Sacral somatic afferent and efferent innervation to the external urethral sphincter is
via pudendal nerves. Under normal physiological conditions in adults, the micturition reflex is controlled predominantly by Ad
afferents communicating via the spinal cord to supraspinal centers in the pons and cortex. Under pathophysiological conditions or
with aging, spinal reflex mechanisms mediated by C-fibre afferents may become dominant.
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receptors are known (North, 2002). P2X receptors can form

either homomultimeric or heteromultimeric receptors, and are

believed to exist in their native conformation as trimers (Nicke

et al., 1998). Several reviews have comprehensively covered the

role of these diverse receptor subtypes in lower urinary tract

function (Burnstock, 2000; Andersson & Wein, 2004). In this

review, we provide a historical perspective on ATP signaling

within the urinary bladder, with a particular focus on selected

P2X channels where recent biological and chemical advances

suggest that medicinal exploitation can be achieved. Specifi-

cally, we focus on P2X1 receptors that likely play a significant

role in efferent regulation of detrusor smooth muscle excit-

ability and contraction, and P2X3 and P2X2/3 receptors that

mediate sensory functions, including afferent modulation of

urinary storage and elimination.

Efferent control of urinary bladder function –
role of P2X1 receptors

The cholinergic contribution to parasympathetically mediated

detrusor smooth muscle contraction is well established.

However, it is also recognized that in most mammalian

species, part of the bladder contraction response evoked by

transmural nerve stimulation is atropine-resistant and puri-

nergic. The concept of purinergic signaling in the lower urinary

tract emerged through the pioneering work of Burnstock

(1972), who demonstrated that ATP was the neurotransmitter

involved in atropine-resistant, nonadrenergic, noncholinergic

(NANC) contractions in the guinea pig urinary bladder.

Although broad acceptance of this idea awaited the cloning

of receptors for ATP in the mid-1990s, a considerable amount

of evidence was amassed in the intervening years to support

the idea of purinergic signaling in the lower urinary tract

(Burnstock, 2000). Some key early findings included the

demonstration that NANC-mediated detrusor smooth muscle

contractions could be mimicked by ATP (Burnstock, 1972;

Burnstock et al., 1978; Dean & Downie, 1978) and the more

stable ATP analog alpha, beta-methylene ATP (a,b-meATP)
(Kasakov & Burnstock, 1983; Hoyle & Burnstock, 1985).

NANC- and ATP-mediated detrusor smooth muscle con-

tractions could also be suppressed by desensitization with

a,b-meATP, or by various nonselective purinergic antagonists
such as quinidine, reactive blue 2, suramin, and pyridoxal-

phosphate-6-azophenyl-20-40-disulfonic acid (PPADS), without
depressing responses to acetylcholine (Dean & Downie, 1978;

Kasakov & Burnstock, 1983; Hoyle & Burnstock, 1985;

Brading & Williams, 1990; Ziganshin et al., 1993; Tong

et al., 1997; King et al., 1997). Ecto-ATPase inhibitors were

shown to potentiate NANC and ATP responses in the guinea

pig bladder (Hourani & Chown, 1989; Westfall et al., 1997),

and release of ATP in response to transmural stimulation of

NANC nerves was demonstrated (Burnstock et al., 1978; Tong

et al., 1997). Electrophysiological recordings from isolated

Figure 2 Schematic diagrams showing the roles of ATP and P2X
receptors in the micturition pathway. (a) Mechanical distension or
damage to the urothelium causes release of ATP, and this release is
augmented in disease states such as interstitial cystitis, benign
prostate hyperplasia, or spinal cord injury. ATP acts on P2X3 and
P2X2/3 receptors on the peripheral terminals of Ad- and C-bladder
afferents, where it may convey mechanosensory and nociceptive
information to the spinal cord. (b) At the central terminals of
primary sensory afferents within the dorsal horn of the spinal cord,
ATP may be coreleased with glutamate. P2X receptors are expressed
on both presynaptic and postsynaptic membranes. Presynaptic P2X3
and P2X2/3 receptors are thought to be important in facilitating
glutamate release. In addition, P2X4 and P2X7 receptors present on
microglia may mediate inflammatory responses, thus contributing to
hyperexcitability at these synapses. (c) Excitation of parasympa-
thetic efferents causes corelease of ATP with acetylcholine from the
nerve terminal. These neurotransmitters act on P2X1 and muscarinic
(M3) receptors, respectively, present on the postjunctional mem-
brane to cause detrusor smooth muscle contraction.
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detrusor smooth muscle cells from guinea pig, rabbit, and pig

also showed that ATP and a,b-meATP elicited dose-depen-
dent, membrane depolarization and inward currents that

showed rapid desensitization (Fujii, 1988; Inoue & Brading,

1990; 1991). Similar to the contractile response of detrusor

smooth muscle strips, desensitization with a,b-meATP blocked
ATP-induced currents in isolated myocytes. These findings

are consistent with ATP being an excitatory neurotransmitter

in the urinary bladder.

Although NANC-mediated detrusor smooth muscle con-

tractions are clearly identifiable in some species, the purinergic

contribution to nerve-mediated bladder contraction varies

with species, age, and frequency of stimulation (Andersson &

Wein, 2004). The purinergic component in bladder strips

can vary from being dominant in cat, mouse, and rabbit, to

moderate in guinea pig, rat, and dog, to less pronounced

compared to cholinergic responses in pig and human (Sibley,

1984; Levin et al., 1990; Andersson, 1993; Wust et al., 2002). In

the normal human bladder, atropine-resistant, nerve-mediated

contractions have been observed by some investigators

(Sjogren et al., 1982; Cowan & Daniel, 1983; Bayliss et al.,

1999), but not by others (Sibley, 1984; Kinder & Mundy,

1985). Atropine-resistant responses may reflect only a small

portion of the contraction of the human bladder under normal

physiological conditions. However, many studies have shown

that the purinergic component of human bladder contraction

is significantly increased with age and under various patho-

logical conditions of the lower urinary tract (see below).

Evidence of purinergic involvement in nerve-mediated

detrusor contraction has also come from whole organ and

in vivo studies measuring bladder pressure changes in response

to stimulation. In vitro whole bladder studies in rabbit and cat

demonstrated that ATP and transmural nerve stimulation, in

the presence of atropine, produced transient rises in intra-

vesical pressure (Levin & Wein, 1982; Levin et al., 1990;

Chancellor et al., 1992). In a conscious rat cystometry model,

arterial administration of ATP and a,b-meATP close to the
bladder produced rapid, phasic contractions that were desensi-

tized by a,b-meATP (Igawa et al., 1993). In a pithed rat model,
spinal electrical stimulation (L6-S2) evoked an increase in

intravesical pressure that was sensitive to PPADS, thus

demonstrating the importance of peripheral purinergic neuro-

transmission in the bladder reflex (Hegde et al., 1998). In an

anesthetized rat model, contractile responses of the bladder to

pelvic nerve stimulation were further characterized as consist-

ing of a phasic purinergic component predominating at low

stimulation frequencies, followed by a tonic, cholinergic

component at higher stimulation frequencies (Nunn & New-

green, 1999).

The recent availability of P2X receptor antagonists with

improved subtype selectivity, and P2X1 gene knockout mice,

subsequently confirmed the involvement of P2X1 receptors

in atropine-resistant detrusor contraction (Figures 2c and 3).

In a distension-evoked micturition reflex model in anesthetized

rats, intravenous administration of the P2X1, P2X3 receptor

antagonist di-inosine pentaphosphate (IP5I), or a novel P2X1
receptor antagonist RO116-6446 (IC50 at recombinant rat

P2X1 receptor of B3mM), caused a significant attenuation of
phasic isovolumetric bladder contractions without affecting

the volume or pressure thresholds for evoking the micturition

reflex (King et al., 2004). Moreover, in P2X1-deficient mice,

P2X receptor-mediated inward currents were abolished in

detrusor smooth muscle cells (Vial & Evans, 2000). Neurogenic

bladder contractions in these mice were also reduced by

B70% compared to P2X1 wild-type mice, while carbachol-

mediated responses were unaffected. Supporting these

findings, dense P2X1-like immunoreactivity is found in the

detrusor smooth muscle (Lee et al., 2000; Elneil et al., 2001;

Vial & Evans, 2001), and in close apposition to motor nerve

varicosities in the rat detrusor (Hansen et al., 1998). Quanti-

tative mRNA studies have also shown that P2X1 is the most

abundant P2X receptor subtype in the adult human bladder

(O’Reilly et al., 2001). Collectively, these data confirm that

P2X1 receptors play a substantial role in parasympathetic

neuronal control of urinary bladder function, although to

varying extents across species from rodent to man.

Sensory functions of ATP – role of P2X3
and P2X2/3 receptors

A sensory role for ATP can be traced to the early study of

Holton (1959), who showed that ATP released from sensory

nerves during antidromic stimulation caused vasodilation in

the rabbit ear artery. It is likely that multiple purinergic

pathways and receptors are involved in the sensory actions of

ATP. However, a crucial role has been proposed for homo-

multimeric P2X3 and heteromultimeric P2X2/3 receptors in

mediating the primary sensory effects of ATP (Burnstock,

2001; Jarvis, 2003). P2X3 and P2X2/3 receptors are predomi-

nantly localized on small-to-medium diameter C-fiber and Ad
sensory neurons within the dorsal root ganglia (DRG) and

other sensory ganglia (Vulchanova et al., 1997; Bradbury et al.,

1998; Dunn et al., 2001), and on peripheral nerve terminals in

tissues including the urinary bladder (Cockayne et al., 2000)

(Figure 2a). P2X3 and P2X2/3 receptors are also present on the

central projections of primary sensory neurons within the

dorsal horn of the spinal cord, where they may modulate

glutamate release (Gu & MacDermott, 1997; Vulchanova

et al., 1998; Nakatsuka & Gu, 2001; Nakatsuka et al., 2003)

(Figure 2b).

Early reports suggested that ATP was involved in pain,

including the demonstration that ATP applied to a blister base

in healthy human volunteers was associated with heightened

pain sensation (Collier et al., 1966; Bleehen et al., 1976;

Bleehen & Keele, 1977). In addition, ATP applied to forearm

skin by iontophoresis caused mild painful responses that were

enhanced by sensitization with UV irradiation or intradermal

capsaicin (Hamilton et al., 2000). Intracutaneous injection of

ATP (Hilliges et al., 2002), or direct infusion of ATP into

skeletal muscle (Mork et al., 2003), also caused pain in human

volunteers. Recent studies in animals using more selective

pharmacological and genetic tools have established a crucial

role for P2X3 and P2X2/3 receptors in both peripheral and

centrally mediated pain facilitation. Studies using the P2X1,

P2X3 and P2X2/3 selective antagonist 2
0,30-O-(2,4,6-trinitro-

phenyl)-ATP (TNP-ATP) (Tsuda et al., 1999a, b; Jarvis et al.,

2001; Honore et al., 2002b; Ueno et al., 2003), and the P2X3,

P2X2/3 selective antagonist A-317491 (Jarvis et al., 2002;

McGaraughty et al., 2003; Wu et al., 2004), have shown that

peripheral and spinal P2X3 and P2X2/3 receptors are involved

in persistent, chronic neuropathic, and inflammatory pain.

Mice deficient in P2X3, P2X2, or both receptor subunits

(Cockayne et al., 2000; Souslova et al., 2000; Cockayne et al.,
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2005), as well as animals treated with P2X3-selective antisense

(Barclay et al., 2002; Honore et al., 2002a; Inoue et al., 2003)

or short interfering RNA (siRNA) (Dorn et al., 2004) revealed

comparable findings. These data provide strong preclinical

evidence that P2X3 and P2X2/3 receptors are important in pain

circuitry in vivo, and suggest that antagonism of P2X3 and/or

P2X2/3 receptors may have potential therapeutic utility in the

management of chronic pain conditions.

An important role for ATP and P2X3-containing receptors

in the mechanosensory regulation of urinary bladder function

has also emerged (Burnstock, 2001). Sensory afferent innerva-

tion is essential for the normal control of urinary bladder

function, coordinating compliance and excitation during the

storage and elimination phases of the micturition reflex. The

urinary bladder is innervated by the pelvic and hypogastric/

lumbar splanchnic nerves with cell bodies in the lumbosacral

and thoracolumbar DRG, respectively (Figure 1). Under

normal physiological conditions, it is believed that the

predominant sensory afferents involved in detecting bladder

volume changes are the Ad pelvic nerve afferents which convey
information about the state of bladder fullness to spinal and

supraspinal centers coordinating the micturition reflex (Habler

et al., 1993; de Groat et al., 1999; Andersson & Wein, 2004).

In contrast, the normally silent pelvic afferent C-fibers are

thought to assume a prominent role under pathophysiological

conditions, where they become hyperexcitable and convey

information about noxious, inflammatory, or painful stimuli,

and evoke reflex contractions mainly through a localized

spinal reflex (Habler et al., 1990; de Groat et al., 1998;

Yoshimura & de Groat, 1999). C-fiber afferents within the

hypogastric/lumbar splanchnic nerve can also facilitate the

effects of noxious chemical irritation within the urinary

bladder (Mitsui et al., 2001). Thus, hyperexcitability of

C-fibers in different functional pathways may contribute to

the underlying pathophysiology of LUTS, including increased

sensations of urgency and pain (Yoshimura et al., 2002).

Anatomically, the urinary bladder is innervated by sensory

nerve fibers that project into the suburothelial lamina propria,

urothelium, and detrusor smooth muscle (Figure 2a). P2X3
immunoreactivity has been found on many of these nerve

fibers, and also on bladder epithelial cells (Cockayne et al.,

2000; Lee et al., 2000; Elneil et al., 2001; Vlaskovska et al.,

2001; Yiangou et al., 2001; Birder et al., 2004; Wang

et al., 2005), thus a role may exist for P2X3 receptors in

regulating sensory functions of these cells. Numerous studies

have shown that ATP is released from the bladder urothelium

in response to distension (Ferguson et al., 1997; Vlaskovska

et al., 2001; Wang et al., 2005), and these findings can be

mimicked in isolated urothelial cell cultures (Sun & Chai, 2002;

Birder et al., 2003). Studies using an isolated bladder-pelvic

nerve preparation in either rats (Namasivayam et al., 1999) or

mice (Vlaskovska et al., 2001; Rong et al., 2002) have also

shown that distension leads to increased afferent nerve activity

that is mimicked by ATP and/or a,b-meATP. Intravesical
infusion of ATP or a,b-meATP can directly stimulate bladder
overactivity in conscious rats, in a manner that is concentra-

tion dependent and sensitive to TNP-ATP (Pandita &

Andersson, 2002). Conversely, intravesical infusion of suramin

or PPADS can inhibit nonvoiding bladder contractions in

bladder outlet-obstructed rats, and increase bladder capacity

in normal conscious rats (Cova et al., 1999; Velasco et al.,

2003).

Studies in P2X3- and P2X2-deficient mice have been

instrumental in demonstrating the importance of homomulti-

meric P2X3 and heteromultimeric P2X2/3 receptors in regulat-

ing bladder reflex excitability. Urinary bladder reflexes in

response to filling are reduced in anesthetized P2X3, P2X2, and

P2X2/P2X3 double mutant mice (Cockayne et al., 2000; 2005),

despite normal levels of distension-evoked ATP release from

the bladder urothelium (Vlaskovska et al., 2001). Bladder

pelvic afferents from P2X-deficient mice display altered

electrophysiological responses, as measured by an increased

volume threshold for activation in response to bladder

distension (Vlaskovska et al., 2001; Cockayne et al., 2005).

Single unit activity recordings confirmed the reduced afferent

mechanosensitivity in P2X-deficient mice; however, it remains

to be determined whether these deficits reflect changes in the

sensitivity of Ad and/or C-fiber afferents. Supporting these
findings, recent studies (Zhong et al., 2003; Dang et al., 2005a)

have shown that labelled rat bladder sensory afferents

projecting via the pelvic nerve express both P2X3 and P2X2/3
receptors, with a clear predominance of P2X2/3 heteromulti-

mers. Accordingly, electrophysiological recordings from these

afferents (lumbosacral DRG) showed that 480% responded

to ATP and a,b-meATP with persistent, slowly desensitizing
currents characters of the P2X2/3 receptor. Bladder afferents

projecting via the hypogastric/lumbar splanchnic nerve (thor-

acolumbar DRG) also contain currents consistent with P2X3
and P2X2/3 receptors (Dang et al., 2005a); however, less is

known about the importance of P2X receptors on these

sympathetic sensory afferents.

A mechanosensory transduction pathway within the mic-

turition reflex is therefore postulated wherein ATP released

from the urothelium activates P2X3 and/or P2X2/3 receptors

on submucosal primary afferents (Figure 2a). ATP and a,b-
meATP have been shown to not only activate low- and high-

threshold bladder afferents directly but also to sensitize their

mechanosensory responses (Vlaskovska et al., 2001; Rong

et al., 2002). Bladder inflammation can also sensitize and

enhance P2X receptor function on pelvic and hypogastric/

lumbar splanchnic afferents in the lumbosacral and thoraco-

lumbar DRG (Dang et al., 2005b). Thus, P2X3 and P2X2/3
receptors may be important in sensing volume changes during

normal bladder filling, and may participate in lowering the

threshold for C-fiber activation under pathophysiological

conditions.

Several studies have investigated the role of C-fibers in

models of ATP-induced bladder overactivity. Selective deletion

of nonpeptidergic C-fibers (i.e. P2X3-expressing C-fibers) via

intrathecal administration of an IB4-conjugated saporin

molecule reduced both ATP- and capsaicin-induced bladder

overactivity in conscious rats (Nishiguchi et al., 2004). Two

recent reports further demonstrated the importance of spinal

endogenous ATP and P2X receptors in chemical irritation-

induced (Masuda et al., 2005) or spinal cord injury-induced

(Salas et al., 2005) bladder overactivity in rats. It has also been

shown that in patients with neurogenic detrusor overactivity,

who were successfully treated with RTX, the density of P2X3-

immunoreactive nerve fibers in the bladder was significantly

reduced compared with that observed in nonresponder

patients (Brady et al., 2004). Collectively, these data suggest

that P2X3-containing receptors are present on sensory fibers

within the urinary bladder, and at central synapses in the

spinal cord, where they may play a role in mediating bladder
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hyperexcitability, at least under certain experimental or

pathophysiological conditions.

Altered ATP and P2X receptor function
in pathophysiology

In several reports of efferent and afferent mechanisms

controlling lower urinary tract function, evidence suggests

that ATP and/or P2X receptor-mediated responses are

heightened in pathological situations. Changes in purinergic

responses associated with efferent control of the micturition

reflex have been observed in various bladder disease states,

as well as in aging, where conditions associated with LUTS

are common. For example, an increased atropine-resistant

component of B50% of the neurogenic bladder contraction

response was observed in tissues from men with BPH and

detrusor overactivity (Sjogren et al., 1982), and in women with

IC (Palea et al., 1993) or idiopathic detrusor instability

(O’Reilly et al., 2002). Similar, but variable, degrees of

atropine-resistant detrusor contractions have been observed

in other studies of patients with BPH and detrusor overactivity

(Nergardh & Kinn, 1983; Sibley, 1984; Chapple & Smith,

1994). Among subsets of patients with unstable bladder,

atropine resistant responses were present in those with

idiopathic detrusor instability or detrusor instability secondary

to obstruction, but not in patients with neurogenic detrusor

instability (Bayliss et al., 1999).

Recent studies have explored the basis for the enhanced

purinergic neurotransmission that emerges in certain unstable

bladder conditions. Studies by Fry and co-workers have

suggested that purinergic-mediated contractions are not due

to altered sensitivities of the detrusor smooth muscle cells to

ATP or cholinergic agonists (Wu, 1999), but instead may result

from reduced extracellular hydrolysis of ATP (Fry et al., 2002;

Harvey, 2002). They found that ATP is significantly more

potent at generating detrusor contractions in diseased bladder

biopsies compared to control stable bladders, and that this is

likely due to the fact that ATPase activity in unstable bladders

isB50% of that measured in stable bladder biopsies (Harvey,

2002). Studies of age-related changes in detrusor contractility

have further demonstrated a significant positive correlation

between age and the purinergic component of detrusor

contraction (Lieu et al., 1997; Yoshida et al., 2001), and

shown that aging is associated with increased release of ATP

from isolated detrusor smooth muscle tissue (Yoshida et al.,

2004). These studies also demonstrated that aging is negatively

correlated with cholinergic neurotransmission and decreased

release of ACh from isolated detrusor smooth muscle tissue.

Numerous human and non-human studies have also shown

that ATP release from the bladder urothelium is augmented

under certain pathophysiological conditions. Urothelial cells

from cats with a naturally occurring cystitis (FIC) exhibit

enhanced hypotonic-evoked release of ATP (Birder et al.,

2003). ATP release from urothelial cells is also markedly

increased in rats subjected to spinal cord injury, in which

bladder hyperreflexia develops (Khera et al., 2004), and in rats

following chemically induced bladder inflammation (Smith

et al., 2005). Following spinal cord injury in rats, an increase in

basal and bladder stimulation-evoked ATP release has also

been observed within the lumbosacral spinal cord by micro-

dialysis (Salas et al., 2005). In patients with IC (Sun et al.,

2001; Sun & Chai, 2002), or LUTS secondary to BPH (Sun

et al., 2002), stretch-activated ATP release from bladder uro-

thelial cells is augmented compared to age-matched controls.

P2X3 receptor expression also appears to be abnormally

upregulated in response to stretch in bladder urothelial cells

from IC patients (Sun & Chai, 2004). An increased density of

P2X3 and TRPV1-expressing nerve fibers has also been found

in the bladders of patients with neurogenic detrusor over-

activity, and following treatment with RTX, responder

patients showed diminished levels of both TRPV1 and P2X3
immunoreactivity (Brady et al., 2004).

The mechanism(s) by which urothelial ATP release is

augmented under pathophysiological conditions is not entirely

clear. However, intravesical treatment with Botox can inhibit

the augmented urothelial release of ATP following spinal cord

injury or chemically induced cystitis, suggesting that vesicular

release may be altered (Khera et al., 2004; Smith et al., 2005).

In mice lacking the TRPV1 receptor, distension- or hypotonic-

evoked release of ATP from the bladder urothelium is

significantly reduced, further raising the possibility that

activation of TRPV1 receptors may be a mechanosensory

stimulus involved in distension-evoked release of ATP during

bladder filling (Birder et al., 2002).

P2X1, P2X3, and P2X2/3 receptors as
therapeutic targets for lower urinary
tract disorders

Given these emergent roles of ATP, modulation of P2X

receptor activity has surfaced as a potential point of

therapeutic intervention in diseases of the lower urinary tract.

Among the P2X receptor class, antagonism of P2X1, P2X3,

and P2X2/3 receptors appears to be the most biologically

reasonable. However, exploiting the full therapeutic potential

of the purinoceptor family will require more than sound

biological rationale. Novel medicines must possess the right

combination of potency and selectivity with suitable drug-like

properties, such as oral bioavailability, metabolic stability,

and optimal distribution characteristics. The ligands used to

discover and delineate the purinoceptor family (e.g. suramin,

PPADS, reactive blue 2) represent very poor starting points for

drug discovery, and although significant advances have been

made in recent years in developing ligands with increased

potency and selectivity at some P2 receptors (Jacobson et al.,

2004), little progress has been reported on drug-like ligands.

Indeed, most of the ligands highlighted in purinoceptor

medicinal chemistry reports violate more than one of the so-

called Lipinski rules; a standard that provides a rough guide to

drug likeness within pharmaceutical discovery (Lipinski et al.,

2001).

In 2002, data were published for the first time on a selective

P2X3/P2X2/3 small molecule antagonist, A-317491 (Jarvis

et al., 2002). Activation of recombinant and native P2X3 and

P2X2/3 receptors was inhibited by submicromolar concentra-

tions of A-317491, and efficacy was demonstrated in several

models of chronic inflammatory and neuropathic pain.

A-317491 dose-dependently decreased nociceptive responses

evoked by intraplantar injection of formalin or complete

Freund’s adjuvant with ED50 values of 50 and 30 mmol kg�1,
s.c., respectively (McGaraughty et al., 2003). Reports on the
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use of this antagonist to study lower urinary tract function

have been limited; however, one report suggested an inhibition

of non-micturition bladder contractions and an increase in

bladder capacity in a rat spinal cord injury model (Lu et al.,

2002). While the discovery of this molecule has provided some

advance over the large, nonselective, polyanionic antagonists

described to this point (e.g. suramin, reactive blue 2), the poor

pharmacokinetic properties of A-317491 (a tricarboxylic acid

with poor oral bioavailability, high protein binding, and poor

tissue distribution) may make it unattractive for medicinal

development.

The paucity of available chemically attractive lead molecules

directed efforts at Roche Pharmaceuticals, Palo Alto, towards

novel lead discovery using high throughput screening (HTS) of

the Roche compound library. Since calcium passes through

open P2X channels, functional activation of these channels

was quantitated using a fluorescence change evoked by cyto-

solic calcium flux in the presence of the calcium-sensitive dye,

Fluo-3, and measured using a fluorometric imaging plate

reader (FLIPR) (Jaime-Figueroa et al., 2005) (Figures 3b and

4b). Three FLIPR-based HTS campaigns targeting homo-

multimeric hP2X1, hP2X2, and rP2X3 receptors were conduc-

ted concurrently to identify compounds capable of inhibiting

a,b-meATP (P2X1 and P2X3)- or ATP (P2X2)-evoked cytosolic

calcium flux, without interfering with a secondary calcium

flux produced by the calcium ionophore, ionomycin (see

Figure 4b). In contrast to the P2X1 and P2X3 HTS screening

campaigns, the HTS screen targeting P2X2 resulted in no

chemically tractable small molecule leads. It therefore remains

to be seen whether P2X2 is a feasible target for medicinal

intervention.

The P2X1 HTS screening campaign resulted in discovery of

an antagonist from a series of dipeptide compounds, prepared

initially as potential renin inhibitors (Jaime-Figueroa et al.,

2005). Subsequent optimization efforts resulted in the dis-

covery of RO-1 (Figure 3a), a novel, small molecule antagonist

of moderate potency (pIC50¼ 5.5, Figure 3c) with selectivity
over homomultimeric P2X2 and P2X3, and heteromultimeric

P2X2/3 receptors (IC504100 mM at all three receptors). RO-1

(10mM) nearly abolished calcium responses evoked by 1mM
ATP in patch-clamped, dissociated rat bladder smooth muscle

cells (Figure 3d), and also greatly reduced rat tail artery ring

contractions evoked by electrical field stimulation (1–10mM
RO-1, 1–64Hz in the presence of 3mM prazosin) (Gever et al.,
2004). In tissue bath studies examining NANC responses,

contractions evoked by b,g-meATP in rat detrusor smooth

Figure 3 Structure and in vitro pharmacological properties of
RO-1, a selective P2X1 antagonist. (a) Chemical structure of RO-1.
(b) Cytosolic calcium flux evoked by 0.1 mM a,b-meATP (first peak),
10 mM histamine (second peak), and 1 mM UTP (third peak) in Fluo-
3-loaded CHOK1 cells expressing recombinant human P2X1
receptors. In all, 10 mM suramin and 10 mM RO-1 blocked a,b-
meATP-evoked cytosolic calcium flux, but did not inhibit calcium
flux evoked by histamine or UTP acting on endogenous histamine
and UTP-sensitive, suramin-insensitive P2Y receptors in CHOK1
cells. (c) Concentration-effect curves showing the inhibition of
cytosolic calcium flux evoked by 0.1mM a,b-meATP in Fluo-3-
loaded CHOK1 cells expressing recombinant human P2X1 receptors
(filled black squares; pIC50¼ 5.5), or currents evoked by 1 mM ATP
in patch-clamped, dissociated rat bladder smooth muscle cells (open
red squares; pIC50¼ 5.2). (d) Representative patch-clamp recordings
from dissociated rat bladder smooth muscle cells showing inhibition
of ATP-evoked currents by RO-1. The inhibition of ATP-evoked
currents could be reversed following washout of RO-1 from the
extracellular bath solution.

Figure 4 Structure and in vitro pharmacological properties of
RO-3, a selective P2X3 and P2X2/3 antagonist. (a) Chemical structure
of RO-3. (b) Cytosolic calcium flux evoked by 1 mM a,b-MeATP
(first peak) and 5mM ionomycin (second peak) in Fluo-3-loaded
CHOK1 cells expressing recombinant rat P2X3 receptors. RO-3 at
0.1 and 1 mM blocked a,b-meATP-evoked cytosolic calcium flux, but
did not inhibit calcium flux evoked by ionomycin. (c) Concentra-
tion-effect curves showing inhibition of cytosolic calcium flux
evoked by 1 mM a,b-meATP in Fluo-3-loaded CHOK1 cells
expressing recombinant rat P2X3 receptors (filled black squares;
pIC50¼ 7.0) or 5mM a,b-meATP in Fluo-3-loaded 1321N1 astro-
cytoma cells expressing recombinant human P2X2/3 receptors (filled
black triangles; pIC50¼ 5.9). Also shown are concentration-effect
curves for inhibition of currents evoked by 10 mM ATP or a,b-
meATP in patch-clamped, dissociated rat thoracolumbar dorsal root
ganglion (open red squares; pIC50¼ 6.8) or nodose ganglion neurons
(open red triangles; pIC50¼ 5.9), respectively. (d) Representative
patch-clamp recordings from dissociated rat thoracolumbar DRG
(upper panel) or nodose ganglion (lower panel) neurons showing the
inhibition of ATP- or a,b-meATP-evoked currents by RO-3. The
inhibition of ATP- or a,b-meATP-evoked currents could be reversed
by washout of RO-3 from the extracellular bath solution.
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muscle strips, or ATP in rat tail artery rings, were significantly

reduced with as little as 0.1mM RO-1 and almost completely
abolished by 10 mM RO-1 (Gever et al., 2004). In a distension-
evoked micturition reflex model in anesthetized rats, the

magnitude of phasic isovolumetric bladder contractions was

significantly attenuated by intravenous administration of 1

or 10mmol kg�1 of RO116-6446 (RO-1) (King et al., 2004), a
finding consistent with the decreased detrusor contraction

observed in tissue bath studies. These results illustrate the

feasibility of identifying P2X1 receptor antagonists that are

neither nucleotides nor polyanionic compounds, and provide

increased confidence that this target can be successfully

exploited to identify therapeutically attractive molecules.

However, despite apparent selectivity, optimization of potency

was not successful with this class of compounds. It thus

remains to be seen whether a more potent P2X1 receptor

antagonist can be developed that will allow for a more effective

modulation of efferent purinergic mechanisms. Moreover,

in vivo studies examining the effects of selective P2X1 receptor

antagonists on other smooth muscle preparations (especially

vascular) that contain P2X1 receptors would be necessary to

determine whether safe and tolerable antagonism of P2X1
receptors can be imparted to modify urinary function.

The P2X3 HTS screening campaign resulted in the discovery

of two distinct chemical series. The first was a series of

diaminopyrimidine containing molecules related in structure

to the antibacterial drug trimethoprim. Subsequent optimiza-

tion of this series resulted in a number of small molecule dual

P2X3/P2X2/3 antagonists, exemplified by RO-3 (Figure 4a).

RO-3 is a potent inhibitor of human homomultimeric P2X3
(pIC50¼ 7.0) and heteromultimeric P2X2/3 (pIC50¼ 5.9) recep-
tors (Figure 4c). These potency estimates were confirmed using

patch-clamp electrophysiology of rat thoracolumber dorsal

root (P2X3 pIC50¼ 6.8) and nodose (P2X2/3 pIC50¼ 5.9)
ganglion neurons (Figure 4c and d). RO-3 showed selectivity

for P2X3 and P2X2/3 over all other functional homomultimeric

P2X receptors (IC50 410 mM at P2X1,2,4,5,7), despite its

relatively small size (MW 302.4Da). The presence of a substi-

tuted diaminopyrimidine moiety in the molecule, a substruc-

ture common to many well-known inhibitors of human protein

kinases, prompted further selectivity testing against this

protein family. When tested in an ATP-site competition-

binding assay (Fabian et al., 2005) against a panel of 121

human protein kinases, no inhibition of 450% at 10mM
was observed. An extensive selectivity profile generated by

Cerep (Paris, France) also showed little or no inhibition of

radioligand binding, or function, at 74 receptors, transporters,

and enzymes by 10 mM RO-3; the only exception being

the melatonin (ML1) receptor with a pIC50¼ 6.4. Based on
this selectivity profile, the pharmacological effects of RO-3

can be reasonably attributed to P2X3 and P2X2/3 receptor

antagonism.

As with the P2X1 receptor antagonist described above, the

identification of this series of P2X3/P2X2/3 receptor antagonists

represents a significant advance in the discovery of drug-like

P2X antagonists, and the first reported non-nucleotide,

nonpolyanionic low molecular weight compound. RO-3 has

moderate to high metabolic stability in rat and human

hepatocytes and liver microsomes, and is highly permeable,

orally bioavailable (14%), and has a reasonable in vivo plasma

half-life (t1/2¼ 0.41 h) in rats. RO-3 is also widely distributed to
tissues following administration, with low plasma protein

binding (48.6%) and good CNS penetration (brain to plasma

ratio¼ 0.8). This diaminopyrimidine represents the first class
of P2X3- or P2X2/3-specific probes to allow simultaneous

assessment of the impact of blocking homomultimeric P2X3
and heteromultimer P2X2/3 receptors in peripheral and central

tissues. Initial assessments have been undertaken to examine

the properties of RO-3 in a variety of ex vivo whole organ

preparations and in vivo rodent models. In a guinea pig ureter-

afferent nerve preparation, and mouse bladder-pelvic nerve

preparation, RO-3 dose-dependently reduced afferent nerve

activity induced by distension or a,b-meATP. Early in vivo
data indicate that RO-3 has activity in several rodent models

of pain, as well as in cystometry models optimized to measure

various parameters associated with sensory regulation of the

micturition reflex.

Conclusion

The impact and significance of purinergic signaling in LUT

function – and its potential relevance to disease – has become

greatly substantiated over recent years, particularly with the

development of gene knockout mice and the emergence of

novel pharmacological probes. Efforts focused on P2X1 and

P2X3/P2X2/3 antagonism represent hypothesis-driven approa-

ches, and progress has been made in these areas. Gene

knockout and pharmacological data for other P2 receptors

(e.g. P2X4 and P2X7) may also offer hints at opportunities in

visceral organ diseases associated with inflammation and pain;

however, the role of these P2X receptors in LUT function has

not yet been established.

It is also clear that the path from pharmacological probe to

therapeutic probe, and then to novel differentiated medicines

is a complex and challenging one. Thus, it may be some time

before therapeutic potential is fully appreciated. A potential

concern is that there are many receptors for ATP (P2X and

P2Y), and there may be sufficient redundancy built into targe-

ted biological systems such that blockade at any one receptor

or ion channel will be too subtle to have clear clinical impact.

P2X3 and P2X2/3 regulation of sensory mechanisms in the

lower urinary tract appears to be the most attractive purinergic

opportunity currently surfacing, and advances have been made

in the identification of chemical entities with properties

suitable for medicinal optimization. To date, focus has been

somewhat limited to P2X3 and P2X2/3 receptor involvement in

afferent mechanisms within peripheral target tissues. However,

recent reports (Masuda et al., 2005; Salas et al., 2005) suggest

that attention has turned to the role of ATP and P2X3, P2X2/3
receptors at central synapses in the spinal cord where central

sensitization may occur. Moving forward, a greater focus is

warranted on the function of these receptors across visceral

sensory pathways (e.g. hypogastric and pudendal afferents)

(Figure 1) to gain a more comprehensive insight into inte-

grated function of the bladder, urethra, and sphincters (Mitsui

et al., 2001; Yoshimura et al., 2003; Dang et al., 2005a).

Lastly, it is well known that C-fibers are heterogeneous, and

that the population with the highest level of P2X3 expression

is the nonpeptidergic subpopulation that binds the isolectin

IB4 and has its central projections within inner lamina II of

the dorsal horn. A recent study showed that IB4-binding

nociceptive neurons link pain signals in the periphery to

predominantly limbic regions of the brain (i.e. amygdala,
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hypothalamus, and globus pallidus), via projection neurons

of the deep dorsal horn (Braz et al., 2005). The interesting

suggestion posed by these authors is that these neurons may

contribute more to the affective component of the pain

experience than to the sensory discriminative component.

Whether activation of P2X3 and/or P2X2/3 receptors is impor-

tant in this circuitry, and whether these associations provide a

key to targeting the symptomatology of frequency, urgency,

and pain in chronic disorders of the lower urinary tract

remains to be determined.

We express sincere thanks to Professor Geoffrey Burnstock, Professor
Stephen B. McMahon, Dr Philip M. Dunn, Dr Gillian E. Knight, and
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conducted at Roche Palo Alto. We also thank Silvia Patrick for
information support.
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