
 1 

 

ATP as an excitatory cotransmitter in the autonomic nervous system 

 

 

Charles Kennedy, 

 

Strathclyde Institute of Pharmacy and Biomedical Sciences, 

University of Strathclyde, 

161 Cathedral Street, 

Glasgow G4 0RE 

United Kingdom. 

 

Tel- 0141-548 2664 Fax-0141-552 2562   email-c.kennedy@strath.ac.uk 

 

 



 2 

Abstract 

The role of adenosine 5'-triphosphate (ATP) as a major intracellular energy source is well-

established. In addition, ATP and related nucleotides have widespread extracellular actions via the 

ionotropic P2X receptors (ligand-gated cation channels) and metabotropic P2Y receptors (G 

protein-coupled receptors). Numerous experimental techniques, including myography, 

electrophysiology and biochemical measurement of neurotransmitter release, have been used to 

show that ATP has two major roles as an excitatory cotransmitter from autonomic nerves; 1) It is 

costored with noradrenaline in synaptic vesicles in postganglionic sympathetic nerves innervating 

smooth muscle preparations, such as the vas deferens and most arteries. When coreleased with 

noradrenaline, ATP acts at postjunctional P2X1 receptors to evoke depolarisation, Ca
2+

 influx, Ca
2+

 

sensitisation and contraction. 2) ATP is also coreleased with acetylcholine from postganglionic 

parasympathetic nerves innervating the urinary bladder and again acts at postjunctional P2X1 

receptors, and possibly also a P2X1+4 heteromer, to elicit smooth muscle contraction. In both 

systems the neurotransmitter actions of ATP are terminated by dephosphorylation by extracellular, 

membrane-bound enzymes and soluble nucleotidases released from postganglionic nerves. There 

are indications of an increased contribution of ATP to control of blood pressure in hypertension, but 

further research is needed to clarify this possibility. More promising is the upregulation of P2X 

receptors in dysfunctional bladder, including interstitial cystitis, idiopathic detrusor instability and 

overactive bladder syndrome. Consequently, these roles of ATP are of great therapeutic interest and 

are increasingly being targeted by pharmaceutical companies. 

 

Highlights 

 ATP is an excitatory cotransmitter in sympathetic and parasympathetic nerves 

 ATP evokes depolarisation, Ca
2+

 influx, Ca
2+

 sensitisation and contraction 

 Postjunctional P2X1 receptors are its main site of action in smooth muscle tissues 

 ATP may also act at P2X1+4 heteromers in urinary bladder to elicit contraction 

 ATP’s action is ended by ecto- nucleotidases and coreleased soluble nucleotidases  
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1. Introduction 

The role of the endogenous nucleotide, adenosine 5'-triphosphate (ATP), as a major intracellular 

energy source is a well-established phenomenon. In addition, many studies have shown that ATP 

and related nucleotides have widespread extracellular actions via the ionotropic P2X receptors, 

which are ligand-gated cation channels, and metabotropic P2Y receptors, which are G protein-

coupled receptors (Burnstock and Kennedy, 1985, 2011; Khakh et al., 2001; Abbracchio et al., 

2005, 2006; Kennedy et al., 2013). These receptors are distributed widely throughout the body and 

are involved in many physiological and pathophysiological processes (Burnstock and Kennedy, 

2011). Indeed, it is very likely that all cell types express at least one P2X and/or P2Y receptor 

subtype (Burnstock and Knight, 2004). Furthermore, the receptors present in the central, peripheral 

and sensory nervous systems, cardiac, skeletal and smooth muscle, the vascular system and immune 

and inflammatory cells are of great therapeutic interest and are increasingly being targeted by 

pharmaceutical companies (Guile et al., 2009; Gunosewoyo and Kassiou, 2010; Bartlett et al., 

2014). 

 The pioneering work on neurotransmission in the peripheral nervous system carried out early 

in the 20
th

 century, led to the widely accepted idea that noradrenaline (NA) was the sole 

neurotransmitter released by postganglionic sympathetic nerves and acetylcholine (ACh) was the 

sole neurotransmitter released by postganglionic parasympathetic nerves. By the early 1970s, 

however, evidence was accumulating to support the idea that ATP was also a neurotransmitter from 

"purinergic" nerves in some parts of the autonomic nervous system, (Burnstock, 1972). Several 

years later Burnstock, (1976) suggested that nerves could in fact release more than one substance as 

a neurotransmitter. Since then, cotransmission has become accepted as the rule rather than the 

exception NA, ACh, ATP, nitric oxide and several peptides have all been shown to act as 

cotransmitters in a wide range of peripheral tissues (Burnstock, 2013). 

 Numerous techniques, such as myography, electrophysiology and biochemical measurement 

of neurotransmitter release, have been used to show that ATP has two major roles as an excitatory 

cotransmitter from autonomic nerves; 1) It is coreleased with NA from postganglionic sympathetic 

nerves innervating smooth muscle preparations, such as the vas deferens and most arteries (Figure 

1). 2)  On the other hand, the cotransmitter actions of ATP with ACh from postganglionic 

parasympathetic nerves have been most extensively characterised in the urinary bladder (see section 

3). Previous reviews describe the historical development of this field in detail (Burnstock and 

Kennedy, 1986; Von Kügelgen and Starke, 1991; Sneddon et al., 1996, 1999; Kennedy et., 1997a). 

Similarly, the influence of retrograde release of ATP from sensory nerves on vascular tone has been 

reviewed by Rubino and Burnstock, (1996). In this article I will, therefore, provide an overview of 

the evidence that supports these cotransmitter roles and discuss more recent developments. 
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2. ATP and NA as sympathetic neurotransmitters 

2.1 ATP storage in and release from sympathetic nerves. 

The earliest evidence that ATP could function as a neurotransmitter from sympathetic nerves came 

from biochemical studies that showed that ATP was co-stored with NA in sympathetic synaptic 

vesicles (see Burnstock and Kennedy, 1986). Neuropeptide Y is also present in and released from 

sympathetic nerves and its main effect appears to be to modulate the effects of ATP and NA, which 

is discussed elsewhere (see Burnstock, 2013 and references therein). In addition, numerous studies, 

using a variety of detection techniques, have clearly demonstrated that sympathetic nerve 

stimulation evokes release of ATP in the vas deferens and blood vessels of many species (see 

Burnstock, 2014; Mutafova-Yambolieva and Durnin, 2014). 

 In early studies NA was always present in synaptic vesicles in much higher amounts than 

ATP. Subsequent evidence suggested, however, that there may well also be further populations of 

vesicles that store ATP and NA separately. In the most detailed study done to date, Todorov et al., 

(1996) used HPLC to monitor the release of ATP and NA simultaneously during stimulation of 

sympathetic nerves innervating the guinea-pig vas deferens. They found that NA release peaked 40 

seconds after the start of stimulation and then remained constant. In contrast, ATP release peaked 

more quickly, 20 seconds after the start of stimulation, and then decreased, even though the nerves 

were still being stimulated. The ATP/NA ratio was initially substantially greater than 1, peaked at 

20 seconds then fell rapidly throughout the remainder of the stimulation period such that NA 

became the predominant neurotransmitter released. This is consistent with the phasic nature of the 

purinergic component and the maintained nature of the noradrenergic component of neurogenic 

contractions in this tissue (see below). These data are also consistent with earlier reports that the 

release of ATP and NA are differentially modulated by both angiotensin (Ellis and Burnstock, 

1989) and prostaglandin E2 (Ellis and Burnstock, 1990), indicating differential storage and release 

of the two cotransmitters. 

 Action potential-evoked release of neurotransmitters is dependent on influx of extracellular 

Ca
2+

 into the presynaptic neuronal terminal via voltage-dependent Ca
2+

 channels and the role of 

individual channel subtypes in the release of ATP and NA during sympathetic nerve stimulation has 

been studied. In guinea-pig vas deferens, Westfall et al., (1996b) found that during 8 Hz 

sympathetic nerve stimulation, ATP release was inhibited more than NA by blockade of the P/Q-

type (Cav2.1) Ca
2+

 channels, whereas blockade of the N-type (Cav2.2) Ca
2+

 channels inhibited NA 

release more than ATP. These results support this group’s previous claim that in the sympathetic 

nerves of the guinea-pig vas deferens at least, ATP and NA originate from different vesicles and 

release sites (see above). A similar profile was seen in dog mesenteric artery and vein during nerve 
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stimulation at 4 and 16 Hz, where N-type Ca
2+

 channels mediated release of NA mainly, along with 

some ATP, whilst P/Q-type Ca
2+

 channels mediated release of ATP mainly, along with some NA 

(Smyth et al., 2009). Contrary to these data, Smith and Cunnane, (1996a) reported that when ATP 

release was measured electrophysiologically during nerve stimulation at 1 Hz in guinea-pig vas 

deferens, it was abolished by blockade of the N-type Ca
2+

 channels. Increasing the frequency of 

stimulation led to ATP release that was independent of N- and P/Q-type Ca
2+

 channels, but involved 

ryanodine-sensitive, intracellular Ca
2+

 stores (Smith and Cunnane, 1996b). The reason for the 

difference in results is not clear, but may be due to differences in the voltage-dependence of 

opening of the different Ca
2+

 channel subtypes.  

 Brock and Cunnane (1999) studied the release of ATP and NA from sympathetic nerves 

innervating rat tail artery, where the release of ATP and NA were modified in similar ways by 

blockers of N- and P/Q-types Ca
2+ 

channels. Regardless of which channels are involved in Ca
2+ 

entry into sympathetic nerve varicosities, ATP release as a neurotransmitter is highly intermittent. 

The use of extracellular electrophysiological recording techniques revealed that in the vas deferens 

this intermittence is not due to failure of the neuronal action potential to invade varicosities, but is 

instead due to a low probability of release once the varicosity is depolarised (Cunnane and Stjärne, 

1984; Brock and Cunnane, 1987, 1988). 

 A controversial issue is that of non-neuronal release of ATP during sympathetic nerve 

stimulation that led some to question the neurotransmitter role of ATP. Several groups suggested 

that ATP released in guinea-pig vas deferens came from a non-neuronal source (Katsuragi et al., 

1991; Vizi et al., 1992; Von Kügelgen and Starke, 1994), but in contrast, Todorov et al., (1996) 

found no evidence for postjunctional release of ATP in the same tissue. The reasons for this 

discrepancy have not been resolved, but may reflect the methods used. The luciferin-luciferase 

system was used in the studies where a postsynaptic component of ATP release was seen. Although 

very sensitive, this system can only measure intact ATP, not its breakdown products, which greatly 

underestimates the total release of ATP, since ATP is rapidly broken down upon release (see 

below). In contrast, Todorov et al., (1996) used an HPLC system that monitored ATP and all of its 

metabolites simultaneously. Although less sensitive than luciferin-luciferase for ATP per se, it 

provides a more accurate measure of the total amount of ATP released. Consequently, the amount 

of ATP measured by Todorov et al., (1996) was much greater than measured in other studies under 

the same stimulation conditions. It may be that the luciferin-luciferase method requires greater 

stimulation intensities in order to produce high enough levels of intact ATP in the superfusate and 

these greater intensities cause postjunctional release of ATP. Whatever the reason for these 

differences, it is unlikely that the postjunctional release of ATP contributes to its neurotransmitter 

role, as this release of ATP peaks after 2-6 minutes (Vizi et al., 1992), whereas contractions evoked 
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by endogenous or exogenous ATP reach a peak within 5 seconds (Sneddon et al., 1996). 

 

2.2. Postjunctional P2X1 receptors 

2.2.1. P2X subunits Following release from sympathetic nerves, ATP diffuses across the synaptic 

cleft and binds to ionotropic P2X1 receptors expressed in the plasma membrane of the smooth 

muscle cells. Seven P2X subunits, P2X1-7, have been cloned and hydropathy analysis of their 

amino acid sequence indicates that each subunit possesses two hydrophobic, transmembrane 

spanning regions (TMR) that span the cell plasma membrane (Khakh et al., 2001; Burnstock, and 

Kennedy, 2011; Syed and Kennedy, 2012; Kennedy et al., 2013). Furthermore, it was predicted that 

the NH2 and COOH termini are intracellular and that the bulk of the protein, about 280-300 amino 

acids, forms an extracellular loop. When expressed alone, all P2X subunits form functional 

receptors, except the P2X6, which usually only assembles in a heteromeric form. Subunits can also 

interact with each other and to date seven functional heteromultimers formed by two different 

subunits have been identified: P2X2/3, P2X4/6, P2X1/5, P2X2/6, P2X1/4, P2X1/2 and possibly 

P2X4/7 with pharmacological and/or biophysical properties that differ from the individual 

homomultimers (see Burnstock, and Kennedy, 2011; Syed and Kennedy, 2012). Recently atomic 

force microscopy identified a P2X2/4/6 heterotrimer (Antonio et al., 2014). Regardless of the 

subunit composition, P2X multimers are permeable to Na
+
, K

+
 and Ca

2+
 and on activation cause 

depolarisation and excite cells. As P2X subunits have only two TMR, a single subunit on its own 

cannot form a functional receptor. Recent reports of the three-dimensional crystal structure of a 

P2X receptor, in both drug-free (Gonzales et al., 2009; Kawate et al., 2009) and ATP-bound states 

(Hattori et al., 2012) confirms earlier predictions that three subunits form a functional P2X receptor 

and that three agonist molecules must bind to a single receptor in order to activate it.  

 

2.2.2. P2X subunit expression Numerous studies in which the expression of P2X subunit mRNA 

and protein were measured have shown that the P2X1 receptor is predominant P2X subtype present 

in most smooth muscle tissues, including the vas deferens and blood vessels (Burnstock and Knight, 

2004), although some studies have also identified expression of other subtypes. For example, in rat 

pulmonary artery smooth muscle, single PCR products of the predicted size for all seven P2X 

receptors were seen, except the P2X2 receptor, where 2 bands were present and identified as the 

P2X2a and P2X2b splice variants (Figure 2a) (Syed et al., 2010). When expression was studied at 

the protein level using anti-P2X subunit antibodies, strong, punctate P2X1 receptor-like 

immunoreactivity (lir) was observed in the majority of cells (Figure 2b). In contrast, fainter, 

punctate staining was seen with the anti-P2X2 and anti-P2X4 antibodies, whilst P2X5-lir was barely 

detectable and no P2X3, P2X6, and P2X7 receptor-lir was apparent (not shown). Western blot 
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analysis revealed a strong immunoreactive polypeptide band for the P2X1 receptor of about 60 kDa, 

two bands each for the P2X2 and P2X4 receptors of about 45 and 65 kDa and about 46 and 70 kDa 

respectively and a single band of 45 kDa for the P2X5 receptor (Figure 2c). These values are similar 

to the predicted molecular weights of the receptors. Hence, in rat pulmonary smooth muscle cells, 

the P2X1 appears to be the predominant P2X subunit expressed at the protein level, but P2X2, 

P2X4 and P2X5 subunits are also present. The functional relevance of these findings is, however, 

unclear, as the pharmacological properties of the contractions evoked by ATP were consistent with 

it acting solely at P2X1 receptors. 

 Lipid rafts are specialised cholesterol-rich lipid microdomains present in the plasma 

membrane, which are involved in receptor signalling and trafficking. P2X1 receptors are present in 

lipid rafts in several smooth muscle tissues, including rat tail artery, vas deferens and urinary 

bladder (Vial and Evans, 2005) and human vas deferens (Donoso et al., 2014). Chemical disruption 

of the lipid rafts selectively inhibited P2X1 receptor signalling, showing that the rafts play a very 

important role in maintaining the functional activity of P2X1 receptors. 

  

2.2.3. P2X1 receptor pharmacology The P2X1 receptor corresponds to the P2X receptor initially 

characterised in pharmacological studies of native receptors in smooth muscle tissues by Burnstock 

and Kennedy (1985 . In the absence of agonist breakdown by ecto-enzymes (see Kennedy and Leff, 

1995) it is activated by 2-methylthioATP = ATP > -methyleneATP (-meATP). None of these 

agonists is selective for the P2X1 receptor and all activate numerous other P2X and P2Y receptor 

subtypes. -meATP was initially thought to act only at homomeric P2X1 and P2X3 receptors and 

heteromeric P2X2/3 receptors, but was subsequently shown to also activate homomeric P2X5, 

P2X6 and P2X4 (though in a species-dependent manner) receptors and heteromeric P2X4/6 (Lê et 

al., 1998) and P2X1/5 receptors. Despite much endeavour by synthetic chemists, no selective P2X1 

agonist has been produced (see Khakh et al., 2001; Syed and Kennedy, 2012). 

No antagonists were available when P2X receptors were first characterised in 1985. Shortly 

afterwards, suramin and PPADS were reported be effective, but with low potency and little subtype 

selectivity and both are also antagonists at some of the P2Y receptor subtypes (Abbracchio et al., 

2006). PPADS tends to have a similar potency or be slightly more potent than suramin at P2X 

receptors. Its antagonistic actions tend to develop and reverse slowly and antagonism is generally 

non-competitive. Its ability to inhibit ATP breakdown by ecto-nucleotidases is less than suramin. 

Subsequently, antagonists that are more potent and which have some degree of selectivity for 

individual P2X receptor subtypes have been developed (see Syed and Kennedy, 2012). Suramin and 

PPADS are both large compounds and modifying their structures generated a number of antagonists 

with increased P2X1 selectivity and/or potency, including NF023, NF279 and NF449 from suramin 
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and the PPADS-related derivatives, PPNDS and MRS2220 and MRS2159. The introduction of 

these compounds was a major breakthrough that allowed the physiological functions of P2X 

receptors, including the role of ATP as a cotransmitter in sympathetic and parasympathetic nerves, 

to be studied in detail (Burnstock, 2013; Burnstock and Kennedy, 2011).  

 

2.3. Functional effects of ATP release: excitatory junction potentials (ejps) 

The first functional postjunctional response that can be measured in smooth muscle cells of the vas 

deferens and arteries during sympathetic nerve stimulation is the ejp, a rapid, transient 

depolarisation. Ejps are resistant to -adrenoceptor blockade, but abolished by tetrodotoxin and 

guanethidine, indicating that they are due to stimulation of sympathetic nerves. In most smooth 

muscle tissues exogenous NA and NA released from sympathetic nerves evoke contraction without 

altering the membrane potential of smooth muscle cells. In contrast, ATP evokes rapid transient 

depolarisations or inward currents when cells are held under voltage-clamp, with a time-course that 

mimics that of ejps (see Evans and Kennedy, 1994; Sneddon et al., 1996; McLaren et al., 1998b and 

references therein). Although several explanations were proposed to explain how NA could 

nonetheless mediate ejps, the debate ended when ejps in the guinea-pig vas deferens were clearly 

demonstrated to be inhibited by desensitisation of the P2X1 receptor by ,-meATP (Sneddon and 

Burnstock, 1984), then by suramin (Sneddon, 1992) and PPADS (McLaren et al., 1994). 

Subsequently, Sneddon et al., (2000) showed that the selective P2X1 antagonist, NF023, depressed 

ejps in a rapid, concentration-dependent and reversible manner (Figure 3). The absence of ejps in 

the vas deferens of P2X1 receptor knock-out mice confirmed that they are mediated by P2X1 

receptors (Mulryan et al., 2000). Similar studies using desensitisation of the P2 receptor by ,-

methyleneATP or suramin clearly demonstrated that ejps in arteries are also mediated by ATP (see 

Von Kügelgen et al., 1991; M
c
Laren et al.,1995). 

 

2.4. Functional effects of ATP release: contraction 

When nerve stimulation frequency is high enough, multiple ejps summate and the membrane 

depolarises sufficiently to trigger the opening of voltage-dependent L-type (Cav1.2) Ca
2+

 channels. 

Ca
2+ 

influx also occurs through the P2X1 receptor ion channel, as it permeable to Ca
2+

 ions. 

Concomitantly, NA stimulates 1-adrenoceptors to elicit release of Ca
2+

 stores, via inositol 1,4,5-

trisphosphate (IP3), and the combined rise in cytoplasmic [Ca
2+

], together with Ca
2+

 sensitisation 

(see below), induces contraction. Numerous studies in a variety of species using desensitisation of 

the P2X1 receptor by ,-meATP or antagonists, such as suramin, PPADS and NF023, combined 

with 1-adrenoceptor blockade, show that the initial phasic component of neurogenic contractions 

of the vas deferens is predominantly purinergic, whilst the secondary, tonic phase is predominantly 
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noradrenergic (see Sneddon et al., 1996, 1999). PPADS has also been used to identify a purinergic 

component in neurogenic contractions of human vas deferens (Banks et al., 2006). At rest the vas 

deferens stores sperm and when stimulated by sympathetic nerves they contract to propel sperm into 

the ejaculate. Knockout of P2X1 receptors caused a substantial decrease in the peak amplitude of 

neurogenic contractions of mouse vas deferens, which was associated with a 90% decrease in 

fertility (Mulryan et al., 2000). Simultaneous knockout of 1A-adrenoceptors and P2X1 receptors 

produced total infertility (White et al., 2013). Thus P2X1 receptors clearly play a crucial role in 

male reproductive function. 

 Neurogenic contractions in most blood vessels tend to be monophasic rather than biphasic, so 

the involvement of a non-adrenergic neurotransmitter was not seriously considered for many years. 

Von Kügelegen and Starke, (1985) and Kennedy et al., (1986) reported, however, that a component 

of sympathetic contractions of rabbit ileo-colic and central ear artery respectively, was resistant to 

-adrenoceptor blockade and mediated by ATP. Since then ATP has been identified as a 

cotransmitter in most blood vessels studied. For example, sympathetic nerve-mediated 

vasoconstriction of mouse mesenteric artery was inhibited by ~50% by PPADS and co-application 

of the 1-adrenoceptor antagonist, prazosin, abolished the response (Vial and Evans, 2002). 

Neurogenic ontractions in vessels from P2X1 knockout mice were about 50% of the amplitude of 

those in wild-type animals, unaffected by PPADS and abolished by prazosin. ATP can also act at 

P2Y receptors to elicit vasoconstriction in some arteries (see for example McLaren et al., 1998a, 

Chootip et al., 2002, 2005; Mitchell et al., 2012), but there is no evidence that they play any role in 

neurogenic responses. 

 The contribution of ATP as a vascular cotransmitter is vessel-dependent. In rat tail artery 

neurotransmission is predominantly noradrenergic, with ATP mediating only about 10% of the peak 

response (Bao et al., 1993). This increases to 20-60% in rabbit central ear artery (Kennedy et al., 

1986) and to 100% in rabbit mesenteric artery (Ramme et al., 1987). The contribution of ATP is 

also frequency-dependent, being greater at low than high frequencies and stimulus durations 

(Kennedy et al., 1986; Evans and Cunnane, 1992; Bao et al., 1993). Artery diameter also appears to 

be an important factor in the relative contribution of ATP and NA. In rat small mesenteric arteries 

ATP and P2X1 receptors predominate in neurogenic contractions, whereas NA and 1-

adrenoceptors mediate the response of large mesenteric arteries (Gitterman et al., 2001). In addition, 

the purinergic component of neurogenic vasoconstriction increases at higher arterial pressure 

(Pakdeechote et al., 2007; Rummery et al., 2007). Thus many factors influence the relative 

contributions of NA and ATP to sympathetic nerve-mediated vasoconstriction. 

 

2.5. Signalling mechanisms underlying P2X1 receptor-mediated contractions 
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As noted above, P2X1 receptors are ligand-gated cation channels permeable to Na
+
, K

+
 and Ca

2+
, so 

when activated they mediate depolarisation, which in turn causes an increase in cytoplasmic [Ca
2+

] 

by influx through the receptor pore and/or Cav1.2 voltage-sensitive Ca
2+ 

channels. The relative 

contribution of these mechanisms is, however, tissue-specific. For example, P2X1 receptor-mediated 

vasoconstriction of rat mesenteric artery is independent of Cav1.2 channels and mediated entirely 

via the receptor pore (Gitterman and Evans, 2001). Consistent with these data, knockout of the 

P2X1 receptor abolished the localised, transient rises in [Ca
2+

] evoked by sympathetic nerve 

stimulation in mouse mesenteric artery (Lamont et al., 2006). Similarly, in small arteries of guinea 

pig ileum mucosa Cav1.2 channel blockade did not affect contractions evoked by ,-meATP 

(Galligan et al., 1995). In contrast, the Cav1.2 channel blocker, nifedipine, inhibited P2X1 receptor-

induced vasoconstriction (Omote et al., 1989; Bulloch et al., 1991) in large mesenteric, ileocolic 

and saphenous arteries. Another level of complexity is apparent in rat renal vasculature (Inscho et 

al., 1999, 2001), aorta (Kitajima et al., 1994) and portal vein (Gŕegoire et al., 1993; Pacaud et al., 

1994), where Ca
2+

 influx via Cav1.2 channels triggers Ca
2+

-induced Ca
2+

 release
 
from ryanodine-

sensitive intracellular stores. Thus the mechanisms by which cytoplasmic [Ca
2+

]
 
rises in smooth 

muscle cells following P2X receptor activation varies in a tissue-specific manner.  

 Ca
2+

 initiates smooth muscle contraction by stimulating phosphorylation of myosin light chain 

(MLC). Dephosphorylation of MLC by MLC phosphatase (MLCP) then reverses the contraction. 

The ability of many G protein-coupled receptors to inhibit MLCP and so increase the force/[Ca
2+

] 

ratio of the contractile proteins (Ca
2+

-sensitisation) is well characterised (Somlyo and Somlyo, 

2003). This occurs mainly via the G12/13 G protein stimulating RhoA, a small GTPase that 

activates Rho kinase, which in turn phosphorylates the myosin binding subunit (MYPT) of MLCP 

to depress its phosphatase activity. Intriguingly, the P2X1 receptor, which does not couple directly 

to G proteins, does nonetheless stimulate RhoA (Lecut et al., 2009). The mechanism is unknown, 

but may involve depolarisation and Ca
2+

 influx (Sakurada et al., 2003). Furthermore, a Rho kinase 

inhibitor, Y27632, depressed the amplitude of contractions evoked by sympathetic nerve 

stimulation, ,-meATP and -adrenoceptor agonists in mouse vas deferens (Büyükafsar at al., 

2003) and rat tail artery (Yeoh and Brock, 2005). Y27632 also inhibited contractions of rat (Amobi 

et al., 2006) and human (Amobi et al., 2012) vas deferens and rat kidney afferent arterioles elicited 

by ,-meATP (Inscho et al., 2009). Thus Ca
2+

-sensitisation via Rho kinase is activated 

downstream of P2X1 receptor stimulation and contributes to the neurotransmitter actions of ATP. 

 

2.6. Purinergic neurotransmission in hypertension 

Hypertension is recognised as a major health issue, which if uncorrected leads to cardiovascular 

complications such as increased probability of stroke, myocardial infarction and heart failure. Apart 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22B%C3%BCy%C3%BCkaf%C5%9Far%20K%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22B%C3%BCy%C3%BCkaf%C5%9Far%20K%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
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from a few cases, the underlying cause of hypertension is unknown and although many factors have 

been suggested to contribute to the genesis of the disease it is, in general, difficult to determine if 

these factors are caused by, rather than the cause of hypertension. In most cases of essential 

hypertension, elevated arterial blood pressure is associated with increased peripheral vascular 

resistance and it has been suggested that an enhanced activity of sympathetic nerves and adaptive 

structural changes in the vessel wall are important components in this change. 

 If sympathetic nerve activity is increased in hypertension then it would be reasonable to 

expect that ATP's cotransmitter role would be increased and this has been investigated in a small 

number of studies using spontaneously hypertensive rats (SHR). Initial reports indicated an 

increased contribution by neuronally-released ATP to neurogenic contractions of SHR tail artery 

compared with control animals (Vidal et al., 1986), but this was not confirmed in subsequent studies 

(Dalziel et al., 1989; Muir and Wardle, 1989). More recently, Goonetilleke et al., (2013) reported 

that the membrane potential of mesenteric artery smooth muscle cells was similar in normotensive 

and SHR animals, but sympathetic nerve stimulation evoked larger ejps, with greater facilitation in 

the latter.A greater purinergic component of neurotransmission has also been seen in vessels from a 

hypertensive rabbit model (Bulloch and McGrath, 1992). Thus there are indications of an increased 

contribution of ATP to control of blood pressure in hypertension, but more research is needed. 

 

2.7. Termination of the neurotransmitter actions of ATP: ecto-nucleotidases 

The neurotransmitter actions of NA are terminated by uptake back into sympathetic nerves via a 

well-characterised transporter. In contrast, ATP is rapidly broken down in the synapse (Evans and 

Kennedy, 1994; Kennedy and Leff, 1995) and the majority of ATP released is detected as adenosine 

(Todorov et al., 1996). Four extracellular, membrane-bound ecto-nucleoside triphosphate 

diphosphohydrolases (NTPDase1,2,3 and 8), two ecto-nucleotide 

pyrophosphatases/phosphodiesterases (NPP1 and 3) and an ecto-5′-nucleotidase have been 

identified, which dephosphorylate ATP to ADP, AMP and adenosine (Robson et al., 2006). At 

present, the only useful inhibitor of these enzymes is ARL 67156, which was developed before they 

were cloned (see Sneddon et al., 1999 and references therein). ARL 67156 competitively inhibits 

human NTPDase1 and 3 and NPP1 with moderate potency and is less effective against NTPDase2 

and 8, NPP3 and ecto-5′-nucleotidase (Lévesque et al., 2007). 

 These ecto-enzymes are ubiquitous in smooth muscle tissues and have long been thought to 

limit the contractile activity of ATP. Indeed, knockout of NTPDase1 greatly increased both the 

potency of ATP in mouse aorta and the maximum contraction amplitude (Kauffenstein et al., 2010). 

In guinea-pig vas deferens ARL 67156 rapidly and reversibly doubled the amplitude of the initial 

phasic sympathetic contraction, both in the absence and presence of the 1-adrenoceptor antagonist 
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prazosin (Westfall et al., 1996a) (Figure 4a). In the presence of ARL 67156 the peak response to 

exogenous ATP was increased by over 60%, but that to ,-meATP was unchanged (Figure 4b), 

consistent with selective inhibition of ATP breakdown. Furthermore, ARL 67156 enhanced ATP 

overflow during sympathetic nerve stimulation by nearly 700% compared to control and increased 

ejp amplitude, such that ejps often reached threshold for initiation of action potentials and muscle 

contraction (Sneddon et al., 2000). After the P2X1 antagonist, NF023, had suppressed ejps, co-

addition of ARL 67156 significantly increased their magnitude. Thus ecto-enzymes clearly 

terminate the neurotransmitter actions of ATP, but the contribution of the individual enzyme 

subtypes remains to be determined. 

 

2.8. Termination of the neurotransmitter actions of ATP: soluble nucleotidases 

An exciting development in this area is the discovery that in addition to the established ecto-

enzymes on the smooth muscle membrane, stimulation of the sympathetic nerves releases soluble 

nucleotidases into the extracellular space (Kennedy et al., 1997b; Todorov et al., 1997). When 

guinea-pig vas deferens was superfused, superfusate collected before nerve stimulation did not 

contain nucleotidase activity. In contrast, samples of superfusate taken during nerve stimulation had 

substantial nucleotidase activity that broke down about 90% of exogenously-added ATP. This was 

inhibited by adding Cd
2+

 to, or omitting Ca
2+

 from, the superfusate during nerve stimulation, 

consistent with vesicular release of a factor that promotes ATP breakdown. Exogenous NA, ATP 

and ,-meATP, each caused large contractions of the vas deferens, but did not release 

nucleotidases into the superfusate. The nucleotidase activity was abolished by incubation at 80°C or 

pH 4.0, greatly reduced by incubation at 4°C, but unaffected by inhibitors of intracellular ATPases, 

suggesting that “leakage” of these enzymes into the superfusate during stimulation does not 

contribute to the nucleotidase activity in the superfusate. ARL 67156 reduced ATP breakdown in 

the superfusate samples from stimulated tissues by about 50%. 

 The nucleotidase released from guinea-pig vas deferens metabolised ATP at similar rates at 

37°C and 20°C (Westfall et al., 2000b). Lineweaver-Burke analysis of the initial rates of ATP 

hydrolysis gave a KM of 39 µM and Vmax of 1039 pmol ATP metabolised min
-1

.ml
-1

 superfusate. 

ARL 67156 inhibited ATP breakdown in a concentration-dependent manner with 50% inhibition 

produced by ~30 µM. Similar nucleotidase activity was also released during sympathetic nerve 

stimulation of rat, mouse (Westfall et al., 2000b) and rabbit (Westfall et al., 2000a) vas deferens. 

Thus the enzyme has pharmacological and kinetic characteristics that are similar to NTPDases. 

 As yet, the molecular identities of the nucleotidases released by nerve stimulation that 

promoted hydrolysis of ATP to ADP, AMP and adenosine have not been determined. Indeed, it is 

not known if ATP metabolism is mediated by a single enzyme or by several enzymes with different 
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specificities. The physiological significance of the releasable nucleotidase(s) also remains to be 

established and a number of questions are raised by such a mechanism. How is the nucleotidase 

stored and released? Does it come only from the nerve, or also from other sites? If it is stored in 

neurotransmitter vesicles in the nerve terminal, how could ATP be stored in the same site? What is 

the relative importance of the releasable nucleotidase and the membrane bound ecto- nucleotidases 

located on the smooth muscle surface in inactivation of ATP during purinergic neurotransmission? 

If potent, selective inhibitors of the releasable ATPase can be identified then the physiological 

significance of these enzymes in modulating purinergic neurotransmission could be determined. 

 

3. ATP and ACh as parasympathetic neurotransmitters 

3.1 ATP storage in and release from parasympathetic nerves. 

Parasympathetic nerves provide the major excitatory innervation to the urinary bladder and mediate 

contraction of the detrusor smooth muscle, which causes voiding of urine (de Groat and Yoshimura, 

2001; Andersson and Wein, 2004, Fry et al., 2005; Burnstock, 2014). The classical neurotransmitter 

released by these nerves is ACh, which acts at postjunctional muscarinic receptors and these are the 

main target for drugs currently used to treat dysfunctional bladder. As long ago as the 19
th

 century, 

however, a large component of parasympathetic contractions of the urinary bladder of many species 

was recognised to be resistant to the muscarinic receptor antagonist atropine (Langley and 

Anderson, 1895) and substantial evidence supports a neurotransmitter role for ATP (Figure 5).  

 Nerve stimulation-evoked release of ATP occurs in the urinary bladder of many species (see 

Burnstock, 2014; Mutafova-Yambolieva and Durnin, 2014). Multiple subtypes of voltage-

dependent Ca
2+

 channels mediate release of ATP and ACh from parasympathetic nerves and in a 

species-dependent manner. In mouse urinary bladder, ATP release involves predominantly P/Q-type 

Ca
2+

 channels, whilst ACh release depends primarily on N-type and to a lesser extent on P/Q-type 

Ca
2+

 channels (Waterman, 1996). Interestingly, P/Q-type Ca
2+

 channels appear to have a negligible 

role in either ATP or ACh release in rat (Frew and Lundy, 1995). Consistent with this, ACh release 

depends more on N-type Ca
2+

 channels than does ATP release in both rat (Maggi, 1991) and rabbit 

(Zygmunt et al., 1993) urinary bladder. Also, in guinea-pig, both purinergic ejps and contractions 

were substantially inhibited by N-type Ca
2+

 channel blockade (Maggi et al., 1988; Bramich and 

Brading, 1996). Which type of Ca
2+

 channel mediates the remainder of the responses remains to be 

determined, but presynaptic L-type Ca
2+

 channels are not involved (Hashitani and Suzuki, 1995). 

 

3.2. Functional effects of ATP release: ejps 

The initial response seen on stimulation of parasympathetic nerves is ejps in the postjunctional 

smooth muscle cells of the urinary bladder. In the guinea-pig these are resistant to atropine, but 
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blocked by desensitisation of the P2X1 receptor by ,-meATP (Fujii, 1988; Brading and Mostwin, 

1989; Creed et al., 1994; Bramich and Brading, 1996) and by suramin (Hashitani and Suzuki, 

1995). Similar effects are seen in the urinary bladder of rabbit (Hoyle and Burnstock, 1985; Fujii, 

1988; Creed et al., 1994), pig (Fujii, 1988) and sheep (Creed et al., 1994). 

 

3.3. Functional effects of ATP release: contractions 

Contractions of urinary bladder smooth muscle evoked by parasympathetic nerve stimulation are 

biphasic, although the two phases are not as well defined temporarily as in the vas deferens or as 

well maintained as in the vas deferens or blood vessels. A rapid transient contraction is followed by 

an irregular contraction, which tends to decay rather than reach a steady level. In most species the 

ejps summate to evoke depolarisation (Young et al., 2008), Ca
2+

 influx (Heppner et al., 2005, 2009), 

Ca
2+

-sensitisation via Rho kinase (Wibberley et al., 2003) and contraction, similar to as described 

above in the vas deferens. In 1983, Kasakov and Burnstock showed that the atropine-resistant 

component of neurogenic contractions in guinea-pig was abolished by desensitisation of P2X1 

receptors by -meATP. This was confirmed by Brading and Mostwin, (1989) and Kennedy et al., 

(2007) (Figure 6) and subsequently, the non-cholinergic component was also shown to be depressed 

by suramin and PPADS (Hoyle et al., 1990; Creed et al., 1994; Ziganshin et al., 2002). Similar 

inhibitory effects were seen in the urinary bladder of rat (Brading and Williams, 1990; Luheshi and 

Zar, 1990; Parija et al., 1991), rabbit (Longhurst et al., 1995; Sneddon and McLees, 1992; 

Ziganshin et al., 1993; Creed et al., 1994), mouse (Waterman, 1996; Heppner et al., 2009) and ferret 

(Moss and Burnstock, 1985). These studies were all carried out on bladder muscle strips in vitro.  

Several studies have confirmed that ATP and ACh also function as excitatory cotransmitters in vivo, 

in pithed rats (Hegde et al., 1998), in anaesthetised guinea-pigs (Peterson and Noronha-Blob, 1989) 

and rabbits (Levin et al., 1986) and even in unanaesthetised rats (Igawa et al., 1993). 

 It was noticeable in these studies that PPADS and suramin tended to be less effective than 

-meATP, so we studied their actions in guinea-pig urinary bladder in more detail (Kennedy et 

al., 2007). Initially we confirmed that atropine-resistant contractions induced by parasympathetic 

nerve stimulation were abolished by prolonged administration of -meATP. In contrast, although 

PPADS and suramin inhibited the contractions in a concentration-dependent manner, the peak was 

only depressed by 50-60% (Figure 7). The remaining responses were abolished by tetrodotoxin, 

confirming their neurogenic origin. Contractions evoked by -meATP were abolished by both 

antagonists (Figures 7, 8a), confirming that PPADS and suramin fully blocked P2X1 receptors at 

the concentrations used. In contrast, the peak response to ATP was reduced by only 40-50% (Figure 

7, 8b). Finally, in the presence of atropine, PPADS and suramin also failed to abolish neurogenic 

contractions of mouse urinary bladder, showing that these effects were not species-dependent. 
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 That PPADS and suramin did not abolish the non-cholinergic component of 

neurotransmission and contractions evoked by exogenous ATP was unexpected. ATP is much less 

selective than -meATP for P2X1 receptors and so these data indicate the presence of a further 

contractile P2 receptor that is activated by ATP, but not -meATP and which is insensitive to 

PPADS and suramin. We, therefore, investigated the effects of other P2 receptor antagonists. At 

concentrations that abolished contractions evoked by -meATP, so indicating complete blockade 

of P2X1 receptors, reactive blue 2, NF279, MRS2159  and NF449, like PPADS and suramin  

reduced, but did not abolish the atropine-resistant component of neurogenic contractions (Figure 

9a). The contractions evoked by ATP were also partially resistant to each of the antagonists (Figure 

9b). Notably, all of the antagonists used abolished the non-adrenergic component of neurogenic 

contractions of the guinea-pig vas deferens (Kennedy et al., 2007). 

 That the non-cholinergic neurogenic contractions were not abolished by P2X1 receptor 

antagonists was initially a surprise, but re-examination of earlier studies shows that the data 

reported therein are, in fact, consistent with our findings. High concentrations of PPADS (Ziganshin 

et al., 2002) and suramin (Hoyle et al., 1990) inhibited contractions in guinea-pig by 30-40%. 

Similar effects were seen in rabbit (Ziganshin et al., 1993; Creed et al., 1994), rat (Tong et al., 1997; 

Hegde et al., 1998; Benkó et al., 2003; Knight and Burnstock, 2004) and sheep (Creed et al., 1994). 

The inability of P2X1 receptor antagonists to abolish contractions evoked by ATP was also reported 

in rat (Bolego et al., 1995; Benkó et al., 2003). The atropine- and P2X1 receptor antagonist-resistant 

component was more apparent in our study because we constructed full concentration-inhibition 

curves for each antagonist, whereas the previous studies used fewer concentrations of antagonist.  

 

3.4. Functional effects of ATP release: a 2
nd

 site of action of ATP? 

These results confirm that ATP, acting via P2X1 receptors, and ACh acting through muscarinic 

receptors, are excitatory cotransmitters in guinea-pig and mouse urinary bladder. They also identify 

a third component of the neurogenic contraction, which is resistant to both atropine and P2X1 

antagonists. This response was not due to direct electrical stimulation of smooth muscle, as 

tetrodotoxin  abolished all contractions, neuropeptides released from sensory nerves, as they play no 

role in neurogenic contractions in guinea-pig urinary bladder, or adenosine, produced by breakdown 

of ATP, as adenosine induces relaxation of detrusor smooth muscle and inhibits contractions 

elicited by ATP (see Kennedy et al., 2007). Contractions evoked by exogenous ATP are also partly 

resistant to P2X1 antagonists, indicating that two functional P2 receptor subtypes are expressed in 

detrusor smooth muscle. Consistent with this, the concentration-response curve to ATP in this tissue 

(Welford et al., 1987; Kennedy, unpublished data) and in humans (Hoyle et al., 1989) is biphasic.  

 The identity of the P2X1 antagonist-resistant receptor is unclear, but all other known P2X 
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receptors, except for the P2X4, are sensitive to at least one of the antagonists used in this study 

(Khakh et al., 2001; Burnstock and Kennedy, 2011; Kennedy et al., 2013). The P2X4 homomer is 

probably not involved, as suramin abolished the purinergic ejps in guinea-pig (Hashitani and 

Suzuki, 1995) and knockout  of the P2X1 subunit abolished non-cholinergic, neurogenic 

contractions and responses to exogenous ATP in the mouse (Vial and Evans, 2000) (although a 

crucial role of P2X1 subunits in trafficking of P2X4 subunits to the plasma membrane cannot be 

ruled out). A role for a P2X1+4 heteromer can, however, be considered. P2X1 and P2X4 subunits 

co-injected into Xenopus oocytes copurify and form a novel functional phenotype, at which -

meATP is a weak partial agonist (Nicke et al., 2005). This could explain the ability of -meATP 

to inhibit the P2X1 antagonist-insensitive component of contractions to EFS and ATP. The 

sensitivity of the P2X1+4 heteromer to suramin was much greater, however, than that of the P2X4 

homomer, although a full concentration-inhibition curve was not constructed. Thus more studies are 

required to determine the involvement of P2X4 subunits in parasympathetic neurotransmission. 

 It is unlikely that P2Y receptors mediate the P2X antagonist-resistant responses, even though 

P2Y receptor agonists induce contraction of guinea-pig (Bailey and Hourani, 1994) and rat (Bolego 

et al., 1995; Naramatsu et al., 1997) bladder. Of the eight cloned P2Y receptors, ATP is an agonist 

at the P2Y1, P2Y2, P2Y4 and P2Y11 subtypes, but suramin and/or PPADS antagonise each of these 

(Abbracchio et al., 2006). Furthermore, suramin abolished contractions in the guinea-pig evoked by 

several agonists active at a range of P2Y receptors, but only partially inhibited those to ATP (Bailey 

and Hourani, 1994). Additionally, contractions of rat detrusor were evoked by UTP, which acts at 

several ATP-sensitive P2Y receptors, were unaffected by prolonged exposure to -meATP 

(Bolego et al., 1995). Further experiments on guinea-pig recombinant P2Y receptors, once cloned, 

are needed to confirm that P2Y receptors are not involved in parasympathetic neurotransmission. 

 

3.5. Termination of the neurotransmitter actions of ATP 

ACh and ATP are both inactivated by breakdown by ecto-enzymes in the synapse. ACh is degraded 

by acetylcholinesterase. Similar to the vas deferens, ATP can be sequentially dephosphorylated to 

adenosine by ecto- and soluble nucleotidases released during parasympathetic nerve stimulation 

(Westfall et al., 1997, 2000b). ARL 67156 potentiated the purinergic component of neurogenic 

contractions and increased the amplitude of contractions to exogenous ATP, but had no effect on 

the response to -meATP (Westfall et al., 1997). 

 

3.6. Functional effects of ATP release: human urinary bladder 

As discussed above, in most species tested, neurogenic contractions of the urinary bladder comprise 

of cholinergic and non-cholinergic components. In humans, baboons and rheusus monkeys (i.e. new 
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world primates), however, neurogenic contractions are abolished or virtually abolished by blockade 

of muscarinic receptors (Burnstock, 2014; Andersson and Wein, 2004, Fry et al., 2005). The M3-

muscarinic receptor mediates the neurotransmitter action of ACh via IP3, Ca
2+

 release and Ca
2+

-

sensitisation and these receptors are the main target for drugs currently used to treat dysfunctional 

bladder (de Groat and Yoshimura, 2001; Andersson and Wein, 2004, Fry et al., 2005). The lack of 

function for ATP in human urinary bladder is not due to the absence of P2X receptors. The human 

P2X1 receptor was first isolated from this tissue and exogenous ,-meATP and ATP cause 

contraction of bladder muscle strips (Husted et al., 1983; Hoyle et al., 1989; Palea et al., 1994). 

 

3.7. Parasympathetic neurotransmission in the human urinary bladder: pathological conditions 

Given that ACh is the sole excitatory neurotransmitter in the healthy human urinary bladder, what is 

the relevance of ATP and P2X receptors to humans? The potential importance is due to the 

appearance of atropine-resistant contractions in unhealthy human bladder conditions, such as 

interstitial cystitis (IC) and idiopathic detrusor instability (IDI) or overactive bladder syndrome (see 

Fry et al., 2005; Burnstock, 2014). These are chronic bladder disorders, which involve pain in the 

bladder and pelvic musculature and bladder motor dysfunction. Their aetiology is unknown, but 

they are probably multi-factorial. Purinergic neurotransmission is discussed in detail elsewhere in 

this issue, so several important findings will be highlighted here. 

 In muscle strips prepared from patients suffering from IC, more than 50% of the electrically-

evoked contraction was atropine-resistant (Palea et al., 1993). These contractions were abolished by 

prolonged exposure to -meATP and so assumed to be mediated by ATP and P2X1 receptors, but 

this has not been confirmed using P2X1 receptor antagonists. Both exogenous ACh and histamine 

had a lower contractile potency in the affected tissue compared with controls. ,-meATP was, 

however, more potent in the tissues from IC patients. Similarly, -meATP inhibited atropine-

resistant contractions in muscle strips obtained from patients with unstable bladders, IDI, 

neurogenic detrusor overactivity or bladder outlet obstruction, though in these tissues there was no 

change in the potency of ATP (Bayliss et al., 1999; O’Reilly et al., 2002; Fry et al., 2011). Whilst 

P2X1 is the main P2X subunit present in human detrusor smooth muscle, its expression is 

unchanged in dysfunctional bladder (Moore et al., 2001; O’Reilly et al., 2002; Chua et al., 2007), 

although an increase in P2X1 mRNA was apparent in samples from patients with symptomatic 

outlet obstruction (O’Reilly et al., 2001). It is notable that the P2X4 subunit is also expressed and its 

colocalisation with nerve varicosities more than doubles in tissue from adults with IDI (Moore et 

al., 2001; O’Reilly et al., 2002). Interestingly, pregnancy in rats is also associated with an increase 

in P2X4 subunit junctional clustering (Yunaev et al., 2000) and the PPADS-sensitive component of 

neurogenic contractions is smaller in pregnant rats (Knight and Burnstock, 2004).  
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 In humans the atropine-resistant component of neurogenic contractions increases with age as 

does the nerve stimulation-evoked release of ATP (Yoshida et al., 2001, 2004) (but see Fry et al., 

2011). The change in bladder function in ageing has also been studied in the rat urinary bladder, 

where contractions to ACh and several other contractile agents were found to be similar in young 

and old rats (Saito et al., 1991). The potency of ATP, NA and 5-HT was, however, significantly 

greater in the older rats. Thus it was suggested that this might contribute to the development of an 

unstable bladder in elderly people. 

 Alternative explanations for the appearance of a purinergic component of parasympathetic 

neurotransmission in human urinary bladder include that more ATP is released from motor nerves 

and that ATP is broken down less effectively in the synapse (Fry et al., 2005). To these must be 

added the possibility that the purinergic component is not mediated by the P2X1 receptor alone and 

the novel P2X1+4 component postulated by Kennedy et al (2007) plays a role. Dysfunction of the 

urinary bladder is a major and ever expanding condition for which highly effective therapeutic 

options are still limited (de Groat and Yoshimura, 2001; Andersson and Wein, 2004, Fry et al., 

2005), so this has important implications for the search for new drugs to treat dysfunctional bladder 

as it identifies a new therapeutic target for what is a major and expanding therapeutic problem. 

Furthermore, a receptor that is only functional in dysfunctional urinary bladder is an attractive 

target for drug development. 

 

4. Conclusion 

The concept of purinergic cotransmission was controversial when first proposed in the 1970s, but it 

is now accepted to be the norm rather than the exception for nerves in the peripheral nervous 

system. ATP clearly has a major role as an excitatory cotransmitter in both sympathetic and 

parasympathetic nerves, but the clinical implications of these roles have not yet been resolved. In 

part, this is due to a lack of highly selective and potent antagonists for the P2 receptors which 

mediate the actions of ATP in visceral and vascular smooth muscle. Currently, the most promising 

possibility is an involvement of ATP and P2 receptors in pathological dysfunctions of the urinary 

bladder. Clearly, more work is necessary to confirm such an involvement, but the studies discussed 

above do suggest that this may be a rewarding area of research. 

 

Acknowledgements 

Studies described were supported by grants from the Wellcome Trust, Astra plc, the Carnegie Trust, 

the Scottish Hospitals Endowment Research Trust and Tenovus Scotland. 

 

References 



 19 

Abbracchio MP, Burnstock G, Boeynaems JM, Barnard EA, Boyer JL, Kennedy C, Fumagali M, 

Gachet C, Jacobson KA & Weisman GA (2006). International Union of Pharmacology. 

Update of the P2Y G protein-coupled nucleotide receptors: from molecular mechanisms and 

pathophysiology to therapy. Pharmacol Rev 58, 281-341. 

Abbracchio, M.P., Burnstock, G., Boeynaems, J.M., Barnard, E.A., Boyer, J.L., Kennedy, C., 

Miras-Portugal, M.T., King, B.F. Gachet, C., Jacobson, K.A. & Weisman, G.A. (2005). The 

recently deorphanized GPR80 (GPR99) proposed to be the P2Y15 receptor is not a genuine 

P2Y receptor.  Trends Pharmacol. Sci., 26, 8-9. 

Amobi, N.I., Chung I.P. & Smith I.C. (2006). Attenuation of contractility in rat epididymal vas 

deferens by Rho kinase inhibitors. Auton. Autacoid Pharmacol., 26, 169-181. 

Amobi, N.I., Guillebaud, J. & Smith I.C. (2012). Perspective on the role of P2X-purinoceptor 

activation in human vas deferens contractility. Exp. Physiol., 97, 583-602. 

Andersson KE & Wein AJ (2004). Pharmacology of the lower urinary tract: basis for current and 

future treatments of urinary incontinence. Pharmacol Rev 56, 581-631. 

Antonio LS, Stewart AP, Varanda WA & Edwardson JM. (2014). Identification of 

P2X2/P2X4/P2X6 heterotrimeric receptors using atomic force microscopy (AFM) imaging. 

FEBS Lett. 588, 2125-2128. 

Bailey SJ & Hourani SMO (1994). Differential effects of suramin on P2-purinoceptors mediating 

contraction of the guinea-pig vas deferens and urinary bladder. Br J Pharmacol 112, 219-225. 

Banks, F.C., Knight, G.E., Calvert, R.C., Thompson, C.S., Morgan R.J. & Burnstock G. (2006). 

The purinergic component of human vas deferens contraction. Fertil. Steril., 85, 932-939. 

Bao JX (1993). Sympathetic neuromuscular transmission in rat tail artery: a study based on 

electrochemical, electrophysiological and mechanical  recording. Acta Physiol Scand 148 

Suppl 610, 1-58. 

Bartlett R, Stokes L & Sluyter R. (2014). The P2X7 receptor channel: recent developments and 

the use of P2X7 antagonists in models of disease. Pharmacol. Rev., 66, 638-75.  

Bayliss M, Wu C, Newgreen D, Mundy AR & Fry CH. (1999). A quantitative study of atropine-

resistant contractile responses in human detrusor smooth muscle, from stable, unstable and 

obstructed bladders. J. Urol. 162, 1833-1839. 

Benkó R, Lázár Z, Pórszász R, Somogyi GT & Barthó L (2003). Effect of experimental diabetes 

on cholinergic, purinergic and peptidergic motor responses of the isolated rat bladder to 

electrical field stimulation or capsaicin. Eur J Pharmacol 478, 73-80. 

Bolego C, Pinna C, Abbracchio MP, Cattabeni F & Puglisi L (1995). The biphasic response of rat 

vesical smooth muscle to ATP. Br J Pharmacol 114, 1557-1562. 

Brading AF & Mostwin JL (1989). Electrical and mechanical responses of guinea-pig bladder 



 20 

muscle to nerve stimulation. Br J Pharmacol 98, 1083-1090. 

Brading AF & Williams JH (1990). Contractile responses of smooth muscle strips from rat and 

guinea-pig urinary bladder to transmural stimulation: effects of atropine and ,-methylene 

ATP. Br J Pharmacol 99, 493-498. 

Bramich NJ & Brading AF (1996). Electrical properties of smooth muscle in the guinea-pig 

urinary bladder. J Physiol 492, 185-198. 

Brock JA & Cunnane TC (1987). Relationship between the nerve action potential and transmitter 

release from sympathetic postganglionic nerve terminals. Nature 326, 605-607. 

Brock JA & Cunnane TC (1988). Electrical activity at the sympathetic neuroeffector junction in 

the guinea-pig vas deferens. J Physiol 399, 607-632. 

Brock JA & Cunnane TC (1999). Effects of Ca
2+

 concentration and Ca
2+

 channel blockers on 

noradrenaline release and purinergic neuroeffector transmission in rat tail artery. Br J 

Pharmacol 126, 11-18. 

Bulloch, J.M., MacDonald, A. & McGrath, J.C. (1991). Different sensitivities of rabbit isolated 

blood vessels exhibiting co-transmission to the slow calcium channel blocker, nifedipine. Br. 

J. Pharmacol., 103, 1685−1690.  

Bulloch JM, McGrath JC. (1992)  Evidence for increased purinergic contribution in hypertensive 

blood vessels exhibiting cotransmission. Br J Pharmacol 107, 145P. 

Büyükafşar K, Levent A & Ark M. (2003). Expression of Rho-kinase and its functional role in the 

contractile activity of the mouse vas deferens. Br J Pharmacol. 140, 743-749. 

Burnstock G (1972). Purinergic nerves. Pharmacol Rev 24, 509-581. 

Burnstock G (1976). Do some nerve cells release more than transmitter? Neurosci 1, 239-248. 

Burnstock G. (2013). Cotransmission in the autonomic nervous system. Handb Clin Neurol. 117, 

23-35. 

Burnstock G. (2014). Purinergic signalling in the urinary tract in health and disease. Pur. Sig., 10, 

103-155. 

Burnstock, G. & Kennedy, C. (1985). Is there a basis for distinguishing two types of P2-

purinoceptor? Gen. Pharmacol., 16, 433-440. 

Burnstock G & Kennedy C (1986). A dual function for adenosine 5'-triphosphate in the regulation 

of vascular tone. Excitatory cotransmitter with noradrenaline from perivascular nerves and 

locally released inhibitory intravascular agent. Circ Res 58, 319-330. 

Burnstock, G. & Kennedy, C. (2011). P2X receptors in health and disease. Adv. Pharmacol., 61, 

333-372. 

Burnstock G & Knight GE. (2004). Cellular distribution and functions of P2 receptor subtypes in 

different systems. Int Rev Cytol. 240, 31-304. 



 21 

Chootip, K., Gurney, A.M. & Kennedy, C. (2005). Multiple P2Y receptors couple to calcium-

dependent, chloride channels in smooth muscle cells of the rat pulmonary artery. Resp. Res., 

6, 124. 

Chootip, K., Ness, K.F., Wang, Y., Gurney, A.M. & Kennedy, C. (2002). Regional variation in P2 

receptor expression in the rat pulmonary arterial circulation. Br. J. Pharmacol., 137, 637-646. 

Chua WC1, Liu L, Mansfield KJ, Vaux KJ, Moore KH, Millard RJ & Burcher E. (2007). Age-

related changes of P2X1 receptor mRNA in the bladder detrusor from men with and without 

bladder outlet obstruction. Exp Gerontol. 42, 686-692. 

Creed KE, Callahan SM & Ito Y (1994). Excitatory neurotransmission in the mammalian bladder 

and the effects of suramin. Br J Urol 74, 736-743. 

Cunnane TC & Stjärne L (1984). Transmitter secretion from individual varicosities of guinea-pig 

and mouse vas deferens: highly intermittent and monoquantal. Neurosci 13, 1-20. 

Dalziel HH, Machaly M & Sneddon P. (1989). Comparison of the purinergic contribution to 

sympathetic vascular responses in SHR and WKY rats in vitro and in vivo. Eur J Pharmacol 

173, 19-26. 

De Groat WC & Yoshimura N (2001). Pharmacology of the lower urinary tract. Ann Rev 

Pharmacol Toxicol 41, 691-721. 

Donoso, M.V., Norambuena, A., Navarrete, C., Poblete, I., Velasco, A. & Huidobro-Toro J.P. 

(2014). P2X1 receptors localized in lipid rafts mediate ATP motor responses in the human vas 

deferens longitudinal muscles. Biol. Reprod., 90, 23. doi: 10.1095/biolreprod.113.109660. 

Ellis JL & Burnstock G. (1989). Angiotensin neuromodulation of adrenergic and purinergic co-

transmission in the guinea-pig vas deferens. Br J Pharmacol 97, 1157-1164. 

Ellis JL, Burnstock G. (1990). Modulation by prostaglandin E2 of ATP and noradrenaline co-

transmission in the guinea-pig vas deferens. J Auton Pharmacol, 10, 363-372. 

Evans, R.J. & Cunnane, T.C. (1992). Relative contributions of ATP and noradrenaline to the 

nerve evoked contraction of the rabbit jejunal artery: dependence on stimulation parameters. 

Naunyn Schmiedeberg Arch. Pharmacol., 345, 424-430. 

Evans RJ & Kennedy C (1994). Characterisation of P2-purinoceptors in the smooth muscle of the 

rat tail artery; a comparison between contractile and electrophysiological responses. Br J 

Pharmacol 113, 853-860. 

Frew R, Lundy & Paul M (1995). A role for Q type Ca
2+

 
 
channels in neurotransmission in the rat 

urinary bladder. Br  J Pharmacol 116, 1595-1598. 

Fry CH, Brading AF, Hussain M, Lewis SA, Takeda M, Tuttle JB, Uvelius B, Wood DN & Drake 

M (2005). Cell biology. In: Incontinence (Abrams P, Cardozo L, Khoury S, Wein A, ed), 

pp313-362. Plymouth, UK: Health Publications. 



 22 

Fry, C.H., Bayliss, M., Young, J.S. & Hussain, M. (2011). Influence of age and bladder 

dysfunction on the contractile properties of isolated human detrusor smooth muscle. BJU Int 

108, E91–E96. 

Fujji K (1988). Evidence for adenosine triphosphate as an excitatory transmitter in guinea-pig. 

rabbit and pig urinary bladder. J Physiol 404, 39-52. 

Galligan JJ, Herring A & Harpstead T. (1995). Pharmacological characterisation of purinoceptor-

mediated constriction of submucosal arterioles in guinea-pig ileum. J Pharmacol Exp Ther 

274, 1425-1430. 

Gitterman DP & Evans RJ (2001). Nerve evoked P2X receptor contractions of rat mesenteric 

arteries; dependence on vessel size and lack of role of L-type calcium channels and calcium 

induced calcium release. Br. J Pharmacol., 132, 1201-1208. 

Gonzales, E.B., Kawate, T. & Gouaux, E., (2009). Pore architecture and ion sites in acid-sensing 

ion channels and P2X receptors. Nature 460, 599-604. 

Goonetilleke L, Ralevic V & Dunn WR. (2013). Influence of pressure on adenosine triphosphate 

function as a sympathetic neurotransmitter in small mesenteric arteries from the 

spontaneously hypertensive rat. J Hypertens. 31, 312-320. 

Gŕegoire, G., Loirand, G. & Pacaud, P. (1993). Ca
2+

 and Sr
2+

 entry induced Ca
2+

 release from the 

intracellular Ca
2+

 store in smooth muscle cells of rat portal vein. J. Physiol., 472, 483−500.   

Guile SD, Alcaraz L, Birkinshaw TN, Bowers KC, Ebden MR, Furber M & Stocks MJ (2009). 

Antagonists of the P2X7 receptor. From lead identification to drug development. J. Med. 

Chem 52, 3123-3141. 

Gunosewoyo H & Kassiou M (2010). P2X purinergic receptor ligands: recently patented 

compounds. Exp. Opin. Therap Patents 20, 625-646. 

Hashitani H & Suzuki H (1995). Electrical and mechanical responses produced by nerve 

stimulation in detrusor smooth muscle of the guinea-pig. Eur J Pharmacol 284, 177-183. 

Hattori, M. & Gouaux, E. (2012). Molecular mechanism of ATP binding and ion channel 

activation in P2X receptors. Nature 485, 207-212. 

Hegde SS, Mandel DA, Wilford MR, Briaud S, Ford APDW & Eglen RM (1998). Evidence for 

purinergic neurotransmission in the urinary bladder of pithed rats. Eur J Pharmacol 349, 75-

82. 

Heppner TJ, Bonev AD & Nelson MT. (2005). Elementary purinergic Ca
2+

 transients evoked by 

nerve stimulation in rat urinary bladder smooth muscle. J Physiol. 564, 201-212. 

Heppner TJ, Werner ME, Nausch B, Vial C, Evans RJ & Nelson MT. (2009). Nerve-evoked 

purinergic signalling suppresses action potentials, Ca
2+

 flashes and contractility evoked by 

muscarinic receptor activation in mouse urinary bladder smooth muscle. J Physiol. 587, 5275-



 23 

5288.  

Hoyle CHV & Burnstock G (1985). Atropine-resistant excitatory junction potentials in rabbit 

bladder are blocked by ,-methyleneATP. Eur J Pharmacol 114, 239-240. 

Hoyle CHV, Chapple C & Burnstock G (1989). Isolated human bladder: evidence for an adenine 

dinucleotide acting on P2X purinoceptors and for purinergic transmission. Eur J Pharmacol 

174, 115-118. 

Hoyle CHV, Knight GE & Burnstock G (1990). Suramin antagonizes responses to P2-

purinoceptor agonists and purinergic nerve stimulation in the guinea-pig urinary bladder and 

taenia-coli.  Br J Pharmacol 99, 617-621. 

Husted S, Sjögren C & Andersson KE (1983). Direct effects of adenosine and adenine nucleotides 

on isolated human urinary bladder and their influence on electrically induced contractions. J 

Urol 130, 392-398. 

Igawa Y, Mattiasson A & Karl EA (1993). Functional importance of cholinergic and purinergic 

neurotransmission for micturition contraction in the normal, unanaesthetized rat. Br  J 

Pharmacol 109, 473-479. 

Inscho, E.W. & Cook, A.K. (2001). P2 receptor-mediated afferent arteriolar vasoconstriction 

during calcium blockade. Am. J. Physiol. Renal Physiol., 282, F245-F255. 

Inscho, E.W., Cook, A.K., Webb, R.C. & Jin, L. (2009). Rho-kinase inhibition reduces pressure-

mediated autoregulatory adjustments in afferent arteriolar diameter. Am. J. Physiol. Renal 

Physiol., 296, F590-F597.  

Inscho, E.W., LeBlane, E.A., Pham, B.T., White, S.M. & Imig, J.D. (1999). Purinoceptor-

mediated calcium signalling in preglomerular smooth muscle cells. Hypertension, 33, 195-

200. 

Kasakov L & Burnstock G (1983). The use of the slowly degradable analog ,-methyleneATP, 

to produce desensitisation of the P2-purinoceptor: effect on non-adrenergic, non-cholinergic 

responses of the guinea-pig urinary bladder. Eur J Pharmacol 86, 291-294. 

Katsuragi T, Tokunaga T, Ogawa S, Osamu S, Chiemi S & Furukawa T (1991). Existence of 

ATP-evoked ATP release system in smooth muscles.  J Pharmacol Exp Ther 259, 513-518. 

Kauffenstein G, Drouin A, Thorin-Trescases N, Bachelard H, Robaye B, D'Orléans-Juste P, 

Marceau F, Thorin E, Sévigny J. (2010). NTPDase1 (CD39) controls nucleotide-dependent 

vasoconstriction in mouse. Card. Res., 85, 204-213. 

Kawate, T., Michel, J.C., Birdsong, W.T. & Gouaux, E., (2009). Crystal structure of the ATP-

gated P2X4 ion channel in the closed state. Nature 460, 592-598. 

Kennedy, C., Chootip, K., Mitchell, C., Syed, N.H. & Tengah, A. (2013). P2X and P2Y 

nucleotide receptors as targets in cardiovascular disease. Future Med. Chem., 5, 431-439. 



 24 

Kennedy C & Leff P (1995). How should P2X-purinoceptors be characterised pharmacologically? 

Trends Pharmacol Sci 16, 168-174. 

Kennedy C, McLaren GJ & Sneddon P (1997a). ATP as a cotransmitter with noradrenaline in 

sympathetic nerves - a target for hypertensive therapy? In: Jacobson K, Jarvis M (eds) 

Purinergic Approaches in Experimental Therapeutics. John Wiley, New York, pp173-184. 

Kennedy C, Saville V & Burnstock G (1986). The contributions of noradrenaline and ATP to the 

responses of the rabbit central ear artery to sympathetic nerve stimulation depend on the 

parameters of stimulation.  Eur J Pharmacol 122, 291-300. 

Kennedy, C., Tasker, P., Gallagher G. & Westfall, T.D. (2007). Identification of atropine- and 

P2X1 receptor antagonist-resistant, neurogenic contractions of the urinary bladder. J. 

Neurosci., 27, 845-851. 

Kennedy C, Todorov LD, Mihaylova-Todorova S & Sneddon P (1997b). Release of soluble 

nucleotidases; a novel mechanism for neurotransmitter inactivation? Trends Pharmacol Sci 

18, 263-266. 

Khakh, B.S., Burnstock, G., Kennedy, C., King, B.F., North, R.A., Seguela, P., Voigt, M. & 

Humphrey, P.P.A. (2001). International Union of Pharmacology. XXIV.  Current status of the 

nomenclature and properties of P2X receptors and their subunits. Pharmacol. Rev., 53, 107-

118. 

Kitajima S, Ozaki H & Karaki H. (1994). Role of different subtypes of P2 purinoceptor on 

cytosolic Ca
2+

 levels in rat aortic smooth muscle. Eur J Pharmacol. 266, 263-267. 

Knight GE & Burnstock G (2004). The effect of pregnancy and the oestrus cycle on purinergic 

and cholinergic responses of the rat urinary bladder. Neuropharmacol 46, 1049-1056. 

Lamont C., Vial C, Evans RJ & Wier WG. (2006). P2X1 receptors mediate sympathetic 

postjunctional Ca
2+

 transients in mesenteric small arteries. Am J Physiol., 291, H3106-3113. 

Langley JN & Anderson HK (1895). The innervation of the pelvic and adjoining viscera. J 

Physiol 19, 71-84. 

Lê, K.T., Babinski, K. & Seguela, P. (1998). Central P2X4 and P2X6 channel subunits coassemble 

into a novel heteromeric ATP receptor. J. Neurosci., 18, 7152-7159. 

Lecut C, Frederix K, Johnson DM, Deroanne C, Thiry M, Faccinetto C, Marée R, Evans RJ, 

Volders PG, Bours V & Oury C. (2009). P2X1 ion channels promote neutrophil chemotaxis 

through Rho kinase activation. J Immunol. 183, 2801-2809. 

Lévesque SA, Lavoie EG, Lecka J, Bigonnesse F & Sévigny J. (2007). Specificity of the ecto-

ATPase inhibitor ARL 67156 on human and mouse ectonucleotidases. Br J Pharmacol. 152, 

141-150. 

Levin RM, Ruggieri MR & Wein AJ (1986). Functional effects of the purinergic innervation of 



 25 

the rabbit urinary bladder. J Pharmacol Exp Ther 236, 452-457. 

Longhurst PA, Belis JA, O’Donnell JP, Galie JR & Westfall DP (1995). A study of the atropine-

resistant component of the neurogenic response of the rabbit urinary bladder, Eur J Pharmacol 

99, 295-302. 

Luheshi G & Zar A (1990). Purinoceptor desensitisation impairs, but does not abolish the non-

cholinergic motor transmission in rat isolated urinary bladder. Eur J Pharmacol, 185, 203-208. 

Maggi CA (1991). Omega conotoxin and prejunctional modulation of the biphasic response of the 

rat isolated urinary bladder to single pulse electrical field stimulation. J Auton Pharmacol 11, 

295-304. 

Maggi A, Patacchini R, Santicoli P, Irmgard TL, Gepetti P, Bianco D, Selleri S & Meli A (1988). 

The effect of omega conotoxin GVIA, a peptide modulator the N-type voltage sensitive 

calcium channels, on motor responses produced by activation of efferent and sensory nerves 

mammalian smooth muscle. Naunyn Schmiedeberg’s Arch Pharmacol 338, 107-113. 

McLaren, G.J., Buchanan, K.J., Burke, K.S., Sneddon, P. & Kennedy, C. (1998a). Evidence that 

ATP acts at two sites to evoke contraction in the rat isolated tail artery. Br. J. Pharmacol., 124, 

5-12. 

McLaren GJ, Kennedy C & Sneddon P (1995). The effects of suramin on purinergic and 

noradrenergic neurotransmission in the rat isolated tail artery. Eur J Pharmacol 277, 57-61. 

McLaren, G.J., Lambrecht, G., Mutschler, E., Bäumert, H.G., Sneddon, P. & Kennedy, C. (1994). 

Investigation of the actions of PPADS, a novel P2X-purinoceptor antagonist, in the guinea-pig 

isolated vas deferens. Br. J. Pharmacol., 111, 913-917. 

McLaren GJ, Sneddon P & Kennedy C (1998b). Comparison of the actions of ATP and UTP at 

the P2X1-receptor in smooth muscle cells of the rat tail artery. Eur J Pharmacol 351, 139-144. 

Mitchell, C., Syed, N.H., Tengah, A., Gurney, A.M. & Kennedy, C. (2012). Identification of 

contractile P2Y1, P2Y6 and P2Y12 receptors in rat intrapulmonary artery using selective 

ligands. J. Pharmacol. Exp. Therap., 343, 755-762. 

Moore KH, Ray FR & Barden JA (2001) Loss of purinergic P2X3 and P2X5 receptor innervation 

in human detrusor from adults with urge incontinence. J Neurosci 21, RC166. 

Moss HE & Burnstock G (1985). A comparative study of electrical field stimulation of the 

guinea-pig, ferret and marmoset urinary bladder.  Eur J Pharmacol 114, 311-316. 

Muir TC & Wardle KA (1989). Vascular smooth muscle responses in normo- and hypertensive 

rats to sympathetic nerve stimulation and putative transmitters. J Auton Pharmacol 9, 23-34. 

Mulryan, K., Gitterman, D.P., Lewis, C.J., Vial, C., Leckie, B.J., Cobb, A.L., Brown, J. E., 

Conley, E.C., Buell, G., Pritchard, C.A. & Evans, R.J. (2000). Reduced vas deferens 



 26 

contraction and male infertility in mice lacking P2X1 receptors. Nature, 403, 86-89. 

Mutafova-Yambolieva VN & Durnin L. (2014). The purinergic neurotransmitter revisited: A 

single substance or multiple players? Pharmacol Ther. 144, 162-191. doi: 

10.1016/j.pharmthera.2014.05.012. 

Naramatsu M, Yamashita T & Kokubun S (1997). The signalling pathway which causes 

contraction via P2-purinoceptors in rat urinary bladder smooth muscle, Br J Pharmacol 122, 

558-562. 

Nicke, A., Kerschensteiner, D. & Soto, F. (2005). Biochemical and functional evidence for 

heteromeric assembly of P2X1 and P2X4 subunits. J. Neurochem., 92, 925-933. 

Omote S, Kigoshi S, Muramatsu I. (1989). Selective inhibition by nifedipine of the purinergic 

component of neurogenic vasoconstriction in the dog mesenteric artery. Eur J Pharmacol. 160, 

239-245. 

O'Reilly BA, Kosaka AH, Chang TK, Ford AP, Popert R, McMahon SB. (2001). A quantitative 

analysis of purinoceptor expression in the bladders of patients with symptomatic outlet 

obstruction. BJU Int. 87, 617-622. 

O’Reilly BA, Kosaka AH, Knight GF, Chang TK, Ford APD, Rymer JM, Popert R, Burnstock G 

& McMahon SB (2002). P2X receptors and their role in female idiopathic detrusor instability. 

J Urol 167, 157-164. 

Pacaud P, Grégoire G & Loirand G. (1994). Release of Ca
2+

 from intracellular store in smooth 

muscle cells of rat portal vein by ATP-induced Ca
2+

 entry. Br J Pharmacol 113, 457-462. 

Pakdeechote P, Rummery NM, Ralevic V & Dunn WR. (2007). Raised tone reveals purinergic-

mediated responses to sympathetic nerve stimulation in the rat perfused mesenteric vascular 

bed. Eur J Pharmacol. 563, 180-186. 

Palea S, Artibani W, Ostardo E, Trist DG & Pietra C (1993). Evidence for purinergic neuro-

transmission in human urinary bladder affected by interstitial cystitis. J Urol 150, 2007-2012. 

Palea S, Corsi M, Pietra W, Artibani A, Calpista A, Gaviraghi G & Trist DG (1994). ADPS 

induces contraction of the human isolated urinary bladder through a purinoceptor subtype 

different from P2X and P2Y.  J Pharmacol Exp Ther 269, 193-197. 

Parija SC, Raviprakash V & Mishra SK, (1991). Adenosine and ,-methyleneATP-induced 

differential inhibition of cholinergic and non-cholinergic responses in rat urinary bladder. Br J 

Pharmacol 102, 396-400. 

Peterson JS & Nononha-Blob L (1989). Effects of selective cholinergic antagonists and , -

methyleneATP on guinea-pig urinary bladder contractions in vivo following pelvic nerve 

stimulation. J Auton Pharmacol 9, 303-313. 

Ramme D, Regenold JT, Starke K, Busse R & Illes P (1987). Identification of the neuroeffector 



 27 

transmitter in jejunal branches of the rabbit mesenteric artery.  Naunyn Schmiedeberg’s Arch 

Pharmacol 336, 267-273. 

Robson SC, Sevigny J & Zimmermann H (2006). The E-NTPDase family of ectonucleotidases: 

structure function relationships and pathophysiological significance. Pur. Sig. 2, 409-430. 

Rubino A & Burnstock G. (1996). Capsaicin-sensitive sensory-motor neurotransmission in the 

peripheral control of cardiovascular function. Cardiovasc Res 31, 467-479. 

Rummery NM, Brock JA, Pakdeechote P, Ralevic V & Dunn WR. (2007). ATP is the 

predominant sympathetic neurotransmitter in rat mesenteric arteries at high pressure. J 

Physiol. 582, 745-754.  

Saito M, Gotoh K & Kondu A (1991). Influence of ageing on the rat urinary bladder function. 

Urol Int 47 (suppl 1), 39-42 

Sakurada, S., Takuwa, N., Sugimoto, N., Wang, Y., Seto, M., Sasaki, Y. & Takuwa, Y. (2003). 

Ca
2+

-dependent activation of Rho and Rho kinase in membrane depolarization-induced and 

receptor-stimulation-induced vascular smooth muscle contraction. Circ. Res., 93, 548-556.  

Smith AB & Cunnane TC (1996a). -conotoxin GVIA-resistant neurotransmitter release in 

postganglionic sympathetic nerve terminals. Neurosci 70, 817-824. 

Smith AB & Cunnane TC (1996b). Ryanodine-sensitive calcium stores involved in 

neurotransmitter release from sympathetic nerve terminals of the guinea-pig. J Physiol 497, 

657-664. 

Smyth LM, Yamboliev IA & Mutafova-Yambolieva VN. (2009). N-type and P/Q-type calcium 

channels regulate differentially the release of noradrenaline, ATP and -NAD in blood 

vessels. Neuropharmacol., 56, 368-378. 

Sneddon P. (1992). Suramin inhibits excitatory junction potentials in guinea-pig isolated vas 

deferens. Br J Pharmacol. 107, 101-103. 

Sneddon P, McLaren GJ & Kennedy C (1996). Purinergic cotransmission: sympathetic nerves, 

Sem Neurosci, Purinergic Neurotransmission  8, 201-206. 

Sneddon P & McLees A (1992). Purinergic and cholinergic contractions in adult and neonatal 

rabbit bladder. Eur J Pharmacol 214, 7-12. 

Sneddon P & Burnstock G (1984). ATP as a co-transmitter in rat tail artery. Eur. J. Pharmacol., 

106, 149-152. 

Sneddon, P., Westfall, T.D., Todorov, L.D., Mihaylova-Todorova, S., Westfall, D.P. & Kennedy, 

C. (1999). Modulation of purinergic transmission.  Prog. Brain Res., 120, 11-20. 

Sneddon, P., Westfall, T.D., Todorov, L.D., Mihaylova-Todorova, S., Westfall, D.P., Nickel, P. & 

Kennedy, C. (2000). The effect of P2 receptor antagonists and ATPase inhibition on 

sympathetic purinergic neurotransmission in the guinea-pig isolated vas deferens. Br. J. 



 28 

Pharmacol., 129, 1089-1094. 

Somlyo, A.P. & Somlyo, A.V. (2003). Ca
2+

 sensitivity of smooth muscle and nonmuscle myosin 

II: modulated by G proteins, kinases, and myosin phosphatase. Physiol. Rev., 83, 1325-1358.  

Syed, N.H. & Kennedy, C. (2012). Pharmacology of P2X receptors. WIREs Membr. Transp. 

Signal., 1, 16-30. 

Syed, N.H., Tengah, A., Paul, A. & Kennedy, C. (2010). Characterisation of P2X receptors 

expressed in rat pulmonary arteries. Eur. J. Pharmacol., 649, 342-348. 

Todorov LD, Mihaylova-Todorova SM, Craviso GL, Bjur RA & Westfall DP (1996). Evidence 

for the differential release of the cotransmitters ATP and noradrenaline from sympathetic 

nerves of the guinea-pig vas deferens. J Physiol 496, 731-748. 

Todorov LD, Mihaylova-Todorova S, Westfall TD, Sneddon P, Kennedy C, Bjur RA & Westfall 

DP (1997). Neuronal release of soluble nucleotidases and their role in neurotransmitter 

inactivation. Nature, 387, 76-79. 

Tong YC, Hung YC, Shinozuka K, Kunitomo M & Cheng JT (1997). Evidence of adenosine 5'-

triphosphate release from nerve and P2X-purinoceptor mediated contraction during electrical 

stimulation of rat urinary bladder smooth muscle. J Urol 158, 1973-1977. 

Vial, C. & Evans, R.J. (2000). P2X receptor expression in mouse urinary bladder and the 

requirement of P2X1 receptors for functional P2X receptor responses in the mouse urinary 

bladder smooth muscle. Br. J. Pharmacol., 131, 1489-1495. 

Vial, C. & Evans, R.J. (2002). P2X1 receptor-deficient mice establish the native P2X receptor and 

a P2Y6-like receptor in arteries. Mol. Pharmacol., 62, 1438-1445. 

Vial C & Evans RJ. (2005). Disruption of lipid rafts inhibits P2X1 receptor-mediated currents and 

arterial vasoconstriction. J Biol Chem. 280, 30705-30711. 

Vidal M, Hicks PE & Langer SZ. (1996). Differential effects of ,-methyleneATP on responses 

to nerve stimulation in SHR and WKY tail arteries. Naunyn Schmiedebergs Arch Pharmacol., 

332, 384-390. 

Vizi ES, Sperlagh B & Baranyi M (1992). Evidence that ATP, released from the postsynaptic site 

by noradrenaline, is involved in mechanical responses of guinea-pig vas deferens: cascade 

transmission. Neurosci 50, 455-465. 

Von Kügelgen I & Starke K (1985). Noradrenaline and adenosine triphosphate as co-transmitters 

of neurogenic vasoconstriction in rabbit mesenteric artery. J Physiol 367, 435-455. 

Von Kügelgen I & Starke KS (1991). Noradrenaline and ATP cotransmission in the sympathetic 

nervous system. Trends Pharmacol Sci 12, 319-324. 

Von Kügelgen I & Starke K (1994). Corelease of noradrenaline and ATP by brief pulse trains in 

guinea-pig vas deferens. Naunyn-Schmiedeberg’s Arch Pharmacol 350, 123-129. 



 29 

Waterman S, (1996). Multiple subtypes of voltage-gated calcium channel mediate transmitter 

release from parasympathetic neurons in the mouse bladder. J Neurosci 16, 4155-4161. 

Welford LA, Cusack NJ & Hourani SM. (1987). The structure-activity relationships of 

ectonucleotidases and of excitatory P2-purinoceptors: evidence that dephosphorylation of 

ATP analogues reduces pharmacological potency. Eur J Pharmacol. 141, 123-130. 

Westfall TD, Kennedy C & Sneddon P (1996a). Enhancement of sympathetic purinergic 

neurotransmission in the guinea-pig isolated vas deferens by the novel ecto-ATPase inhibitor 

ARL 67156. Br J Pharmacol 117, 867-872. 

Westfall TD, Kennedy C & Sneddon P (1997). The ecto-ATPase inhibitor ARL 67156 enhances 

parasympathetic neurotransmission in the guinea-pig urinary bladder. Eur J Pharmacol 329, 

169-173. 

Westfall, T.D., Menzies, J.R.W., Liberman, R., Waterson, S., Ramphir, N., Westfall, D.P., 

Sneddon, P. & Kennedy, C. (2000a). Release of a soluble ATPase from the rabbit isolated vas 

deferens during sympathetic nerve stimulation. Br. J. Pharmacol., 131, 909-914. 

Westfall, T.D., Sarkar, S., Ramphir, N., Westfall, D.P., Sneddon, P. & Kennedy, C. (2000b). 

Characterisation of the ATPase released during sympathetic nerve stimulation of the guinea-

pig isolated vas deferens. Br. J. Pharmacol., 129, 1684-1688. 

Westfall DP, Todorov LD, Mihaylova-Todorova SM & Bjur RA (1996b). Differences between 

the regulation of noradrenaline and ATP release. J Auton Pharmacol 16, 393-395. 

White CW, Choong YT, Short JL, Exintaris B, Malone DT, Allen AM, Evans RJ & Ventura S. 

(2013). Male contraception via simultaneous knockout of α1A-adrenoceptors and P2X1-

purinoceptors in mice. Proc Natl Acad 110, 20825-20830. 

Wibberley A, Chen Z, Hu E, Hieble JP & Westfall TD. (2003). Expression and functional role of 

Rho-kinase in rat urinary bladder smooth muscle. Br J Pharmacol. 138, 757-766. 

Yeoh M & Brock JA. (2005). Rho kinase inhibitors reduce neurally evoked contraction of the rat 

tail artery in vitro. Br J Pharmacol. 146, 854-861. 

Yoshida M, Homma Y, Inadome A, Yono M, Seshita H, Miyamoto Y, Murakami S, Kawabe K & 

Ueda S. (2001). Age-related changes in cholinergic and purinergic neurotransmission in 

human isolated bladder smooth muscles. Exp Gerontol. 36, 99-109. 

Yoshida M, Miyamae K, Iwashita H, Otani M & Inadome A. (2004). Management of detrusor 

dysfunction in the elderly: changes in acetylcholine and adenosine triphosphate release during 

aging. Urology, 63, 17-23. 

Young JS, Meng E, Cunnane TC & Brain KL. (2008). Spontaneous purinergic neurotransmission 

in the mouse urinary bladder. J Physiol. 586, 5743-5755. 

Yunaev MA, Barden JA & Bennett MR (2000). Changes in the distribution of different subtypes 



 30 

of P2X receptor clusters on smooth muscle cells in relation to nerve varicosities in the 

pregnant rat urinary bladder. J Neurocytol 29, 99-108. 

Ziganshin AU, Rychkov AV, Ziganshina LE & Burnstock G (2002). Temperature dependency of 

P2-receptor-mediated responses. Eur J Pharmacol 456, 107-114. 

Ziganshin AU, Hoyle CHV, Bo X, Lambrecht G, Mutschler E, Bäumert HG & Burnstock G 

(1993). PPADS selectively antagonizes P2X-purinoceptor-mediated responses in the rabbit 

urinary bladder. Br J Pharmacol 110, 1491-1495. 

Zygmunt PM, Zygmunt PKE, Hogestatt E & Anderson E (1993). Effects of -conotoxin on 

adrenergic, cholinergic and NANC neurotransmission in the rabbit urethra and detrusor. Br J 

Pharmacol 110, 1285-1290. 



 31 

Figure legends 

Figure 1. Sympathetic cotransmission. 

Schematic representation of cotransmission by ATP and noradrenaline in sympathetic nerves. NA = 

noradrenaline, P2X1 = P2X1 receptor. 

 

Figure 2. P2X receptor subunit expression in vascular smooth muscle.  

a) Agarose gel electrophoresis of RT-PCR products from rat intrapulmonary artery using specific 

oligonucleotide primers for rat P2X1-7 subunits is shown. All seven pairs of primers yielded bands 

in the presence (+) of reverse transcriptase (RT), but there was no signal in its absence (-). The 

markers on the left hand side show the band size (base pairs). b) A wide-field fluorescence image of 

rat intrapulmonary artery dissociated smooth muscle cells exposed to an anti-P2X1 receptor primary 

antibody and the secondary, fluorescent antibody. Scale bar = 100 µm. c) shows immunoblots of 

membrane preparations exposed to the anti-P2X1, P2X2, P2X4 or P2X5 receptor antibodies. 

Markers on the left hand side show band size. From Syed et al., (2010). 

 

Figure 3. Sympathetic ejps are purinergic 

Ejps in a smooth muscle cell of guinea-pig vas deferens evoked by 1 Hz sympathetic nerve 

stimulation are shown. Control ejps were  ~18 mV amplitude and inhibited in a concentration-

dependent manner by NF023.  This was reversible on washout of the drug.  There was no 

significant change in the resting membrane potential of the. From Sneddon et al., (2000). 

 

Figure 4.  Modulation of purinergic cotransmission by metabolism of ATP 

a) shows the effect of ARL 67156 on neurogenic contractions of the guinea-pig isolated vas 

deferens evoked by sympathetic nerve stimulation at 4Hz for 20s (start indicated by filled triangle). 

After a control response (first panel) prazosin (0.1 µM) was added, and was present for the 

remainder of the experiment. 20 min later, nerve stimulation was repeated (second panel). ARL 

67156 (100 µM) was added and another neurogenic contraction obtained 10 min later (third panel). 

ARL 67156 was washed out and 10 min later the potentiation was rapidly reversed (fourth panel). 

PPADS (100 µM) was added 20min before the final stimulation (fifth panel). 

b) shows the effect of ARL 67156 (100 µM) on contractions to ATP (100 µM) (upper panel) and 

,-meATP (0.5 µM) (lower panel). From Westfall et al., (1996a). 

 

Figure 5. Parasympathetic cotransmission. 

Schematic representation of cotransmission by ATP and acetylcholine in parasympathetic nerves.  

ACh = acetylcholine, P2X1 = P2X1 receptor, P2X1+4 = P2X1+4 heteromer, M3 = M3 receptor. 
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Figure 6.  Inhibition of non-muscarinic, neurogenic contractions of guinea-pig urinary 

bladder by -meATP. 

The inhibitory effects of prolonged administration of -meATP on contractions of guinea-pig 

isolated urinary bladder muscle strips evoked by a) EFS (4 Hz, 20 s) and b) ATP (300 M) are 

shown. The left hand traces show a control response to EFS or ATP. In the middle panels -

meATP (50 M) was added for 10 min and then another 50 M was added for a further 5 min. It 

was then washed out and the right hand panels show that 5 min later responses to EFS and ATP 

were abolished. Atropine (1 M) and prazosin (100 nM) were present throughout. Note that the 

response to -meATP (middle panels) are on a slower time-scale than those to EFS and ATP (left 

and right panels) due to the very different durations of the responses evoked by these stimuli. From 

Kennedy et al., (2007). 

 

Figure 7.  Inhibition of non-muscarinic, neurogenic contractions of guinea-pig urinary 

bladder by PPADS and suramin. 

The inhibitory effects of PPADS and suramin on contractions of guinea-pig isolated urinary bladder 

muscle strips evoked by EFS, ATP and -meATP are shown. a) The left-hand trace shows a 

control, noncholinergic contraction evoked by EFS (4 Hz, 20 s), the middle trace shows the 

response remaining after incubation with PPADS (100 M) for 40 min and the right-hand trace 

shows that the contractions were abolished by tetrodotoxin (TTX) (1 M). The graphs shows the 

mean effects of b) PPADS and c) suramin on contractions evoked by EFS (), ATP () and -

meATP (). n=5-6. Vertical bars indicate s.e. mean. Atropine (1 M) and prazosin (100 nM) were 

present throughout. From Kennedy et al., (2007). 

 

Figure 8.  Inhibition of purinergic contractions of guinea-pig urinary bladder by PPADS and 

suramin. 

The inhibitory effects of a) PPADS (100 M) on contractions evoked by -meATP (1 M) and b) 

suramin (300 M) on contractions evoked by ATP (300 M), in guinea-pig isolated urinary bladder 

muscle strips are shown. In both panels the left-hand trace shows a control contraction and the 

right-hand trace shows the response in the presence of antagonist. Atropine (1 M) and prazosin 

(100 nM) were present throughout. From Kennedy et al., (2007). 

 

Figure 9.  Inhibition of non-muscarinic, neurogenic contractions of guinea-pig urinary 

bladder by P2X receptor antagonists.  

The graphs show the mean effects of PPADS (100 M), suramin (300 M), reactive blue 2 (100 
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M), NF279 (100 M), MRS2159 (100 M) and NF449 (3 M) on contractions of guinea-pig 

isolated urinary bladder muscle strips evoked by a) EFS (4 Hz, 20 s) (n=4-6) and b) ATP (300 M) 

(n=4-8). Vertical bars indicate s.e. mean. Atropine (1 M) and prazosin (100 nM) were present 

throughout. From Kennedy et al., (2007). 
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Figure 1. Sympathetic cotransmission. 

Schematic representation of cotransmission by ATP and noradrenaline in sympathetic nerves. NA = 

noradrenaline, P2X1 = P2X1 receptor. 
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Figure 2. P2X receptor subunit expression in vascular smooth muscle.  

a) Agarose gel electrophoresis of RT-PCR products from rat intrapulmonary artery using specific 

oligonucleotide primers for rat P2X1-7 subunits is shown. All seven pairs of primers yielded bands 

in the presence (+) of reverse transcriptase (RT), but there was no signal in its absence (-). The 

markers on the left hand side show the band size (base pairs). b) A wide-field fluorescence image of 

rat intrapulmonary artery dissociated smooth muscle cells exposed to an anti-P2X1 receptor primary 

antibody and the secondary, fluorescent antibody. Scale bar = 100 µm. c) shows immunoblots of 

membrane preparations exposed to the anti-P2X1, P2X2, P2X4 or P2X5 receptor antibodies. 

Markers on the left hand side show band size. From Syed et al., (2010). 
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Figure 3. Sympathetic ejps are purinergic 

Ejps in a smooth muscle cell of guinea-pig vas deferens evoked by 1 Hz sympathetic nerve 

stimulation are shown. Control ejps were  ~18 mV amplitude and inhibited in a concentration-

dependent manner by NF023.  This was reversible on washout of the drug.  There was no 

significant change in the resting membrane potential of the. From Sneddon et al., (2000). 
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Figure 4.  Modulation of purinergic cotransmission by metabolism of ATP 

a) shows the effect of ARL 67156 on neurogenic contractions of the guinea-pig isolated vas 

deferens evoked by sympathetic nerve stimulation at 4Hz for 20s (start indicated by filled triangle). 

After a control response (first panel) prazosin (0.1 µM) was added, and was present for the 

remainder of the experiment. 20 min later, nerve stimulation was repeated (second panel). ARL 

67156 (100 µM) was added and another neurogenic contraction obtained 10 min later (third panel). 

ARL 67156 was washed out and 10 min later the potentiation was rapidly reversed (fourth panel). 

PPADS (100 µM) was added 20min before the final stimulation (fifth panel). 

b) shows the effect of ARL 67156 (100 µM) on contractions to ATP (100 µM) (upper panel) and 

,-meATP (0.5 µM) (lower panel). From Westfall et al., (1996a). 
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Figure 5. Parasympathetic cotransmission. 

Schematic representation of cotransmission by ATP and acetylcholine in parasympathetic nerves.  

ACh = acetylcholine, P2X1 = P2X1 receptor, P2X1+4 = P2X1+4 heteromer, M3 = M3 muscarinic 

receptor. 
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Figure 6.  Inhibition of non-muscarinic, neurogenic contractions of guinea-pig urinary 

bladder by -meATP. 

The inhibitory effects of prolonged administration of -meATP on contractions of guinea-pig 

isolated urinary bladder muscle strips evoked by a) EFS (4 Hz, 20 s) and b) ATP (300 M) are 

shown. The left hand traces show a control response to EFS or ATP. In the middle panels -

meATP (50 M) was added for 10 min and then another 50 M was added for a further 5 min. It 

was then washed out and the right hand panels show that 5 min later responses to EFS and ATP 

were abolished. Atropine (1 M) and prazosin (100 nM) were present throughout. Note that the 

response to -meATP (middle panels) are on a slower time-scale than those to EFS and ATP (left 

and right panels) due to the very different durations of the responses evoked by these stimuli. From 

Kennedy et al., (2007). 
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Figure 7.  Inhibition of non-muscarinic, neurogenic contractions of guinea-pig urinary 

bladder by PPADS and suramin. 

The inhibitory effects of PPADS and suramin on contractions of guinea-pig isolated urinary bladder 

muscle strips evoked by EFS, ATP and -meATP are shown. a) The left-hand trace shows a 

control, noncholinergic contraction evoked by EFS (4 Hz, 20 s), the middle trace shows the 

response remaining after incubation with PPADS (100 M) for 40 min and the right-hand trace 

shows that the contractions were abolished by tetrodotoxin (TTX) (1 M). The graphs shows the 

mean effects of b) PPADS and c) suramin on contractions evoked by EFS (), ATP () and -

meATP (). n=5-6. Vertical bars indicate s.e. mean. Atropine (1 M) and prazosin (100 nM) were 

present throughout. From Kennedy et al., (2007). 
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Figure 8.  Inhibition of purinergic contractions of guinea-pig urinary bladder by PPADS and 

suramin. 

The inhibitory effects of a) PPADS (100 M) on contractions evoked by -meATP (1 M) and b) 

suramin (300 M) on contractions evoked by ATP (300 M), in guinea-pig isolated urinary bladder 

muscle strips are shown. In both panels the left-hand trace shows a control contraction and the 

right-hand trace shows the response in the presence of antagonist. Atropine (1 M) and prazosin 

(100 nM) were present throughout. From Kennedy et al., (2007). 
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Figure 9.  Inhibition of non-muscarinic, neurogenic contractions of guinea-pig urinary 

bladder by P2X receptor antagonists.  

The graphs show the mean effects of PPADS (100 M), suramin (300 M), reactive blue 2 (100 

M), NF279 (100 M), MRS2159 (100 M) and NF449 (3 M) on contractions of guinea-pig 

isolated urinary bladder muscle strips evoked by a) EFS (4 Hz, 20 s) (n=4-6) and b) ATP (300 M) 

(n=4-8). Vertical bars indicate s.e. mean. Atropine (1 M) and prazosin (100 nM) were present 

throughout. From Kennedy et al., (2007). 

 


