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Abstract——The concept of a purinergic signaling sys-
tem, using purine nucleotides and nucleosides as extra-
cellular messengers, was first proposed over 30 years
ago. After a brief introduction and update of purinocep-
tor subtypes, this article focuses on the diverse patho-
physiological roles of purines and pyrimidines as signal-
ing molecules. These molecules mediate short-term
(acute) signaling functions in neurotransmission, mech-
anosensory transduction, secretion and vasodilatation,

and long-term (chronic) signaling functions in cell pro-
liferation, differentiation, and death involved in devel-
opment and regeneration. Plasticity of purinoceptor ex-
pression in pathological conditions is frequently
observed, including an increase in the purinergic com-
ponent of autonomic cotransmission. Recent advances
in therapies using purinergic-related drugs in a wide
range of pathological conditions will be addressed with
speculation on future developments in the field.

Address correspondence to: Prof. Geoffrey Burnstock, Autonomic Neuroscience Centre, Royal Free and University College Medical School,
London NW3 2PF, UK. E-mail: g.burnstock@ucl.ac.uk

Article, publication date, and citation information can be found at http://pharmrev.aspetjournals.org.
doi:10.1124/pr.58.1.5.

0031-6997/06/5801-58–86$7.00
PHARMACOLOGICAL REVIEWS Vol. 58, No. 1
Copyright © 2006 by The American Society for Pharmacology and Experimental Therapeutics 60104/3091966
Pharmacol Rev 58:58–86, 2006 Printed in U.S.A

58

 by guest on June 15, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


I. Introduction

A seminal article by Drury and Szent-Györgi in 1929
described the potent actions of purine nucleotides and
nucleosides, ATP, and adenosine on the heart and blood
vessels. Then, in 1970, evidence was presented for ATP as
a neurotransmitter in nonadrenergic, noncholinergic
(NANC1) nerves supplying the gut (Burnstock et al., 1970)
and in 1972 the word “purinergic” was coined and the
purinergic neurotransmission hypothesis was proposed by
Burnstock (Burnstock, 1972). This concept met with con-
siderable resistance for many years, because ATP had been
established as an intracellular energy source involved in
various metabolic cycles, and it was thought that such a
ubiquitous molecule was unlikely to be involved in selec-
tive extracellular signaling. However, the concept is now
widely accepted. Later, it was established that ATP was a
cotransmitter with classic transmitters in both the periph-
eral and central nervous systems and that purines are also
powerful extracellular messengers to non-neuronal cells,
including exocrine and endocrine, secretory, endothelial,
musculoskeletal, immune, and inflammatory cells (Burn-
stock and Knight, 2004).

Implicit in the purinergic hypothesis was the presence
of purinoceptors (Ralevic and Burnstock, 1998). A basis
for distinguishing P1 (adenosine) from P2 (ATP/ADP)
receptors was proposed by Burnstock in 1978. This
helped resolve some of the ambiguities in earlier reports,
which were complicated by the breakdown of ATP to
adenosine by ectoenzymes so that some of the actions of
ATP were directly on P2 receptors, whereas others were
due to indirect action via P1 receptors. Four subtypes of
P1 receptors were cloned, namely, A1, A2A, A2B, and A3.
In 1985, Burnstock and Kennedy proposed a basis for
distinguishing two types of P2 purinoceptor, namely,
P2X and P2Y, based largely on pharmacological criteria.
In the early 1990s, studies of transduction mechanisms
and cloning of both P2X and P2Y receptors were carried
out, which led Abbracchio and Burnstock to put forward
a new nomenclature system in 1994, which is now
widely accepted (Fredholm et al., 1994; Schwiebert,
2003). They proposed that there were two families of P2
receptors, namely, P2X ionotropic ligand-gated ion chan-
nel receptors and P2Y metabotropic G protein-coupled
receptors. This framework has allowed a logical expan-

sion as new receptors were identified. Currently seven
subtypes of P2X receptors and eight subtypes of P2Y
receptors are clearly established (Table 1). It is recog-
nized that the pyrimidine UTP is equipotent with ATP
at P2Y2 and P2Y4 receptors and UDP is a potent agonist
at P2Y6 receptors. The distribution and functional roles
of P2 receptors in many cell types in the body have been
described (Burnstock and Knight, 2004).

Purinergic signaling is rapid in synaptic neurotransmis-
sion, in neuromuscular transmission leading to contraction
or relaxation of smooth muscle, and in exocrine or endo-
crine secretion. However, there are now many examples of
purinergic signaling regulating long-term events such as
cell proliferation, differentiation, migration, and death in
development, regeneration, and wound healing. Both P2X
and P2Y receptors play prominent roles both directly and
by modulation of other signaling systems in embryonic
development, including the nervous system, cartilage in
limb buds, the mesonephros, retina, myotubes, and neuro-
muscular junctions (Burnstock, 2001a).

There is increasing interest in the therapeutic po-
tential of purinergic compounds (including receptor
agonists and antagonists, ectoenzyme inhibitors and
enhancers, and ATP transport inhibitors and enhanc-
ers) in a wide range of disease conditions in relation to
both P1 and P2 receptors. A number of purine-related
compounds have been patented. The autonomic ner-
vous system shows marked plasticity. Dramatic
changes occur in the expression of cotransmitters and
receptors during development and aging, in nerves
that remain after trauma or surgery and in disease
conditions. There are several pathological conditions
in which the purinergic component of cotransmission
is increased (Burnstock, 2002b). The emphasis in this
article is on the pathophysiology and therapeutic po-
tential of P2 receptors (see also Burnstock and Wil-
liams, 2000; Boeynaems et al., 2001; Yerxa, 2001;
Burnstock, 2002a; Jacobson et al., 2002; Ralevic and
Burnstock, 2003) and readers are referred to recent
reviews about the therapeutic potential of P1 recep-
tors (Fredholm et al., 2002, 2005; Okusa, 2002; Pelleg
et al., 2002; Dhalla et al., 2003; Ribeiro et al., 2003;
Hutchinson and Scammells, 2004; McCallion et al.,
2004).

II. Cardiovascular Diseases

ATP and adenosine are very much involved in the
mechanisms underlying local control of vessel tone
(Burnstock and Ralevic, 1994) (Fig. 1) as well as cell
migration, proliferation, differentiation, and death dur-
ing angiogenesis, atherosclerosis, and restenosis follow-
ing angioplasty (Erlinge et al., 1998; Burnstock, 2002b).
ATP, released as a cotransmitter from sympathetic
nerves, constricts vascular smooth muscle via P2X re-
ceptors, whereas ATP released from sensory-motor
nerves during “axon reflex” activity dilates or constricts

1 Abbreviations: NANC, nonadrenergic, noncholinergic; NO, nitric
oxide; E-NTPDase, ectonucleoside triphosphate diphosphohydrolase;
NA, noradrenaline; DRG, dorsal root ganglia; PPADS; pyridoxal-5�-
phosphate-6-azophenyl-2�,4� disulfonic acid; TNP, trinitrophenyl;
NMDA, N-methyl-D-aspartate; AIT-082, 4-[[3-(1,6-dihydro-6-oxo-9-
purin-9-yl)-1-oxopropyl]amino]benzoic acid; LTP, long-term potenti-
ation; NTS, nucleus tractus solitarius; Ap4A, diadenosine tetraphos-
phate; IL, interleukin; COX, cyclooxygenase; CNS, central nervous
system; IB4, isolectin B4; IBD, inflammatory bowel disease;
MRS2500, 2-iodo-N6-methyl-(N)-methanocarba-20-deoxyadenosine-
30,50-bisphosphate; A-317491, 5-([(3-phenoxybenzyl)[(1S)-1,2,3,4-
tetrahydro-1-naphthalenyl]amino]carbonyl)-1,2,4-benzenetricar-
boxylic acid; INS37217, P1-(uridine 5�)-P4-(2�-deoxycytidine 5�)tetra-
phosphate, tetrasodium salt.
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some vessels. Furthermore, ATP released from endothe-
lial cells during changes in flow (shear stress) or hypoxia
acts on P2Y receptors in endothelial cells to release
nitric oxide (NO), resulting in relaxation. Adenosine pro-
duced by the breakdown of extracellular ATP causes
vasodilatation via smooth muscle P1 receptors. P2X re-
ceptors are also present on endothelial cells and appear
to be associated with cell adhesion and permeability.
ATP release from red blood cells is increased in patho-
logical conditions such as subarachnoid hemorrhage,
largely because there is widespread blood cell lysis
(Sprague et al., 2003). This leads to transient constric-
tion of arterioles via P2X receptors and sustained con-
striction of large cerebral vessels, largely through P2Y2
receptors. The differences in purinergic receptor distri-

bution between macro- and microvessels in the cerebral
circulation are likely to have important consequences in
pathological conditions.

A. Thrombosis

There have been very promising developments con-
cerning purinergic antithrombotic drugs. Platelets are
known to express P2Y1, P2Y12, and P2X1 receptors (Hol-
lopeter et al., 2001). “Mega” clinical trials CAPRIE (CA-
PRIE Steering Committee, 2001), CURE (Yusuf et al.,
2001), and CREDO (Beinart et al., 2005) have provided
clear evidence that the purinergic antithrombotic drugs
clopidogrel and ticlopidine reduce the risks of recurrent
strokes and heart attacks, especially when combined
with aspirin (Kam and Nethery, 2003; Kunapuli et al.,

TABLE 1
Characteristics of purine-mediated receptors

Table modified from Burnstock (2003a), with permission from Elsevier (New York, NY).

Receptor Main Distribution Agonists Antagonists Transduction Mechanisms

P2X
P2X1 Smooth muscle, platelets,

cerebellum, dorsal horn spinal
neurones

�,�-meATP � ATP � 2-MeSATP
(rapid desensitization)

TNP-ATP, IP5I, NF023, NF449 Intrinsic cation channel (Ca2�

and Na�)

P2X2 Smooth muscle, CNS, retina,
chromaffin cells, autonomic
and sensory ganglia

ATP � ATP�S � 2-MeSATP ��
�,�-meATP (pH � zinc-
sensitive)

Suramin, isoPPADS, RB2,
NF770

Intrinsic ion channel
(particularly Ca2�)

P2X3 Sensory neurons, NTS, some
sympathetic neurones

2-MeSATP � ATP � �,�-
meATP � Ap4A (rapid
desensitization)

TNP-ATP, PPADS, A317491,
NF110

Intrinsic cation channel

P2X4 CNS, testis, colon ATP �� �,�-meATP; CTP,
Ivermectin

TNP-ATP (weak), BBG (weak) Intrinsic ion channel (especially
Ca2�)

P2X5 Proliferating cells in skin, gut,
bladder, thymus, spinal cord

ATP �� �,�-meATP; ATP�S Suramin, PPADS, BBG Intrinsic ion channel

P2X6 CNS, motor neurones in spinal
cord

Does not function as
homomultimer

Intrinsic ion channel

P2X7 Apoptotic cells in, for example,
immune cells, pancreas, skin

BzATP � ATP � 2-MeSATP ��
�,�-meATP

KN62, KN04, MRS2427,
Coomassie brilliant blue G

Intrinsic cation channel and a
large pore with prolonged
activation

P2Y
P2Y1 Epithelial and endothelial cells,

platelets, immune cells,
osteoclasts

2-MeSADP � 2-MeSATP � ADP
� ATP; MRS2365

MRS2179, MRS2500 Gq/G11; PLC-� activation

P2Y2 Immune cells, epithelial and
endothelial cells, kidney
tubules, osteoblasts

UTP � ATP, UTP�S; INS 37217 Suramin � RB2 ARC126313 Gq/G11 and possibly Gi; PLC-�
activation

P2Y4 Endothelial cells UTP � ATP, UTP�S RB2 � suramin Gq/G11 and possibly Gi; PLC-�
activation

P2Y6 Some epithelial cells, placenta, T
cells, thymus

UDP � UTP �� ATP; UDP�S MRS2578 Gq/G11; PLC-� activation

P2Y11 Spleen, intestine, granulocytes ARC67085MX � BzATP
� ATP�S � ATP

Suramin � RB2, NF157 Gq/G11 and GS; PLC-� activation

P2Y12 Platelets, glial cells 2-MeSADP � ADP �� ATP CT50547, ARC69931MX,
INS49266, AZD6140,
PSB0413

Gi (Go); inhibition of adenylate
cyclase

P2Y13 Spleen, brain, lymph nodes,
bone marrow

ADP � 2-MeSADP �� ATP and
2-MeSATP

MRS2211 Gi/Go

P2Y14 Placenta, adipose tissue,
stomach, intestine, discrete
brain regions

UDP glucose � UDP-galactose Gq/G11

PLC, phospholipase C; CTP, cytosine triphosphate; BBG, Brillant blue green; MRS2365, (1�S,2�R,3�S,4�R,5�S)-4-[(6-amino-2-methylthio-9H-purin-9-yl)-1-
diphosphoryloxymethyl]bicyclo[3.1.0]hexane-2,3-diol; ARC67085MX, 2-propylthio-�,�-dichloromethylene-D-ATP; NF023, 8,8�-(carbonyl-bis(imino-3,1-phenylenecarbonylimi-
no))bis(naphthalene-1,3,5-trisulfonic acid)-hexasodium salt; NF449, 4,4�,4��,4���-(carbonylbis(imino-5,1,3-benzenetriylbis(carbonylimino)))tetrakis-benzene-1,3-disulfonic
acidoctasodium salt; NF770, 7,7�(carbonylbis(imino-3,1-phenylenecarbonylimino-3,1-(4-methyl-phenylene)carbonylimino))bis(1-methoxy-naphthalene-3,6-disulfonic acid)
tetrasodium salt; KN62, 1-[N,O-bis(5-isoquinolinesulfonyl)-N-methyl-L-tyrosyl]-4-phenylpiperazine; KN04, N-[1-[N-methyl-p-(5-isoquinolinesulphonyl)benzyl]-2-(4-phe-
nylpiperazine)ethyl]-5-isoquinoline-sulfonamide; MRS2179, N6-methyl 2�-deoxyadenosine-3�,5�-bisphosphate; ARC126313, 5-(7-chloro-4H-1-thia-3-aza-benzo[f]-4-yl)-3-
methyl-6-thioxo-piperidin-2-one; MRS2578, 1,4-di-[(3-isothiocyanato phenyl)-thioureido]butane; NF157, 8,8�-[carbonylbis[imino-3,1-phenylenecarbonylimino(4-fluoro-3,1-
phenylene)carbonylimino]]bis-1,3,5-naphthalenetrisulfonic acid.hexasodium; CT50547, N1-(6-ethoxy-1,3-benzothiazol-2-yl-2-(7-ethoxy-4-hydroxy-2,2-dioxo-2H-2]6benzo-
[4,5][1,3]thiazolo[2,3-c][1,2,4] thiadiazin-3-yl)-2-oxo-1-ethanesulfonamide; ARC69931MX, N6-(2-methylthioethyl)-2-(3,3,3-trifluoropropylthio)-�,�-dichloromethylene ATP;
INS49266, 6-phenylurea-2�,3�-phenylacetaldehyde acetal ADP; AZD6140, 3-{7-[2-(3,4-difluoro-phenyl)-cyclopropylamino]-5-propylsulfanyl[1,2,3]triazolo[4,5-d]pyrimidin-3-
yl}-5-(2-hydroxymethoxy)-cyclopentane-1,2-diol; PSB0413, 2-propylthioadenosine-5�-adenylic acid (1,1-dichloro-1-phosphonomethyl-1-phosphonyl) anhydride; MRS2211, 3,5-
diethyl-2-methyl-4-(trans-2-(4-nitrophenyl)vinyl)-6-phenyl-1,4-dihydropyridine-3,5-dicarboxilate.
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2003; Boeynaems et al., 2005). These drugs are antago-
nists to the P2Y12 receptor that mediates platelet aggre-
gation (Gachet, 2001). MRS2500, a highly potent and
selective antagonist for the P2Y1 receptor, has also been
shown recently to have antiaggregating activity on hu-
man platelets (Cattaneo et al., 2004). There are genetic
variations in P2Y1 and P2Y12 receptor gene sequences in
healthy subjects that explain variations in the platelet
response to ADP; this may reflect individual variation in
atherothrombotic risk and the efficacy of purinergic an-
tithrombotic drugs (Fontana et al., 2003; Hetherington
et al., 2004). A recent study has shown that there is a
synergistic inhibition of ADP-induced platelet activation
via P2Y1 and P2Y12 receptors and for thrombin and
P2Y12 inhibition; it is suggested that there may be clin-
ical benefit by combining these inhibitors, providing that
bleeding problems do not outweigh this benefit (Ny-
lander et al., 2004). Postoperative carotid thrombosis is
a significant risk for stroke; it seems likely that clopi-

dogrel or ticlopidine may provide an avenue for targeted
antiplatelet therapy following vascular intervention
(Hayes et al., 2003). Platelet aggregation in response to
ADP is significantly inhibited in patients with periph-
eral vascular disease 2 to 4 h after a loading dose of
clopidogrel, and ADP-induced platelet shape change is
significantly inhibited following ingestion of clopidogrel
(Matsagas et al., 2003). There is a synergistic interaction
between ATP and noradrenaline in stimulating platelet
aggregation, which suggests a prothrombotic role for
ATP in stress (Birk et al., 2003). Platelet activation that
occurs in human acute malaria infection is associated
with elevated plasma ATP concentrations (Essien and
White, 1998).

Much is now known about the ectonucleotidases that
break down ATP released from non-neural cells as well
as neurons (Zimmermann, 2001; Vorhoff et al., 2005).
Several enzyme families are involved: ectonucleoside
triphosphate diphosphohydrolases (E-NTPDases), of
which NTPDase1, 2, 3, and 8 are extracellular; ecto-
nucleotide pyrophosphatase of three subtypes; alkaline
phosphatases, ecto-5�-nucleotidase and ectonucleoside
diphosphokinase. NTPDase1 hydrolyzes ATP directly to
AMP and UTP to UDP, whereas NTPDase2 hydrolyzes
ATP to ADP and 5�-nucleotidase AMP to adenosine.
Ectonucleotidases are expressed by vascular endothe-
lium, accessory vascular cells (e.g., monocytes, pericytes,
and vascular smooth muscle cells), and dendritic cells;
these are predominantly NTPDase1 and NTPDase2
(Sevigny et al., 2002). NTPDase1 hydrolyzes both tri-
and diphosphonucleosides and blocks platelet aggrega-
tion responses to ADP. In contrast, NTPDase2, a pref-
erential nucleoside triphosphatase, activates platelets
by converting the competitive antagonist (ATP) of plate-
let ADP receptors to the specific agonist. Vascular
NTPDase1 biochemical activity is rapidly lost from the
endothelium of vascularized cardiac grafts subjected to
oxidant stress. These changes are associated with
thrombotic injury and platelet sequestration at sites of
injury.

B. Heart Failure

Up-regulation of P2X1 and P2Y2 receptor mRNA in
the hearts of rats with congestive heart failure has been
reported (Hou et al., 1999) and an increase in expression
of P2X1 receptors in the atria of patients suffering from
dilated cardiomyopathy (Berry et al., 1999). In conges-
tive heat failure, the muscle mechanoreflex is accentu-
ated and appears to be associated with enhanced P2X
receptor-mediated responses of sensory nerves to �,�-
methylene ATP (Sinoway and Li, 2005). The positive
inotropic response to ATP and ATP-induced increases in
[Ca2�]i in cardiomyocytes are impaired in heart failure
due to myocardial infarction; imidapril partially re-
verses this impairment (Saini et al., 2005). ATP and
adenosine are widely used for the treatment of paroxys-
mal supraventricular tachycardia in both infants and

FIG. 1. Short-term (acute) purinergic signaling controlling vascular
tone. Schematic diagram illustrating the main receptor subtypes for
purine and pyrimidines present in most blood vessels. Perivascular
nerves in the adventitia release ATP as a cotransmitter: ATP is released
with NA and neuropeptide Y (NPY) from sympathetic nerves to act on
smooth muscle P2X1 and in some vessels P2X2, P2X4, and P2Y2 purino-
ceptors, resulting in vasoconstriction; it is released with calcitonin gene-
related peptide (CGRP) and substance P (SP) from sensory nerves during
“axon reflex” activity to act on smooth muscle P2Y-purinoceptors in some
regions of some vessels, resulting in vasodilatation. P1(A1)-purinoceptors
on nerve terminals of sympathetic and sensory nerves mediate adenosine
(arising from enzymatic breakdown of ATP) modulation of transmitter
release. P2X3 purinoceptors are present on a subpopulation of sensory
nerve terminals. P1(A2)-purinoceptors on vascular smooth muscle medi-
ate vasodilatation. Endothelial cells release ATP and UTP during shear
stress and hypoxia to act on P2Y1, P2Y2, and sometimes P2Y4 purinocep-
tors, leading to the production of NO and subsequent vasodilatation.
ATP, following its release from aggregating platelets, also acts on these
endothelial receptors. Blood-borne platelets possess P2Y1 and P2Y12
ADP-selective purinoceptors as well as P2X1 receptors, whereas immune
cells of various kinds possess P2X7, as well as P2X1, P2Y1, and P2X2
purinoceptors. P2X2, P2X3, and P2X4 receptors have also been identified
on endothelial cell membranes. Reproduced from Burnstock (2002a), with
permission from Lippincott Williams & Wilkins (Philadelphia, PA).
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adults (Belhassen and Pelleg, 1985; Vassort, 2001). The
substantial enhancement of mechanical performance
with 2-deoxy-ATP in cardiac muscle suggests that it may
be a better substrate for contractility than ATP and
suggests that ribonucleotide reductase may be a target
for therapy in heart failure (Regnier et al., 2000).

Enhanced sympathetic nerve activity causes cardiac
dysfunction, arrhythmias, and sudden cardiac death in
myocardial ischemia. ATP is coreleased with noradren-
aline (NA) and enhances NA release from sympathetic
nerve terminals. A role for the ectonucleotidase, E-NT-
PDase1 at sympathetic nerve terminals may offer a
novel therapeutic approach to hyperadrenergic states
such as myocardial ischemia (Sesti et al., 2002). Because
NTPDase1 also inhibits platelet aggregation, it is pro-
posed for the treatment of thrombotic diatheses (Marcus
et al., 2003). To examine the role of NTPDases after
cardiac transplantation and grafts, several techniques
to manipulate NTPDase1 expression have been used, for
example, deletion of this enzyme in mice. These mutant
mice exhibit major perturbations of P2 receptor-medi-
ated signaling in the vasculature and immune systems
and show hemostatic defects, thromboregulatory distur-
bances, and heightened acute inflammatory responses
with a failure to generate cellular responses (Enjyoji et
al., 1999); NTPDase1-null hearts have been shown to
develop diffuse thrombotic infarcts and undergo rejec-
tion more rapidly than control grafts when transplanted
into wild-type mice or into rats. In contrast, transgenic
organs or cardiac grafts in which NTPDase1 has been
up-regulated by gene therapy vectors enjoy a survival
advantage post-transplantation (Imai et al., 2000).

ATP is routinely used to terminate spontaneous ven-
tricular tachycardia, but it is not always successful, al-
though no difference in efficacy was found between isch-
emic and nonischemic cardiomyopathy (Kouakam et al.,
2003). By using transgenic overexpression of human
P2X4 receptors, cardiac P2X4 receptors have been shown
to have a beneficial life-prolonging role in heart failure;
increased expression or activation of these ATP-stimu-
lated receptor channels may represent a new therapeu-
tic approach to the treatment of heart failure (Yang et
al., 2004). Administration of ATP during sinus rhythm
has been suggested as a useful bedside test for identify-
ing patients with a concealed accessory pathway who are
prone to develop atrioventricular reentrant tachycardia
(Belhassen et al., 2000). The negative chronotropic effect
of ATP on sinus node is much more pronounced in pa-
tients with sick sinus syndrome (Tan et al., 2004).

Magnesium-ATP has been recommended for the treat-
ment of ischemia, radiation injury, shock, and sepsis for
many years (Harkema and Chaudry, 1992; Nalos et al.,
2003). A recent study suggests that the protective effect
of ATP on renal ischemic injury is, in part, related to
inhibition of the inducible transcription factor, nuclear
factor-��, via P2Y receptors in proximal tubule cells
(Lee and Han, 2005). ATP was shown to inhibit atrio-

ventricular conduction rather than the firing rate of
sinoatrial nodes in patients with ischemic heart disease;
injection of ATP is used only when a transient cardiac
standstill is needed, such as for endovascular grafting
surgery (Watanabe et al., 2002). Treatment of myocar-
dial ischemia and reperfusion by ATP-MgCl2 is still rec-
ommended (Katircioglu et al., 2000), but many reports
suggest that adenosine (a breakdown product of ATP)
also mediates this effect (Liang and Jacobson, 1999;
Broadley, 2000; Sommerschild and Kirkeboen, 2000;
Thompson et al., 2002).

C. Hypertension

ATP plays a significant cotransmitter role in sympa-
thetic nerves supplying hypertensive blood vessels. The
purinergic component is increased in spontaneously hy-
pertensive rats (Ralevic and Burnstock, 1998). The in-
crease in sympathetic nerve activity in hypertension is
well established, and there is an associated hyperplasia
and hypertrophy of arterial walls (Julius and Nesbitt,
1996). ATP is a rapidly acting hypotensive agent that
compares favorably with sodium nitroprusside (Kien et
al., 1987). ATP-MgCl2 is a safe, effective, and preferen-
tial pulmonary vasodilator in children with pulmonary
hypertension secondary to congenital heart defects; it
has also been used for treating pulmonary hypertension
after cardiac surgery (Brook et al., 1994). Red blood cells
of humans with primary pulmonary hypertension fail to
release ATP in response to mechanical deformation
(Sprague et al., 2001). This is likely to result in the loss
of local control of total pulmonary vascular resistance in
the lung. Low-dose ATP exerts mitogenic actions on
human pulmonary artery smooth muscle cells, which
may be relevant to the pathophysiological basis of severe
pulmonary hypertension (Zhang et al., 2004b). Pulmo-
nary hypertension can be a problem in patients with
chronic obstructive pulmonary disease, which also has
other causes; it is a life-threatening condition, and in-
travenous ATP infusion produces a significant decrease
in mean pulmonary arterial pressure and pulmonary
vascular resistance without changing the mean systemic
arterial pressure (Brook et al., 1994). ATP has been used
to treat meconium aspiration-induced pulmonary hyper-
tension in pigs (Kääpä et al., 1997). Eicosapentaenoic
acid, one of the active components in fish oil that has
antihypertensive effects, increases the release of ATP
from vascular endothelial cells, leading to reduction of
the blood pressure rise characteristic of aging (Hashi-
moto et al., 1998). It has been proposed that there is
prognostic value of stress myocardial perfusion imaging
using ATP at the beginning of hemodialysis treatment in
patients with end-stage renal disease (Hase et al., 2004).
P2X4 receptors are localized in the syncytiotrophoblast,
stroma, and fetal capillary endothelial cells of human
placenta. Placental P2X4 receptors are significantly up-
regulated in mild preeclampsia (Roberts et al., 2005).
The authors hypothesized that with preeclampsia, in
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which there is an increased potential for ATP release,
P2X4 receptors may mediate a change in cellular ho-
meostasis to limit cell damage.

D. Atherosclerosis and Restenosis

An early study reported that adenosine produces
changes in cAMP and DNA synthesis in cultured arte-
rial smooth muscle cells and suggested that this might
result in the regulation of cell proliferation (Jonzon et
al., 1985). The authors speculated that adenosine could
be one of several regulatory factors in the development
of atherosclerosis and might also regulate the release of
a smooth muscle mitogen, platelet-derived growth fac-
tor. There is now good evidence that adenosine does
regulate smooth muscle cell proliferation, but its prop-
erties differ from those for ATP and ADP (Burnstock,
2002a; Di Virgilio and Solini, 2002). Vascular injury
represents a critical initiating event in the pathogenesis
of various vascular diseases. Large amounts of ATP are
released from injured cells and ATP and adenosine have
potent actions in smooth muscle and endothelial cell
growth, migration, proliferation, and death (Burnstock,
2002a). Apoptotic cell death is recognized to occur in a
number of vascular diseases, including atherosclerosis
and restenosis. Vascular endothelial cells are continu-
ously exposed to variations in blood flow, which plays an
important role in vessel growth or regression and in the
local development of atherosclerosis. The shear stress
that occurs during changes in blood flow leads to sub-
stantial release of ATP (and UTP) from endothelial cells
(Burnstock, 1999), and these purines might mediate al-
terations in the balance between proliferation and apo-
ptosis. Atherosclerotic damage results in the disappear-
ance of endothelium-dependent responses to ATP. The
release of ATP from endothelial cells has also been
claimed to be impaired in atherosclerotic arteries and
long-term supplementation with a high cholesterol diet
decreases the release of ATP. In restenosis following
balloon angioplasty, there is a peak in the proliferation
and apoptosis of vascular smooth muscle cells at approx-
imately 14 days. Clinical trials with clopidogrel and
ticlopidine (P2Y12 receptor antagonists) in patients with
atherosclerotic disease have shown significant benefit
compared with aspirin.

Saphenous vein, internal mammary, and radial arter-
ies have been used as grafts for coronary bypass surgery;
the level of endothelial P2Y2 receptors is comparable in
all three vessels, but endothelial P2X4 receptors vary
from high in saphenous vein to significantly lower in the
other two vessels. It has been suggested that P2X4 re-
ceptors play a more significant role in intense prolifer-
ation in arteriosclerosis and restenosis than P2Y2 recep-
tors, as reflected by the susceptibility of saphenous vein
grafts to atherosclerosis compared with internal mam-
mary arteries (Ray et al., 2002). In another study, P2X1
and P2Y6 receptors mediated more prominent contrac-
tions in the saphenous vein compared with the internal

mammary artery; it has been suggested that selective
antagonists to these receptors may prevent vasospasm
and restenosis in the saphenous vein during and after
revascularization surgery (Borna et al., 2003). A novel
role for P2Y2 receptors in the development of atheroscle-
rosis has been suggested, whereby UTP induces vascu-
lar cell adhesion molecule-1 expression in coronary ar-
tery endothelial cells that mediate the recruitment of
monocytes (Seye et al., 2003). The long-term (trophic)
roles of purinergic signaling in vascular smooth muscle
and endothelial cell proliferation and death have been
implicated in atherosclerosis and restenosis and suggest
the exploration of therapeutic strategies in relation to
these events (Erlinge et al., 1998; Burnstock, 2002b;
Hou et al., 2002; Wang et al., 2003b).

Newly developing vascular endothelia express very
high levels of NTPDase1, also seen under hypoxic con-
ditions (Eltzschig et al., 2003). Angiogenesis requires
the dynamic interaction of endothelial cell proliferation
and differentiation with orchestrated interactions be-
tween extracellular matrix and surrounding cells (such
as vascular smooth muscle and/or pericytes). Such inter-
actions could be coordinated by interplay between nu-
cleotide release, P2 receptor modulation, and altered
NTPDase expression (Goepfert et al., 2001). The role for
adenosine in growth regulation in angiogenesis has been
reviewed recently (Adair, 2005).

Varicose veins are characterized by hypoxia, inflam-
mation, and cell death, all likely to lead to increases in
extracellular ATP. P2X1 and P2X7 receptors are ex-
pressed by saphenous vein smooth muscle, and it has
been suggested that the resultant P2X7 receptor activa-
tion contributes to the decrease in contractile myocytes
and resulting disorganization of the vessel wall (Cario-
Toumaniantz et al., 1998).

III. Neurology

Functional implications for purinergic signaling in the
nervous system include neuron-glia interactions, differ-
entiation of stem cells, diseases of the nervous system
and responses to injury, neuroimmune and neurovascu-
lar interactions, sympathetic transmission and plastic-
ity, glial cell differentiation, intercellular communica-
tion between glia, and myelination (Fields and Stevens,
2000; Burnstock, 2003b; Newman, 2003; Pascual and
Haydon, 2003; Bowser and Khakh, 2004; Mulligan and
MacVicar, 2004; Davalos et al., 2005; Köles et al., 2005).

ATP is a cotransmitter in many nerve types, probably
reflecting the early evolutionary presence of purinergic
signaling (Burnstock, 1996a, 2004). There is evidence for
the action of ATP as a cotransmitter with NA and neu-
ropeptide Y in sympathetic nerves, with acetylcholine
and vasoactive intestinal peptide in some parasympa-
thetic nerves, with NO and vasoactive intestinal peptide
in enteric NANC inhibitory nerves, and with calcitonin
gene-related peptide (CGRP) and substance P in senso-
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ry-motor nerves. There is also evidence for the cotrans-
mission of ATP with GABA in retinal nerves, and with
glutamate, 5-hydroxytryptamine (serotonin), NA, or do-
pamine in nerves in the brain (Burnstock, 2003b). In
sympathetically innervated tissues, such as the vas de-
ferens or blood vessels, ATP produces fast responses
mediated by P2X receptors, followed by a slower compo-
nent mediated by G protein-coupled �-adrenoceptors.
Similarly, in the parasympathetic nerves supplying the
urinary bladder, ATP provokes a fast transient response
via P2X receptors, whereas the slower component is
mediated by G protein-coupled muscarinic receptors.
There are differences in the proportion of cotransmitters
between species in development and aging and in differ-
ent pathophysiological conditions. P2X3 and P2X2/3 re-
ceptors are selectively localized on sensory neurons in
trigeminal, nodose, and dorsal root ganglia (DRG), and
the terminals of these nociceptive neurons in the skin
and visceral organs represent unique targets for novel
analgesic agents that function as P2X3 and P2X2/3 re-
ceptor antagonists. Nonspecific P2 receptor antagonists,
e.g., suramin and pyridoxal-5�-phosphate-6-azophenyl-
2�,4� disulfonic acid (PPADS), are antinociceptive, and
P2X3 receptor-knockout mice reduce nociceptive inflam-
matory responses (Cockayne et al., 2000; Burnstock,
2001b).

The first clear evidence for nerve-nerve purinergic
synaptic transmission was published in 1992 (Edwards
et al., 1992; Evans et al., 1992; Silinsky et al., 1992).
Synaptic potentials in the celiac ganglion and in the
medial habenula in the brain were reversibly antago-
nized by suramin. Since then, many articles have de-
scribed either the distribution of various P2 receptor
subtypes in the brain and spinal cord or electrophysio-
logical studies of the effects of purines in brain slices,
isolated nerves, and glial cells (Burnstock, 2003b). Syn-
aptic transmission has also been demonstrated in the
myenteric plexus and in various sensory, sympathetic,
and pelvic ganglia (Dunn et al., 2001). Adenosine, pro-
duced following ectoenzymatic breakdown of ATP, acts
through presynaptic P1 receptors to inhibit the release
of excitatory neurotransmitters in both the peripheral
and the central nervous systems. P2Y receptors are ex-
pressed on both nonmyelinating and myelinating
Schwann cells.

A. Neuroprotection

In the brain, P2 purinergic signaling is involved in the
regulation of a variety of physiological and pathophysi-
ological processes, including development and nervous
tissue remodeling following trauma, stroke, ischemia, or
neurodegenerative disorders (Burnstock, 2003a; Neary
et al., 2004). Agonists and antagonists of adenosine and
inhibitors of adenosine kinase are also being explored as
therapeutic neuroprotective agents as well as for a num-
ber of other neurological conditions including epilepsy,
sleep apnoea, pain, inflammation, aggression, anxiety,

and memory loss (Kowaluk and Jarvis, 2000; Ribeiro et
al., 2003; Fredholm et al., 2005; Köles et al., 2005).
Microinjection of ATP analogs into the prepiriform cor-
tex induces generalized motor seizures (Knutsen and
Murray, 1997). P2X2, P2X4, and P2X6 receptors are ex-
pressed in the prepiriform cortex, suggesting that P2X
receptor antagonists may have potential as neuroleptic
agents. The hippocampus of chronic epileptic rats shows
abnormal responses to ATP associated with increased
expression of P2X7 receptors; it has been suggested that
P2X7 receptors (perhaps on microglia) may participate
in the pathophysiology of temporal lobe epilepsy (Vianna
et al., 2002).

In nervous tissue, trophic factors ensure neuronal vi-
ability and regeneration. Neuronal injury releases fibro-
blast growth factor, epidermal growth factor, and plate-
let-derived growth factor (Neary et al., 1999). In
combination with these growth factors, ATP can stimu-
late astrocyte proliferation, contributing to the process
of reactive astrogliosis, and to hypertrophic/hyperplastic
responses. P2Y receptor antagonists have been proposed
as potential neuroprotective agents in the cortex, hip-
pocampus, and cerebellum by modulation of kainate and
�-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid-
induced currents, excessive activation of glutamate re-
ceptor systems being implicated in neuronal cell death
associated with stroke, epileptic seizures, and neurode-
generative diseases such as Alzheimer’s, Parkinson’s,
Huntington’s, and amyotrophic lateral scoliosis (Zona et
al., 2000). Release of ATP from disrupted cells may
cause cell death in neighboring cells expressing P2X7
receptors, leading to a necrotic volume increase, which
has been proposed as a cellular mechanism in the patho-
genesis of Parkinson’s disease (Jun and Kim, 2004).
Guanine nucleotides inhibit NMDA and kainate-in-
duced neurotoxicity in cultured rat hippocampal and
neocortical neurons and may be candidates for antago-
nizing glutamate receptor-mediated neurotoxicity (Mor-
ciano et al., 2004). P2 receptors have been claimed to
mediate neuroprotective effects in the cerebellum and
the possible therapeutic use of P2 receptor agonists as
neuroprotective agents has been raised (Volonte et al.,
1999, 2003). It has been suggested that adenine is in-
volved in the control of Purkinje cell survival (Watanabe
et al., 2003). Up-regulation of P2X1 and P2X2 receptors
after cerebellar lesions has been reported (Florenzano et
al., 2002). Purine derivatives are in clinical trials as
memory-enhancing agents in Alzheimer’s disease; two of
these, propentofylline and AIT-082, appear to act as
trophic effectors, increasing the production of neurotro-
phic factors in brain and spinal cord (Rathbone et al.,
1999). It has been reported that aluminum can produce
Alzheimer-like symptoms, and a mechanism has been
proposed whereby the aluminum binds to ATP to act on
P2 purinoceptors leading to formation of amyloid fibrils
(Exley and Korchazhkina, 2001). The therapeutic poten-
tial of adenosine A2A receptor antagonists in Parkinson’s
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disease is being explored (Simola et al., 2004; Xu et al.,
2005).

ATP inhibits the release of the excitatory transmitter,
glutamate, and stimulates release of the inhibitory
transmitter, GABA, from hippocampal nerves, thus
serving a protective role (Inoue, 1998). In addition, ATP
coreleased with glutamate induces long-term potentia-
tion (LTP) in CA1 neurons associated with learning and
memory (Fujii et al., 1999; Mori et al., 2001). Nanomolar
concentrations of ATP induce long-lasting enhancement
of LTP in hippocampal neurons; the P2 antagonist,
suramin, inhibited activity of the ectoenzyme, apyrase,
which has been shown to participate in the mechanisms
of memory acquisition (Bonan et al., 1999). It has been
suggested that ATP coreleased with glutamate activates
CA1 pyramidal hippocampal neurons, allowing calcium
to enter postsynaptic cells and thereby inhibiting the
effectiveness of NMDA receptors in inducing LTP (Pan-
kratov et al., 2002). Because P2X receptors contribute to
synaptic transmission, mainly at low frequencies of
stimulation, they may act as a dynamic low-frequency
filter, preventing weak stimuli from inducing long-last-
ing changes in synaptic efficacy. It has also been claimed
that ATP analogs can facilitate LTP through P2 receptor
activation that triggers adenosine release, leading to
activation of P1 (A2A) receptors (Almeida et al., 2003).
Large rises in [Ca2�]i in CA1 neurons induce LTP, but
small rises induce long-term depression (Yamazaki et
al., 2002). ATP and activation of glutamate NMDA re-
ceptors leads to potentiation of LTP in CA1 neurons
(Fujii et al., 2002) in keeping with the synergism that
often occurs between cotransmitters (Burnstock, 2004).
There is expression of functional P2X receptor channels
in the axons of CA3 neurons branching to their postsyn-
aptic targets and predominantly in nerve terminals
forming synapses with interneurons (Khakh et al.,
2003).

ATP, released from astrocytes, acts as an activity-
dependent signaling molecule in neuron-glia communi-
cation, resulting in astrocyte Ca2� waves and synaptic
modulation; neuron-glia cross talk may represent an
integral part of activity-dependent plasticity of neural
networks (Zhang et al., 2003). Clearly there are multiple
roles for P2 and P1 receptors in relation to learning and
memory, but the way that therapeutic manipulation of
purinergic mechanisms can be used to improve these
functions is still unresolved. Higher order cognitive
functions, including learning and memory in the pre-
frontal cortex appear to involve P2Y receptor signaling
(Wirkner et al., 2003).

ATP injected into the supraoptic nucleus of the hypo-
thalamus has antidiuretic effects (Mori et al., 1994).
Purinergic and adrenergic synergism for vasopressin
and oxytocin release is consistent with ATP cotransmis-
sion in the hypothalamus (Kapoor and Sladek, 2000).
Purinergic signaling appears to play a significant role in
the regulation of body temperature during fever by cen-

tral hypothalamic and brainstem nuclei (Gourine et al.,
2002, 2004). Functional interactions seem likely to occur
between purinergic and nitrergic neurotransmitter sys-
tems; they may be important for regulation of hormone
secretion and body temperature at the hypothalamic
level and for cardiovascular and respiratory control at
the level of the brainstem (Yao et al., 2003). ATP is
coreleased with GABA or NA to act on P2 receptors,
which are strongly expressed in most nuclei in the hy-
pothalamus, including arcuate, paraventricular, retro-
chiasmatic, supraoptic, ventromedial, and dorsomedial
(Matsumoto et al., 2004).

P2X and GABAA receptors play an important role in
CO2 chemoreception and are involved in mediation of
the ventilatory response to hypercapnia (Gourine and
Spyer, 2003). P2X receptors expressed in neurons in the
trigeminal mesencephalic nucleus may be involved in
the processing of proprioceptive information (Khakh et
al., 1997). The nucleus tractus solitarius (NTS) is a
major integrative center in the brainstem that is in-
volved in reflex control of the cardiovascular system;
stimulation of P2X receptors in the NTS evokes hypo-
tension with decreases in both cardiac output and total
peripheral resistance (Kitchen et al., 2001). Different
NTS purinoceptor subtypes may contribute to patterned
autonomic responses observed in specific physiological
or pathological situations (Scislo et al., 2001). Evalua-
tion of the roles of purinergic signaling in processing of
the sympathoexcitatory component of the chemoreflex at
the NTS level may illuminate the mechanisms underly-
ing the sympathetic overactivity observed in pathophys-
iological conditions such as hypertension, obstructive
sleep apnea, and heart failure (De Paula et al., 2004).

In the striatum, extracellular ATP and adenosine are
involved in the regulation of the feeding-associated me-
solimbic neuronal activity in an antagonistic manner
(Kittner et al., 2003). PPADS suppresses the feeding-
evoked dopamine release in the nucleus accumbens, a
brain region regarded as important for the regulation of
appetite behavior and reinforcement (Kittner et al.,
2000). Adenosine-dopamine interactions in the ventral
striatum have been implicated in schizophrenia (Tsai,
2005). A hypothesis in which dysfunction of purinergic
signaling (for example, decreased ATPase activity in
erythrocytes, leading to increased levels of ATP and
decreased adenosine) may lead to schizophrenia has
been put forward (Lara and Souza, 2000).

It has been claimed that purinergic signaling dysfunc-
tion (perhaps largely reduced adenosinergic activity) is
involved in mania and aggressive behavior (Machado-
Vieira et al., 2002). Endogenous ATP has been claimed
to be involved in the regulation of anxiety via stimula-
tion of P2Y1 receptors in the dorsomedial hypothalamus
in rats (Kittner et al., 2003). Chronically administered
guanosine has anticonvulsant, amnesic, and anxiolytic
effects in mice, perhaps associated with modulation of
glutamatergic excitation (Vinade et al., 2003).
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Multiple P2X and P2Y receptors have been identified
on single cerebellar granule cells (Hervas et al., 2003). It
has been reported that ATP continuously modulates the
cerebellar circuit by increasing the inhibitory input to
Purkinje neurons, probably via P2X5 and P2Y2 and/or
P2Y4 receptor subtypes, thus decreasing the main cere-
bellar output activity, which contributes to locomotor
coordination (Brockhaus et al., 2004).

Spinal cord traumas are a major health problem. ATP-
MgCl2 has been shown to decrease lipid peroxidation in
spinal cord injury and protect the spinal cord from sec-
ondary injury after trauma; it was concluded that ATP-
MgCl2 should be explored for the treatment of spinal
cord injuries in conjunction with other treatment mod-
ulators (Cakir et al., 2003). In a recent study, topical
application of ATP after spinal cord injury significantly
improved locomotor function (Shields et al., 2004).

Phenylketonuria is an innervated deficiency of phe-
nylalanine hydroxylase activity in the liver, which
causes increased brain levels of phenylalanine and its
metabolites, leading to permanent brain damage in the
early period of postnatal brain development. Phenylala-
nine has been shown to inhibit ATP diphosphohydro-
lase, resulting in increases in ATP levels, perhaps the
neurotoxic mechanism underlying brain damage in this
disease (Berti et al., 2001).

Acanthamoeba is a protozoan parasite that can cause
fatal granulomatous amebic encephalitis. It has been
shown recently to hydrolyze ATP, and it was suggested
that this ecto-ATPase activity may play a role in the
pathogenesis of this disease (Sissons et al., 2004).

Diadenosine tetraphosphate (Ap4A) protects against in-
juries induced by ischemia and 6-hydroxytryptamine in rat
brain and has been suggested as a potentially useful target
molecule in the therapy of stroke (Wang et al., 2003b).
Up-regulation of P2X2 and P2X4 receptors in organotypic
cultures of hippocampus, cortex, and striatum is associ-
ated with ischemic cell death and was prevented by P2
receptor antagonists (Cavaliere et al., 2003).

ATP is an extracellular signaling molecule between
neurons and glial cells. ATP released by cellular damage
and from astrocytes may be important in triggering cel-
lular responses to trauma and ischemia by initiating
and maintaining reactive astrogliosis, which involves
striking changes in proliferation and morphology of as-
trocytes and microglia. Some of the responses to ATP
released during brain injury are neuroprotective, but in
some cases ATP contributes to the pathophysiology ini-
tiated after trauma (Fields and Stevens-Graham, 2002;
Murakami et al., 2003; Neary et al., 2003; Meme et al.,
2004). It has been claimed that P2Y2 receptors activate
neuroprotective mechanisms in astrocytic cells (Chorna
et al., 2004). In contrast, experimental infusion of ATP
into nucleus accumbens or cerebral hemisphere of rats
suggests that purines might be a signal for induction of
malignant brain tumors. It has been claimed recently
that ischemic brain injury is regulated by extracellular

ATP-mediated interleukin (IL)-10 expression in micro-
glia (Han et al., 2004). Multiple P2X and P2Y receptor
subtypes are expressed by astrocytes, oligodendrocytes,
and microglia (James and Butt, 2002). P2Y receptors
mediate reactive astrogliosis via induction of COX-2,
and P2Y receptor antagonists might counteract exces-
sive COX-2 activation in both acute and chronic neuro-
logical disease (Brambilla et al., 1999). P2 receptors also
mediate regulation of COX-2 in microglia (Choi et al.,
2003). IL-1�-induced astrocyte activation is regulated by
purinergic signaling; this is compatible with the hypoth-
esis that nucleotides released under inflammatory con-
ditions activate autocrine or paracrine signaling path-
ways that modulate inflammation (John et al., 2001).

Recent experiments suggest that astrocytes can sense
the severity of damage in the central nervous system
(CNS) via ATP release from damaged cells and can mod-
ulate the tumor necrosis factor-�-mediated inflammatory
response, depending on the extracellular ATP concentra-
tion and corresponding type of astrocyte P2 receptor acti-
vated (Kucher and Neary, 2005). Thus, micromolar ATP/
P2Y receptor activation may act to boost a moderate
inflammatory response, whereas millimolar ATP/P2X re-
ceptor activation may prevent the perpetuation of a com-
paratively large inflammatory response perhaps by induc-
tion of apoptosis. Protein kinase B/Akt is a key signaling
molecule that regulates cell survival, growth and metabo-
lism and inhibits apoptosis. Traumatic brain injury acti-
vates Akt. When cortical astrocytes were subjected to
mechanical strain, ATP was released, leading to Akt
activation; PPADS attenuated the Akt activation (Neary et
al., 2005). ATP can activate P2X7 receptors in astrocytes to
release glutamate, GABA, and ATP, which regulate the
excitability of neurons (Wang et al., 2002). ATP release
during neuronal excitation or injury can enhance the in-
flammatory effects of cytokines and prostaglandin E2 in
astrocytes and may contribute to the chronic inflammation
seen in Alzheimer’s disease (Xu et al., 2003). Astrocytic gap
junctions are involved in the neuroprotective process, in
particular, to protect neurons from oxidative stress and
glutamate toxicity (Naus et al., 2001). ATP released from
astrocytes is essential in mediating the injury-induced re-
sponses of microglial processes (Davalos et al., 2005).

Microglial cells are the major cellular elements with
immune functions inside the CNS and play important
roles in orchestrating inflammatory brain responses to
trauma and hypoxia. They express multiple P2 receptors
(Bianco et al., 2005) and are activated by purines and
pyrimidines to release inflammatory cytokines such as
IL-1� and IL-6 and tumor necrosis factor-�. Activated
microglia can also act as scavenger cells that induce
apoptosis in damaged neurons by releasing toxic factors,
including NO (Sanz and Di Virgilio, 2000; Inoue, 2002).
Thus, whereas microglia may play an important role
against infection in the CNS, overstimulation of this
immune reaction may accelerate the neuronal damage
caused by ischemia, trauma, or neurodegenerative dis-
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eases such as Alzheimer’s and Parkinson’s disease, hu-
man immunodeficiency virus encephalopathy, multiple
sclerosis, and amyotrophic lateral scoliosis, which ex-
hibit microglial proliferation and activation (Ogata et
al., 2003). These authors showed that ATP inhibits cy-
tokine release from lipopolysaccharide-activated micro-
glia via P2Y receptors and suggested that P2Y agonists
may be a potential treatment for toxic immunoreactions.
P2X4 receptors, induced in spinal microglia, gate tactile
allodynia after nerve injury (Tsuda et al., 2003) (see
section II.B.). P2X7 receptors mediate superoxide pro-
duction in primary microglia and are up-regulated in a
transgenic model of Alzheimer’s’ disease, particularly
around �-amyloid plaques (Parvathenani et al., 2003).
Stimulation of microglial P2X7 receptors also leads to
enhancement of interferon-�-induced type II nitric oxide
synthase activity (Gendron et al., 2003). P2X7 receptors
may therefore provide a therapeutic target for inflam-
matory responses seen in neurodegenerative disorders.

P2 receptors are expressed by oligodendrocytes. How-
ever, P2 receptors on oligodendrocytic progenitor cells
mediate an increase in [Ca2�]i and may mediate the
formation of myelin, raising the possibility that activa-
tion of P2 receptors may offer new approaches to the
treatment of demyelinating diseases in the CNS, such as
multiple sclerosis (Stevens et al., 2002; Agresti et al.,
2005). P2X receptors expressed by Schwann cells may
regulate the synthesis and release of cytokines during
pathophysiological events (Colomar and Amedee, 2001;
Irnich et al., 2001).

B. Migraine

Classical migraine is associated with two distinct ce-
rebrovascular phases: an initial vasoconstriction (not
associated with pain) followed by vasodilatation (reac-
tive hyperemia) associated with pain. The “purinergic”
hypothesis for migraine was originally put forward in
1981 as a basis for the reactive hyperaemia and pain
during the headache phase (Burnstock, 1981). It was
suggested that ATP and its breakdown products adeno-
sine 5�-monophosphate and adenosine were strong con-
tenders for mediating the vasodilatation following the
initial vasospasm and subsequent hypoxia. ATP was
also implicated in the pathogenesis of pain during mi-
graine via stimulation of primary afferent nerve termi-
nals located in the cerebral microvasculature. Later
studies have shown that the ATP-induced cerebral va-
sodilatation is endothelium-dependent via activation of
P2Y receptors on the endothelial cell surface and subse-
quent release of endothelium-derived relaxing factor
and that the endothelial cells are the main local source
of ATP involved, although adenosine 5�-diphosphate and
ATP released from aggregating platelets may also con-
tribute to this vasodilatation. These findings have ex-
tended the purinergic hypothesis for migraine in two
ways. First, they have clarified the mechanism of puri-
nergic vasodilatation during the headache phase of mi-

graine. Second, they suggest that a purinergic mecha-
nism may also be involved in the initial local vasospasm,
via P2X receptors on smooth muscle cells occupied by
ATP released either as a cotransmitter with NA from
perivascular sympathetic nerves or from damaged endo-
thelial cells (Burnstock, 1989). The hypothesis has
gained further support by the identification of P2X3
receptors on primary afferent nerve terminals arising
from trigeminal, nodose, and spinal ganglia (Chen et al.,
1995; Burnstock, 2001b). Thus, P2X3 receptor antago-
nists may be candidates for antimigraine drug develop-
ment (Waeber and Moskowitz, 2003). There is also re-
cent evidence that migraine is a chronic sympathetic
nervous system disorder, with which there is an increase
in release of sympathetic cotransmitters, including ATP
(Peroutka, 2004), which may contribute to the initial
vasospasm (Macdonald, 2000).

C. Pain

The involvement of ATP in the initiation of pain was
recognized early (Collier et al., 1966; Bleehen and Keele,
1977; Burnstock, 1981; Jahr and Jessell, 1983). A major
advance was made when the P2X3 ionotropic receptor
was cloned in 1995 (Chen et al., 1995; Lewis et al., 1995)
and shown later to be predominantly localized in the
subpopulation of small nociceptive sensory nerves that
label with isolectin B4 (IB4) in DRG (Bradbury et al.,
1998). Burnstock (1996b) put forward a unifying puri-
nergic hypothesis for the initiation of pain by ATP acting
via P2X3 and P2X2/3 receptors associated with causalgia,
reflex sympathetic dystrophy, angina, migraine, and
pelvic and cancer pain. This has been followed by an
increasing number of papers expanding on this concept
for acute, inflammatory, neuropathic, and visceral pain
(see reviews by Burnstock and Wood, 1996; Chizh and
Illes, 2000; Burnstock, 2001c; Dunn et al., 2001; Cooke
et al., 2003; Gu, 2003; Inoue et al., 2003; Jarvis, 2003;
Sawynok and Liu, 2003; Ueda and Rashid, 2003; North,
2004). Sensory terminals are sensitive to ATP released
from local cells during mechanical stress and to �,�-
meATP in the tongue (Rong et al., 2000), tooth pulp
(Alavi et al., 2001; Renton et al., 2003), bladder (Cock-
ayne et al., 2000; Vlaskovska et al., 2001; O’Reilly et al.,
2002; Rong et al., 2002), ureter (Knight et al., 2002;
Rong and Burnstock, 2004), gut (Wynn et al., 2003,
2004), and uterine cervix (Papka et al., 2005). Both P2X3
(homomultimer) and P2X2/3 (heteromultimer) receptors
mediate nociceptive afferent responses, but the propor-
tions vary in different organs. P2Y1 receptors have also
been demonstrated in a subpopulation of sensory neu-
rons that colocalise with P2X3 receptors (Ruan and
Burnstock, 2003; Gerevich et al., 2004).

The search is on for selective P2X3 and P2X2/3 receptor
antagonists that do not degrade in vivo. PPADS is a
nonselective P2 antagonist, but has the advantage that
it associates and dissociates approximately 100 to
10,000 times more slowly than other known antagonists
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(Spelta et al., 2002). The trinitrophenyl-substituted nu-
cleotide TNP-ATP is a very potent antagonist at both
P2X3 and P2X2/3 receptors (Mockett et al., 1994; King et
al., 1997; Virginio et al., 1998; Burgard et al., 2000;
Honore et al., 2002). A-317491 is a potent and selective
non-nucleotide antagonist of P2X3 and P2X2/3 receptors,
and it reduces chronic inflammatory and neuropathic
pain in the rat (Jarvis et al., 2002, 2004; McGaraughty
et al., 2003). Antisense oligonucleotides have been used
to down-regulate the P2X3 receptor, and in models of
neuropathic (partial sciatic nerve ligation) and inflam-
matory (complete Freund’s adjuvant) pain, inhibition of
the development of mechanical hyperalgesia as well as
significant reversal of established hyperalgesia, were
observed within 2 days of treatment (Barclay et al.,
2002; Honore et al., 2002; Stone and Vulchanova, 2003).
P2X3 antisense oligonucleotides or antagonists appear
to be less effective for treating discogenic (lumbar inter-
vertebral disc) than cutaneous tissue pain (Aoki et al.,
2003). Combined antisense and RNA interference-medi-
ated treatment for specific inhibition of the recombinant
rat P2X3 receptor appears to be promising for pain ther-
apy (Hemmings-Mieszczak et al., 2003). P2X3 double-
stranded short interfering RNA relieves chronic neuro-
pathic pain and opens up new avenues for therapeutic
pain strategies in man (Dorn et al., 2004). Cytotoxic
targeting using the IB4-saporin conjugate of isolectin
IB4-binding nociceptive sensory neurons decreases the
severity to noxious stimuli (Vulchanova et al., 2001;
Nishiguchi et al., 2004). Antagonism of P2X1 and P2X3
receptors by phenol red has recently been reported (King
et al., 2005) and shown to cause significant increases in
the pressure and volume threshold required to initiate
the micturition reflex in female urethra-anesthetized
rats (King et al., 2004). Modulation of neurotransmis-
sion through P2X3 receptors in central and peripheral
nervous systems may contribute to the anesthesia and
analgesia produced by barbiturates (Kitahara et al.,
2003). Tetramethylpyrazine, a traditional Chinese med-
icine used as an analgesic for dysmenorrhea, was shown
to block P2X3 receptor signaling, inhibit significantly
the first phase of nociceptive behavior induced by 5%
formalin, and attenuate slightly the second phase in the
rat hindpaw pain model (Liang et al., 2004, 2005). In-
teractions between vanilloid and metabotropic P2Y re-
ceptors are also being explored in terms of treatments
for chronic pain (Premkumar, 2001) and thermal hyper-
sensitivity (Moriyama et al., 2003). It has been reported
recently that antagonism of spinal P2X3/P2X2/3 recep-
tors results in an indirect activation of the opioid system
to alleviate inflammatory hyperalgesia and chemogenic
nociception (McGaraughty et al., 2005).

For neuropathic pain, the tactile allodynia that fol-
lows peripheral nerve injury is reduced by A-134974, a
novel adenosine kinase inhibitor acting at spinal sites
(Zhu et al., 2001). Endogenous ATP acting on P2X re-
ceptors appears to be necessary for the induction of the

postoperative pain characterized by mechanical allo-
dynia (Tsuda et al., 2000, 2001). Up-regulation of P2Y1
receptor expression in the DRG occurs after transection
of sciatic nerves (Xiao et al., 2002). P2X4 receptors are
induced in spinal microglia that appear to gate tactile
allodynia after nerve injury (Tsuda et al., 2003, 2005;
Inoue et al., 2004, 2005). Intraspinal administration of
p38 inhibitor suppressed allodynia, which suggests that
neuropathic pain hypersensitivity depends on the acti-
vation of the p38 signaling pattern in microglia in the
dorsal horn following peripheral nerve injury (Inoue et
al., 2003). Suramin inhibits spinal cord microglia acti-
vation and long-term hyperalgesia induced by inflam-
mation produced by formalin injection (Wu et al., 2004;
Guo et al., 2005). Analgesic effects with intrathecal ad-
ministration of P2Y receptor agonists UTP and UDP in
normal and the neuropathic pain rat model have been
reported, suggesting that P2Y2 (and/or P2Y4) and P2Y6
receptors produce inhibitory effects in spinal pain trans-
mission (Okada et al., 2002). Disruption of the P2X7
receptor gene abolishes chronic inflammatory and neu-
ropathic pain (Chessell et al., 2005). Purinergic mecha-
nisms are also beginning to be explored in relation to
cancer pain (Burnstock, 1996; Cain et al., 2001; Mantyh
et al., 2002; Gilchrist et al., 2005).

D. Diseases of Special Senses

1. Eye. Purinergic signaling is widespread in the eye
(Pintor, 2000) and novel therapeutic strategies are being
developed for glaucoma, dry eye, and retinal detachment
(Pintor et al., 2003a). P2Y receptors on human corneal
epithelial cells appear to play a critical role in the injury-
repair process (Klepeis et al., 2004).

ATP, acting via both P2X and P2Y receptors, modu-
lates retinal neurotransmission, affecting retinal blood
flow and intraocular pressure. The ATP analog �,�-
methylene ATP is more effective in reducing intraocular
pressure (40%) than muscarinic agonists such as pilo-
carpine (25%) and �-adrenoceptor blockers (30%),
raising the potential for the use of purinergic agents
in glaucoma (Pintor and Peral, 2001). Dinucleoside
polyphosphates acting via P2Y1 receptors on trabecular
network cells increase aqueous humor outflow and may
be another target for antiglaucomatous drugs (Soto et
al., 2005). Suramin, a P2 receptor antagonist, has been
shown to inhibit the fibrotic wound healing reactions
that sometimes follow trabeculectomies for surgically
treating eyes with glaucoma (Mietz et al., 1998). Topical
application of Ap4A has been proposed for the lowering
of intraocular pressure in glaucoma (Pintor et al.,
2003b). The formation of P2X7 receptor pores and apo-
ptosis is enhanced in retinal microvessels early in the
course of experimental diabetes, suggesting that puri-
nergic vasotoxicity may play a role in microvascular cell
death, a feature of diabetic retinopathy (Sugiyama et al.,
2004).
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P2Y2 receptor activation increases salt, water, and
mucus excretion and thus represents a potential treat-
ment for dry eye conditions (Murakami et al., 2000;
Yerxa, 2001). In the pigmented layer of the retina, P2Y2

receptor activation promotes fluid absorption and may
be involved in retinal detachment. INS37217, a long-
lasting synthetic P2Y2 receptor agonist, stimulates the
retinal pigment epithelium by activating P2Y2 receptors
at the apical membrane, and in vivo treatment enhances
the rate of subretinal fluid reabsorption in experimen-
tally induced retinal detachments and may be useful for
treating a variety of retinal diseases that result in fluid
accumulation in the subretinal space (Maminishkis et
al., 2002). Reactive responses of Müller cells occur
within 24 h of retinal detachment. Suramin inhibits
some of these responses and may provide a therapeutic
candidate to limit the detrimental effects of immune cell
activation and Müller cell gliosis during retinal detach-
ment (Uhlmann et al., 2003).

ATP and UTP restore the rates of both net Cl� and
fluid secretion in adenovirus type 5-infected conjunctival
tissues and are considered as potential therapeutic mod-
ulators for the treatment of various transport defects
encountered in ocular tissues in diseased and/or in-
flamed states (Kulkarni et al., 2003). UTP and Ap4A
accelerate wound healing in the rabbit cornea, by regu-
lating the rate of epithelial cell migration (Pintor et al.,
2004).

The UPL rat is a dominant hereditary cataract model
derived from Sprague-Dawley rats and has been used to
show that Ca2�-ATPase expression increases, whereas
ATP control decreases in lenses during the development
of the cataract and opacification; disulfiram and amino-
guanidine, which inhibit inducible NO and scavenge
reactive oxygen species, attenuate the decrease in ATP,
resulting in a delay in cataract development (Nabekura
et al., 2004).

A recent article has raised the possibility that alter-
ations in sympathetic nerves may underlie some of the
complications observed in diabetic retinopathy (Wiley et
al., 2005); ATP is well established as a cotransmitter in
sympathetic nerves.

2. Ear. In the auditory system ATP, acting via P2Y
receptors, depresses sound-evoked gross compound ac-
tion potentials in the auditory nerve and the distortion
produces otoacoustic emission, the latter being a mea-
sure of the active process of the outer hair cells (Housley,
2000; Sueta et al., 2003). P2X splice variants are found
on the endolymphatic surface of the cochlear endothe-
lium, an area associated with sound transduction. Both
P2X and P2Y receptors have been identified in the ves-
tibular system (Xiang et al., 1999). ATP may regulate
fluid homeostasis, cochlear blood flow, hearing sensitiv-
ity and development, and thus may be useful in the
treatment of Ménière’s disease, tinnitus, and sensori-
neural deafness.

Sustained loud noise produces an up-regulation of
P2X2 receptors in the cochlea, particularly at the site of
outer hair cell sound transduction. P2X2 expression is
also increased in spiral ganglion neurons, indicating
that extracellular ATP acts as a modulator of auditory
neurotransmission that is adaptive and dependent on
the noise level (Wang et al., 2003a). Excessive noise can
irreversibly damage hair cell stereocilia leading to deaf-
ness. Data have been presented showing that release of
ATP from damaged hair cells is required for Ca2� wave
propagation through the support cells of the organ of
Corti, involving P2Y receptors, and this may constitute
the fundamental mechanism to signal the occurrence of
hair cell damage (Munoz et al., 2001; Gale et al., 2004).
ATP is claimed to mitigate the effects of noise trauma
(Jakobi et al., 1977; Sugahara et al., 2004), although the
mechanisms involved are not clear.

3. Nasal Organs. Purinergic receptors have been
described in the nasal mucosa, including the expression
of P2X3 receptors on olfactory neurones (Gayle and
Burnstock, 2005). Enhanced sensitivity to odors in the
presence of P2 purinergic antagonists suggests that low-
level endogenous ATP normally reduces odor respon-
siveness (Hegg et al., 2003a). It appears that the induc-
tion of heat-shock proteins by noxious odor damage can
be prevented by the in vivo administration of P2 receptor
antagonists (Hegg et al., 2003b). The predominantly
suppressive effect of ATP in odor responses could play a
role in the reduced odor sensitivity that occurs during
acute exposure to noxious fumes and may be a novel
neuroprotective mechanism.

IV. Immune System and Inflammation

ATP and adenosine are released at sites of inflamma-
tion. ATP is involved in the development of inflam-
mation through a combination of actions: release of
histamine from mast cells, provoking production of
prostaglandins; and the production and release of cyo-
kines from immune cells (Di Virgilio et al., 1998). In
contrast, adenosine exerts anti-inflammatory actions.
P2X7 and P2Y1 and P2Y2 receptors located on inflam-
matory and immune cells play a pivotal role in inflam-
mation and immunomodulation (Di Virgilio et al., 1998;
Luttikhuizen et al., 2004). In addition, NTPDases have
effects on immune reactions (Robson et al., 2001). NTP-
Dase1 deficiency appears to have two opposing impacts
on nucleotide-mediated signaling, that is, inhibition via
desensitization of some, but not all, P2 receptors and
augmentation of certain other responses via impaired
hydrolysis of their ligands. Consequently, there are de-
fects in dendritic cell function, antigen presentation,
T-cell responses to haptens (type IV hypersensitivity
reactions), and delayed cellular rejection responses un-
der partial costimulation blockade in NTPDase1-null
mice.
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In addition to the roles of purines in inflammation,
they have a broad range of functions carried out through
purinergic receptors on immune cells, including killing
intracellular pathogens by inducing apoptosis of host
macrophages, chemoattraction, and cell adhesion (Burn-
stock, 2001d; Di Virgilio et al., 2001). Purinergic com-
pounds may turn out to be useful for the treatment of
neurogenic inflammation, rheumatoid arthritis, and pe-
riodontitis (Dubyak and El Moatassim, 1993).

ATP-induced apoptosis in macrophages via P2X7 re-
ceptors, also results in killing of the mycobacteria con-
tained within them, in contrast, to the macrophage
apoptosis produced by other agents. Elucidation of the
bacterial killing mechanism initiated by the P2X7 recep-
tor may help to devise new strategies to combat the most
potent and enduring of human pathogens (Lammas et
al., 1997; Saunders et al., 2003). Infection with Mycobac-
terium tuberculosis causes macrophages to release ATP,
which leads to oxygen radical production, providing an-
tibacterial effects at sites of infection (Sikora et al.,
1999). In later studies, it was shown that the ATP-
induced bactericidal activity toward virulent M. tuber-
culosis requires an increase in cytosolic Ca2� in infected
macrophages, and it was hypothesized that the Ca2�

dependence was linked to promotion of phagosome-lyso-
some fusion (Kusner and Barton, 2001; Fairbairn et al.,
2001). The P2X7 receptor plays a fundamental role in
lipopolysaccharide signal transduction and activation of
macrophages and may therefore represent a therapeutic
target for Gram-negative bacterial septicemia (Sommer
et al., 1999). Vibrio cholerae, the causative organism of
the intestinal disease cholera, secretes enzymes that
lead to ATP degradation; this may allow the pathogen to
evade the immune system by reducing the apoptotic
actions of the P2X7 receptor (Punj et al., 2000). Evidence
has been presented to support the view that, whereas
the cytotoxic actions of ATP on macrophages were via
P2X7 receptors, the bacteriocidal effects of ATP (and
UTP) were probably via P2Y2 receptors (Stober et al.,
2001). It is conceivable that various pathogenic bacteria
might secrete adenine nucleotide-interconverting en-
zymes during host cell infection to modulate host cell
purinergic receptors to their own advantage (Yamada
and Chakrabarty, 2004). Lesional accumulation of mac-
rophages expressing P2X4 receptors in rat CNS during
experimental autoimmune encephalomyelitis has been
described recently, and it was suggested that P2X4 re-
ceptors might be valuable markers to dissect the local
monocyte heterogeneity in autoimmune disease (Guo
and Schluesener, 2005). ATP moderates anti-IgE-in-
duced release of histamine from lung mast cells and may
therefore be mechanistically involved in human allergic/
asthmatic reactions (Schulman et al., 1999). Alveolar
macrophages express P2X7 receptors, which upon stim-
ulation trigger proinflammatory responses, including
activation of IL-1 to IL-6 cytokines and granulomatous
reactions (Lemaire and Leduc, 2004). In contrast, ATP

and ADP inhibit cytokine generation by human mast
cells through P2Y receptors and could present a novel
therapeutic target for asthma, arthritis and other disor-
ders with a prominent contribution from mast cells and
their products (Feng et al., 2004).

Extracellular ATP inhibits the activation of CD4� T
lymphocytes via P2Y receptors, which suggests a novel
therapeutic target for topical immunosuppression in
eye, skin, or airway inflammatory disease (Duhant et
al., 2002). In addition to the apoptosis mediated by P2X7

receptors, a lower level of activation sometimes results
in cell proliferation; it has been suggested that the ex-
pression and function of P2X7 receptors on B lympho-
cytes may correlate with the severity of B-cell chronic
lymphocytic leukemia (Adinolfi et al., 2002).

During the acute phase of Trypanosoma cruzi infec-
tion, the etiologic agent of Chagas’ disease, thymic atro-
phy occurs; ATP also induces cell death in CD4�/CD8�

double-positive thymocytes and may play a central role
in thymus atrophy during T. cruzi infection (Mantuano-
Barradas et al., 2003). Infection by the parasitic blood
fluke Schistosoma mansoni also leads to thymic atrophy.
The cloning and characterization of a P2X receptor
(schP2X) from S. mansoni provide the first example of a
nonvertebrate ATP-gated ion channel and may provide
an alternative drug target for the treatment of schisto-
somiasis (Agboh et al., 2004).

A novel mechanism by which ATP, probably via P2Y11

receptors, can regulate the trafficking of specific den-
dritic cell populations has been described (Schnurr et al.,
2003). The migration of dendritic cells from the site of
antigen capture to lymphoid tissue is a prerequisite for
the induction and regulation of immune responses.
Therefore, ATP-mediated inhibition of migration could
play an important role in inflammatory disease and
cancer. Targeting of P2Y11 receptors may provide a new
therapeutic strategy to improve the migration of den-
dritic cells to induce the trafficking of antigen from the
vaccine site to the draining lymph nodes.

Allopurinal and captopril have a therapeutic effect
in granulomatous disorders, such as sarcoidosis, by a
direct action on monocyte/macrophage lineage cells
partly by down-regulation of intracellular adhesion
molecular-1 and P2X7 receptors (Mizuno et al., 2004).
ATP and UTP have been shown to be potent stimula-
tors of human hematopoietic stem cells both in vitro
and in vivo (Lemoli et al., 2004). Thus, these extracel-
lular nucleotides may provide a novel and powerful
tool to modulate hematopoietic stem cell function to
increase the number of transplantable cells in vivo in
the event of bone marrow failure. P2X7 receptors con-
trol endocannabinoid production by microglia cells
and might constitute promising therapeutics to tem-
per exacerbated microinflammatory responses and al-
lied cell damage (Witting et al., 2004).
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V. Endocrinology, Diabetes, and Obesity

Purinoceptors are widely expressed in endocrine
glands (Burnstock and Knight, 2004). For example, ATP
and UTP increase cytosolic free calcium in human thy-
rocytes (Schofl et al., 1995), ATP modulates aldosterone
production by adrenal cortex (Szalay et al., 1998), ATP
regulates prolactin release from the anterior pituitary
(Stojilkovic et al., 2000) and vasopressin and oxytocin
secretion from the posterior pituitary (Sperlágh et al.,
1999); ATP stimulates insulin release from the endo-
crine pancreas (Coutinho-Silva et al., 2001); ATP and
UTP inhibit estradiol and progesterone secretion from
the ovary (Tai et al., 2001) and mediate increases in
intracellular calcium in Sertoli cells from testis (Ko et
al., 2003). Ovariectomy significantly increased the hy-
drolysis of ATP, ADP, and AMP in rat blood serum,
whereas estradiol replacement therapy significantly de-
creased the hydrolysis of adenine nucleotides, suggest-
ing a relationship between ecto-ATPases and the hor-
monal system (Pochmann et al., 2004).

A diversity of actions of purines in the pituitary gland
have been described, including trophic effects and cyto-
kine production as well as actions in hormone release,
with implications for pathological as well as physiologi-
cal states (Rees et al., 2003). 5�-Nucleotidase activity is
increased in synaptosomes from hippocampus and cere-
bral cortex of hypothyroid rats and may be related to the
cognitive disorders found in hypothyroidism (Bruno et
al., 2005a). 5�-Nucleotidase activity is also altered in
platelets by hypo- and hyperthyroidism and may repre-
sent an additional mechanism by which disturbances
related to thyroid hormones are associated with some
vascular diseases (Bruno et al., 2005b).

A. Diabetes

Early studies from the laboratory of Loubatière-Mari-
ani et al. (1997) showed that P2Y receptors are present
on pancreatic �-cells and are involved in insulin secre-
tion. ATP stimulates pancreatic insulin release through
a glucose-dependent P2Y receptor-mediated mechanism
and also modulates insulin secretion through interac-
tions with ATP-sensitive potassium channels in islet
�-cells. Biotin enhances ATP synthesis in pancreatic
islets, resulting in reinforcement of glucose-induced in-
sulin secretion (Sone et al., 2004).

P2Y purinoceptors appear to be impaired in fibro-
blasts from type 2 diabetic patients, which results in
reduced glucose uptake via the glucose transporter
GLUT 1, suggesting that P2Y receptors may be candi-
date targets for the design of innovative antidiabetic
drugs (Solini et al., 2003). Hormone-specific defects in
insulin regulation of ATPase that may contribute to
their insulin resistance are seen in non-insulin-depen-
dent diabetic rats (Levy et al., 1994).

A feature of diabetic retinopathy is the apoptotic
death of microvascular pericytes and endothelial cells;

there appears to be an enhancement of P2X7 receptor-
induced pore formation and apoptosis on the retinal
microvasculature in early diabetes (Sugiyama et al.,
2004). In streptozotocin-induced diabetic animals, P2X7
receptor expression, located in glucagon-containing
�-cells in pancreatic islets, increases, and the expression
migrates centrally to take the place of the insulin-con-
taining �-cells, although the functional significance of
this is not known (Coutinho-Silva et al., 2003). The
potential role of purinergic compounds as novel treat-
ments for diabetes has yet to be explored. Stimulation of
insulin secretion and improvement of glucose tolerance
in rats and dogs by the P2Y receptor agonist adenosine-
5�-(2-thiodiphosphate) has been claimed (Hillaire-Buys
et al., 1993).

B. Obesity

ATP, released as a cotransmitter from sympathetic
nerves, has been shown to stimulate brown adipocytes
(Lee and Pappone, 1997; Omatsu-Kanbe et al., 2002).
Deficits in receptor regulation, transporter mobilization,
and adipocyte hormone secretion are all thought to con-
tribute to the pathology of obesity (Flier, 1995; Schmidt
and Loffler, 1998). Stimulation of lipogenesis in rat adi-
pocytes by ATP, which regulates fat stores indepen-
dently from established hormones has been reported
(Schodel et al., 2004). A recent article presents evidence
that adipocytes express two different P2Y receptor sub-
types and that activation of P2Y11 receptors might be
involved in inhibition of insulin-stimulated lepton pro-
duction and stimulation of lipolysis (Lee et al., 2005).
Some of the effects of ATP are caused by its breakdown
product, adenosine, which has been known for a long
time to be involved in the activities of adipocytes (see
Fredholm, 1981).

VI. Gastroenterology

Purinergic signaling plays a major role in different
activities of the gut (Burnstock, 2001b; Galligan, 2002;
Giaroni et al., 2002; Lecci et al., 2002; Nassauw et al.,
2002; Poole et al., 2002; Bertrand, 2003; Kadowaki et al.,
2003; Xiang and Burnstock, 2004a,b). ATP is a cotrans-
mitter in NANC nerves responsible for the inhibitory
phase in peristalsis, it participates in synaptic transmis-
sion in the myenteric and submucosal ganglia, and it is
involved in vascular control of the gastrointestinal tract
and in the control of mucosal secretion. Both glial cells
(Kimball and Mulholland, 1996; Vanderwinden et al.,
2003) and the interstitial cells of Cajal (Burnstock and
Lavin, 2002) express P2 receptors, although their roles
have yet to be clarified.

A limited number of studies have been conducted to
date on changes in purinergic signaling in the diseased
gut. ATP and adenosine have been implicated in the
development of gastric ulcers, Hirschsprung’s and Cha-
gas’ diseases, ischemia and colonic tumors (Burnstock,
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2001c). Extracellular nucleotides and their receptors
have been implicated in the pathogenesis of inflamma-
tory bowel disease (IBD) (Somers et al., 1998). T cells are
thought to play a primary role in the induction of epi-
thelial cell damage in IBD, and the P2Y6 receptor was
found to be highly expressed on the T cells infiltrating
IBD, but absent in T cells of unaffected bowel. This
suggests that the P2Y6 receptor and its selective agonist,
UDP, may play a role in the pathogenesis of IBD. Later
articles have shown that P2Y6 receptors are involved in
monocytic release of IL-8 and stimulation of NaCl secre-
tion (Kottgen et al., 2003). During inflammation of the
gastrointestinal tract, glial cells proliferate and produce
cytokines; thus, P2X7 receptors may play a role in the
response of enteric glia to inflammation (Vanderwinden
et al., 2003). P2X3 purinergic signaling enhancement in
an animal model of colitis has been described (Wynn et
al., 2004). P2X3 receptor expression is increased in the
enteric plexuses in human irritable bowel syndrome,
suggesting a potential role in dysmotility and pain
(Yiangou et al., 2001), and the possibility that P2X re-
ceptors are potential targets for the drug treatment of
irritable bowel syndrome has been raised (Galligan,
2004). Bile induces ATP depletion and contributes to the
early mucosal permeability alteration and barrier le-
sions that occur during experimental esophageal reflux
(Szentpali et al., 2001). P2X3 immunohistochemistry has
been demonstrated in aganglionic bowel in Hirsch-
sprung’s disease, suggesting that the sensory nerves
may form a significant proportion of its hypertrophic
innervation (Facer et al., 2001). P2Y receptors on
smooth muscle and ATP production in myenteric neu-
rons increase in postoperative ileus, probably contribut-
ing to delayed colonic transit (Wang et al., 2004a). Re-
cent reviews have highlighted the potential of purinergic
drugs for the treatment of functional bowel disorders
and visceral pain (Holzer, 2001; Kirkup et al., 2001;
Galligan, 2004). Intestinal epithelial cells from patients
with cystic fibrosis fail to consistently conduct Cl� in
response to ATP and UTP that elevate intracellular
Ca2� and this may be of value in the design of treat-
ments to ameliorate gastrointestinal symptoms of cystic
fibrosis (Smitham and Barrett, 2001).

Intrinsic sensory neurons in the submucous plexus of
the gut, as well as extrinsic sensory nerves, show posi-
tive immunoreactivity for P2X3 receptors (Xiang and
Burnstock, 2004b). It has been proposed (Burnstock,
2001b) that during moderate distension, low threshold
intrinsic enteric sensory fibers may be activated via
P2X3 receptors by ATP released from mucosal epithelial
cells, leading to reflexes concerned with propulsion of
material down the gut. Studies showing that peristalsis
is impaired in the small intestine of mice lacking the
P2X3 receptor subunit support this view (Bian et al.,
2003). In contrast, during substantial (colic) distension
associated with pain, higher threshold extrinsic sensory
fibers may be activated by ATP released from the mu-

cosal epithelia; these fibers pass messages through the
DRG to pain centers in the CNS (Wynn et al., 2003,
2004). A recent study suggests that peripheral sensiti-
zation of P2X3 receptors on vagal and spinal afferents in
the stomach may contribute to dyspeptic symptoms and
the development of visceral hyperalgesia (Dang et al.,
2005).

In the liver, purinergic receptors have been identified
in the plasma membrane of the two principal epithelial
cell types that form the bile-secreting unit, namely,
hepatocytes, which constitute the liver parenchymal
cells, and cholangiocytes, which line the lumen of intra-
hepatic bile ducts (Nathanson et al., 2001; Feranchac
and Fitz, 2003). Activation of the receptors has been
linked to several fundamental responses important to
cellular metabolism, ion channel activation, cell volume
regulation, and bile formation. It is suggested that phar-
macological modulation of ATP release and purinergic
signaling might provide novel strategies for the manage-
ment of cholestasis and other disorders characterized by
impaired bile flow. Purinergic receptors are present on
both quiescent and activated hepatic stellate cells; qui-
escent cells express P2Y2 and P2Y4 receptors activated
by UTP and ATP, whereas activated cells express P2Y6
receptors activated by UDP and ATP (Dranoff et al.,
2004). It was speculated by these authors that the P2Y
receptors on satellite cells might be an attractive target
to prevent or treat liver fibrosis, via regulation of pro-
collagen-1 transcription. ATP has been shown recently
to rapidly activate multiple components of the c-Jun
NH2-terminal kinase cascade, a central player in hepa-
tocyte proliferation and liver regeneration (Thevanan-
ther et al., 2004). This study identifies extracellular ATP
as a hepatic mitogen with implications about the regu-
lation of liver growth and repair. Sympathetic nerves
using NA and ATP as cotransmitters alleviate immune-
mediated experimental hepatitis in the mouse; it is spec-
ulated that nerve-immune cell interactions may offer
novel therapeutic strategies in immune and inflamma-
tory liver diseases (Neuhuber and Tiegs, 2004).

The effect of ATP on salivary glands has been recog-
nized since 1982. Both P2X and P2Y subtypes are ex-
pressed and opportunities for utilization of these recep-
tors as pharmaceutical targets for diseases involving
salivary gland dysfunction appear promising (Turner et
al., 1999; Arreola and Melvin, 2003).

VII. Urogenital Diseases

A. Kidney and Ureter

There is a substantial presence of purinoceptors in
different regions of the nephron, the glomerulus, and
renal vascular system in the kidney, including subtypes
involved in the regulation of renin secretion, glomerular
filtration, and transport of water, ions, nutrients, and
toxins (Chen and Chen, 1998; Unwin et al., 2003; Bailey
et al., 2004; Shirley et al., 2005) (Fig. 2). The distribution
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of NTPDase1 and NTPDase2 parallels the distribution
of P2 receptors in the kidney and is likely to influence
physiological as well as pathophysiological events in the
kidney (Kishore et al., 2005). ATP and adenosine have
been used to protect kidneys from renal ischemic-reper-
fusion injury, and are being explored for the treatment
of chronic renal failure and transplantation-induced
erythrocytosis (Jackson, 2001). It has been proposed
that luminal P2 receptors in the nephron are part of an
epithelial “secretory” defense mechanism against bacte-
ria or harmful particles involved in the regulation of
cell volume when transcellular solute transport is out
of balance. P2Y receptors mediate renin secretion
(Churchill and Ellis, 1993). ATP released from macula
densa cells serves as a major paracrine agent, mediating
tubuloglomerular feedback signals to regulate afferent
arteriolar resistance (Nishiyama and Navar, 2002). ATP
exerts a dual effect on mesangial extracellular matrix
production, stimulatory probably via P2X7 receptors and
inhibitory via a P2Y receptor (Solini et al., 2005). In the
presence of elevated ATP levels in inflammatory or isch-
emic conditions, extracellular matrix proteins accumu-
late due to functional predominance of P2X receptors.
This mechanism might participate in the pathogenesis
of mesangial expression that occurs in diabetes.

Cyclosporine is a potent immunosuppressive agent,
but its use has been limited by the side effect of neph-
rotoxicity; however, ATP treatment after verapamil pre-
treatment greatly reduces the nephrotoxic potential
(Sumpio et al., 1987). The P2 receptor antagonist,
PPADS, has been shown to be an effective inhibitor of
mesangial cell proliferation in an experimental rat
model of mesangial proliferative glomerulonephritis
(Rost et al., 2002).

In polycystic kidney disease, tubules are altered, lead-
ing to dilated tubules or cysts encapsulated by a single
monolayer of renal epithelium. It has been postulated
that autocrine purinergic signaling enhances cyst ex-

pansion and accelerates disease progression (Schwiebert
et al., 2002). An increase in expression of P2Y2, P2Y6,
and P2X7 receptors has been reported in cystic tissue
from the Han:SPRD cy/� rat model of autosomal domi-
nant polycystic kidney disease (Turner et al., 2004a). P2
antagonists and inhibitors of ATP release are being ex-
plored as therapeutic agents to treat this disease. A
recent article suggests that ATP may inhibit pathologi-
cal renal cyst growth through P2X7 signaling (Hillman
et al., 2004). There is increased glomerular expression of
P2X7 receptors in two rat models of glomerular injury
due to diabetes and hypertension (Vonend et al., 2004).
A further study of human and experimental glomerulo-
nephritis also shows increase in P2X7 receptor expres-
sion (Turner et al., 2004b).

Administration of ATP complexed with MgCl2 has
been used for many years to improve postischemic and
drug-induced glomerular and tubular function (Sumpio
et al., 1984, 1985). There is convincing evidence that
there is increased sympathetic activity in renal disease,
especially ischemia (Joles and Koomans, 2004). Because
ATP is established as a cotransmitter with NA in sym-
pathetic nerves, this may be a source of enhanced ATP
in these conditions.

The potential role of P2X3 receptors in mechanosen-
sory transduction has already been mentioned in rela-
tion to the bladder (Burnstock, 2001e). However, there is
increasing evidence that this is not an isolated phenom-
enon and that ATP released from the epithelial lining of
other organs including the ureter following distension
may act on P2X3 receptors on afferent nerves in the
subepithelial plexuses to provide sensory feedback and,
in the case of the ureter, renal colic pain (see Fig. 2 and
section II.B.). P2X3 receptors have been found on the
suburothelial nerve plexus, and both the human and
guinea pig ureter and urothelial cells have been shown
to release ATP in a pressure-dependent fashion when
the ureter is distended (Knight et al., 2002). This ATP

FIG. 2. Summary of the nephron segments and the distribution of P2 receptor subtypes. Based on Turner et al. (2003), with permission from
S. Karger AG (Basel, Switzerland).
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release is abolished when the urothelium is removed,
and sensory nerve-recording studies during ureteral dis-
tension demonstrate purinergic involvement, suggesting
that specific P2X3 antagonists may have efficacy in al-
leviating renal colic (Rong and Burnstock, 2004).

B. Lower Urinary Tract

In the normal human bladder, atropine will block at
least 95% of parasympathetic nerve-mediated contrac-
tion, indicating that its innervation is predominantly
cholinergic; purinergic signaling is responsible for the
atropine-resistant component of contraction (Burnstock,
2001e). There are a number of examples of the puriner-
gic component of cotransmission increasing in patholog-
ical conditions (Abbracchio and Burnstock, 1998; Burn-
stock, 2001e). One is that purinergic nerve-mediated
contraction of the human bladder is increased to 40% in
pathophysiological conditions such as interstitial cysti-
tis, outflow obstruction, idiopathic detrusor instability,
and probably also neurogenic bladder (Wammack et al.,
1995; Andersson, 1997; Andersson and Hedlund, 2002).
ATP release from bladder epithelial cells from patients
with interstitial cystitis is significantly greater than
that from healthy cells (Sun and Chai, 2002), and there
is a change in expression of both P2X and P2Y receptors
in urothelial cells (Birder et al., 2004; Tempest et al.,
2004). P2X1 receptor subtype expression markedly in-
creased in obstructed bladder (Boselli et al., 2001) and in
the absence of P2X3 receptors in mouse knockouts, the
bladder is hyperactive (Cockayne et al., 2000; Vlask-
ovska et al., 2001). Botulinum toxin A, which has an-
tinociceptive effects in treating interstitial cystitis, in-
hibits distension-mediated urothelial release of ATP in
conditions of bladder inflammation (Smith et al., 2004).

Purinergic signaling also plays a role in afferent sen-
sation from the bladder (Wyndaele and De Wachter,
2003). ATP is released from urothelial cells when the
bladder is distended (Ferguson et al., 1997; Vlaskovska
et al., 2001). Sensory nerve recording has indicated that
P2X3 receptors are involved in mediating the nerve re-
sponses to bladder distension, providing mechanosen-
sory feedback involving both the micturition reflex and
pain (Cockayne et al., 2000; Burnstock, 2001c; Vlask-
ovska et al., 2001; Rong et al., 2002). Purinergic agonists
acting on P2X3 receptors in the bladder can sensitize
bladder afferent nerves, and these effects mimic the
sensitizing effect of cystitis induced by cyclophospha-
mide (Yu and de Groat, 2004). Thus, P2X3 receptors are
a potential target for pharmacological manipulation in
the treatment of both pain and detrusor instability.

In aging rats there is increased sensitivity of the blad-
der to ATP, but no change in response to acetylcholine or
potassium chloride (Ferguson and Christopher, 1996).
Comparable results showing increased purinergic, but
not cholinergic, neurotransmission to aging human
bladder smooth muscle have been found (Yoshida et al.,
2001). Activation of P2 receptors in the brain stem (both

periaqueductal gray matter and Barrington’s nucleus/
locus ceruleus) generates patterns of activity in the
parasympathetic innervation of the bladder (Rocha et
al., 2001). In patients with idiopathic detrusor instabil-
ity, there is abnormal purinergic transmission in the
bladder; this may account for some of the symptoms and
provide a novel therapeutic target for treatment of over-
active bladder (Andersson, 2002; O’Reilly et al., 2002).
Voiding dysfunction involves P2X3 receptors in con-
scious chronic spinal cord-injured rats, which raises the
possibility that P2X3 antagonists might be useful for the
treatment of neurogenic bladder dysfunction (Lu et al.,
2002). Drugs that alter ATP release or breakdown might
also be therapeutic targets (Harvey et al., 2002; Chess-
Williams, 2004). Copper inhibits purinergic transmis-
sion in the bladder and the copper(I) chelator, neocu-
proine, enhances bladder activity by facilitating
purinergic excitatory responses (Göçmen et al., 2005).
Expression of P2 receptors in bladder urothelium, as
well as in nerve and smooth muscle, changes in a cat
model of interstitial cystitis and may be linked with
painful bladder symptoms (Birder et al., 2004). Recent
reviews of management of detrusor dysfunction high-
light the potential of therapeutic strategies related to
purinergic signaling (Andersson, 2002; Kumar et al.,
2003; Fry et al., 2004; Moreland et al., 2004; Nishiguchi
et al., 2004; Ouslander, 2004; Yoshida et al., 2004;
Birder, 2005; Rapp et al., 2005).

C. Reproductive System

Normal penile erectile function is dependent upon a
delicate balance between contracting and relaxing fac-
tors in the corpus cavernosum smooth muscle, which are
modulated by signaling from both nerves and endothe-
lial cells. Evidence has accumulated to support a pivotal
role for NANC neurotransmitters. NO plays a central
role in mediating cavernosal smooth muscle relaxation,
but other neurotransmitters can modulate this action
and may play a role in erectile dysfunction. ATP po-
tently relaxes cavernosal smooth muscle strips in vitro,
an action pharmacologically consistent with P2Y recep-
tors. Indeed, P2Y receptors are present on both cavern-
osal smooth muscle cells and endothelial cells, and ATP
is released from a subpopulation of the cavernosal
nerves. It appears that smooth muscle relaxation is
caused by ATP acting directly on the cavernosal smooth
muscle cells and indirectly is mediated by NO released
from the endothelial cells. ATP-mediated cavernosal re-
laxation is impaired in diabetes mellitus (independent of
NO), implying that purinergic signaling may be involved
in the pathophysiology of erectile dysfunction (Gür and
Öztürk, 2000).

In humans, ATP induces a significant increase in
sperm fertilizing potential and this provides a rationale
for the use of ATP for treatment of spermatozoa during
in vitro fertilization (Rossato et al., 1999). Knockout
mice lacking P2X1 receptors appear normal, but fail to
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breed, and this is associated with loss of the purinergic
component of sympathetic cotransmission in the vas
deferens; these findings raise the possibility of develop-
ing nonhormonal ways of regulating male fertility
(Dunn, 2000). Differential, stage-dependent immuno-
staining for P2X receptors during spermatogenesis in
the adult rat testes has been described (Glass et al.,
2001) and opens up the possibility of purinergic targets
for both fertility and contraception. Evidence has been
presented that glycolysis has an unexpectedly important
role in providing the ATP required for sperm motility
throughout the length of the sperm flagellum (Mukai
and Okuno, 2004).

Synergistic effects of ATP and oxytocin in increasing
[Ca2�]i in mouse mammary myoepithelial cells suggest
that activation of purinergic receptors may facilitate
myoepithelial cell contraction in the milk ejection re-
sponse (Nakano et al., 2001). P2Y2 receptors on apical
and basolateral membranes appear to be involved
(Blaug et al., 2003).

Micromolar concentrations of ATP stimulate a bipha-
sic change in transepithelial conductance in the human
uterine cervix, with phase 1 mediated by the P2Y2 re-
ceptor and phase II by the P2X4 receptor (Gorodeski,
2002). Given the potential role of ATP regulation of
cervical paracellular permeability for human fertility,
contraception, and health, these findings may have clin-
ical significance and may lead to the development of
drugs that can target specific signaling pathways in the
cervix.

VIII. Dermatology

Purinergic signaling is much involved in keratinocyte
turnover in skin epidermis: P2Y1 and P2Y2 receptors in
basal and parabasal layers mediate cell proliferation;
P2X5 receptors in the granular layer mediate cell differ-
entiation; and P2X7 receptors at the stratum granulo-
sum/stratum corneum border mediate apoptosis (Greig
et al., 2003c). There are changes in the expression of P2
receptor subtypes in proliferative disorders of the epi-
dermis, including psoriasis and scleroderma (Greig and
Burnstock, unpublished data), and P2Y2 receptors have
been proposed as a novel target for therapy of these
disorders (Dixon et al., 1999). P2Y1, P2Y2, and P2Y4
receptors have also been identified on cultured keratin-
ocytes (Cook et al., 1995) and on the HaCaT cell line
(Burrell et al., 2003).

There is an increase of P2X3 and P2X2/3 nociceptive
receptors on sensory nerve endings in inflamed skin
(Hamilton et al., 2001), and antagonists are being devel-
oped as analgesics (see section II.B.). Data have been
presented to support a pathogenic role for keratinocyte-
derived ATP in irritant dermatitis (Mizumoto et al.,
2003).

Changes in expression of purinergic receptors in the
regenerating epidermis in wound healing have been de-

scribed (Greig et al., 2003a). The P2X receptor antago-
nist, PPADS, has been shown to accelerate skin barrier
repair and prevent epidermal hyperplasia induced by
skin barrier disruption (Denda et al., 2002).

P2 agonists have significant immunostimulating ef-
fects on Langerhans cells, a subclass of dendritic cells in
the epidermis (Granstein et al., 2005). The authors sug-
gest that ATP, when released after trauma and infec-
tion, may act as an endogenous adjuvant to enhance the
immune response and that P2 agonists may augment
the efficacy of vaccines. Purinergic signaling involved in
skin tumors is discussed in section XI.

IX. Respiratory Diseases

P2 receptor purinergic compounds are being explored
for the treatment of cystic fibrosis, to improve the clear-
ance of secretions from the bronchi in chronic obstruc-
tive pulmonary disease, and for sputum expectoration in
smokers (Gaba et al., 1986; Stutts and Boucher, 1999;
Taylor et al., 1999; Mall et al., 2000; Yerxa, 2001). ATP
and UTP stimulate P2Y2 receptor-mediated surfactant
secretion and transepithelial chloride secretion in type
II alveolar cells; there are abnormalities in this mecha-
nism in cystic fibrosis (Yerxa, 2001; Bucheimer and Lin-
den, 2004). Nucleotides also increase mucus secretion
from goblet cells and increase the ciliary beat frequency
of airway epithelial cells (Kemp et al., 2004). The long-
lasting P2Y2 receptor analog, INS 37217, increases the
duration of mucociliary clearance and therefore has sig-
nificant advantages over other P2Y2 agonists for the
treatment of cystic fibrosis (Kellerman et al., 2002;
Yerxa et al., 2002). P2X4 receptors have also been iden-
tified on lung epithelial cells and appear to be involved
in regulation of ciliary beat, manipulation of which may
also be of therapeutic benefit for cystic fibrosis (Zsem-
bery et al., 2003). Recent evidence supports the view
that vagal afferent purinergic signaling may be involved
in the hyperactivity associated with asthma and chronic
obstructive pulmonary disease (Adriaensen and Tim-
mermans, 2004; Undem et al., 2004).

The use of theophylline, an adenosine-receptor antag-
onist, as an antiasthmatic agent has focused attention
on the development of novel P1 receptor antagonists as
asthmatic medications (Feoktistov and Biaggioni, 1996;
Meade et al., 2001; Fozard and McCarthy, 2002; Polosa
et al., 2002; Blackburn, 2003; Lee et al., 2003; Livingston
et al., 2004; Zablocki et al., 2005). It has also been
suggested that adenosine cooperates with inflammatory
cytokines to stimulate mucin production in the asth-
matic airway (McNamara et al., 2004).

Erythromycin is a widely used antibiotic for the treat-
ment of upper and lower respiratory tract infections.
One of the most conspicuous effects of erythromycin is
the suppression of fluid secretion from bronchial epithe-
lial cells in the treatment of bronchitis. Erythromycin
has been shown to block the P2X receptor-mediated
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Ca2� influx and may represent one mechanism by which
it exerts its antisecretory effects in the treatment of
chronic respirator tract infections (Zhao et al., 2000).

The ventrolateral medulla contains a network of re-
spiratory neurons that are responsible for the genera-
tion and shaping of respiratory rhythm; it also functions
as a chemoreceptive area mediating the ventilating re-
sponse to hypercapnia. Evidence has been presented
that ATP acting on P2X2 receptors expressed in ventro-
lateral medulla neurons influences these functions
(Gourine et al., 2003). A potentially important role for
P2 receptor synaptic signaling in respiratory motor con-
trol is suggested by the multiple physiological effects of
ATP in hypoglossal activity associated with the presence
of P2X2, P2X4, and P2X6 receptor mRNA in nucleus
ambiguous and the hypoglossal nucleus (Collo et al.,
1996; Funk et al., 1997) and microinjection of ATP into
the caudal NTS of awake rats produces respiratory re-
sponses (Antunes et al., 2005).

The pneumovirus respiratory syncytial virus is the
most common cause of lower respiratory tract disease in
infants and children. It has a detrimental inhibitory
effect on alveolar clearance, an effect that appears to be
mediated by UTP, perhaps released by the bronchoal-
veolar epithelium in response to infection (Davis et al.,
2004). This suggests that P2Y2 receptor antagonists
may be useful for the treatment of severe respiratory
syncytial virus broncheolitis.

Alveolar macrophages play a pivotal role in the devel-
opment of chronic lung inflammatory reactions such as

idiopathic pulmonary fibrosis, silicosis, asbestosis, hy-
persensitivity pneumonitis, sarcoidosis, and mycobacte-
ria tuberculosis. P2X7 receptors are expressed in alveo-
lar macrophages, which upon stimulation activate the
proinflammatory IL-1 to IL-5 cytokine cascade and the
formation of multinucleated giant cells, a hallmark of
granulomatous reactions (Lemaire and Leduc, 2004).
P2X7 receptors may be a relevant target for therapeutic
intervention in lung hypersensitivity reactions associ-
ated with chronic inflammatory responses.

The need to support the failing lung (acute respiratory
distress syndrome) with mechanical ventilation is poten-
tially lifesaving, but, unfortunately, alveolar overdisten-
sion and pulmonary shear stress may cause lung injury
(ventilator-induced lung injury), increasing bronchoal-
veolar lavage and leading to lung edema. It has been
suggested that ventilator-induced lung injury may in-
volve stretch-associated release of ATP from neuroepi-
thelial cell bodies (Brouns et al., 2000, 2003; Rich et al.,
2003) and may therefore be a therapeutic target for this
condition.

The protective effect of ATP-MgCl2 in ischemia-reper-
fusion lung injury appears to require the presence of
leukocytes (Chen et al., 2003).

X. Musculoskeletal Diseases

Several reports implicate purinergic signaling in bone
development and remodeling (Bowler et al., 1999; Elfer-
vig et al., 2001; Hoebertz et al., 2003; Costessi et al.,

FIG. 3. Schematic diagram illustrating the potential roles played by extracellular nucleotides and P2 receptors in modulating bone cell function.
ATP, released from osteoclasts (e.g., through shear stress or constitutively) or from other sources, can be degraded to ADP or converted into UTP via
ecto-nucleotidases (1). All three nucleotides can act separately on specific P2 receptor subtypes, as indicated by the color coding. ATP is a universal
agonist, whereas UTP is only active at the P2Y2 receptor and ADP is only active at the P2Y1 receptor. ADP via P2Y1 receptors appears to stimulate
both the formation (i.e., fusion) of osteoclasts from hematopoietic precursors and the resorptive activity of mature osteoclasts. For the latter, a
synergistic action of ATP and protons has been proposed via the P2X2 receptor. ADP could also stimulate resorption indirectly through actions on
osteoclasts, which in turn release proresorptive factors [e.g., receptor activator of nuclear factor-�B ligand (RANKL)]. ATP at high concentrations
might facilitate fusion of osteoclast progenitors through P2X7 receptor pore formation or induce cell death of mature osteoclasts via P2X7 receptors.
In osteoblasts, ATP, via P2X5 receptors, might enhance proliferation and/or differentiation. By contrast, UTP, via P2Y2 receptors, is a strong inhibitor
of bone formation by osteoblasts. For some receptors (e.g., P2X4 and P2Y2 receptors on osteoclasts or P2X2 receptors on osteoblasts), evidence for
expression has been found, but their role is still unclear (question marks). Dashed lines indicate signaling events in the cell. Reprinted from Hoebertz
et al. (2004), with permission from Elsevier.
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2005). P2X and P2Y receptors are present on osteoclasts,
osteoblasts, and chondrocytes (Fig. 3). ATP, but not
adenosine, stimulates the formation of osteoclasts and
their resorptive actions in vitro and can inhibit osteo-
blast-dependent bone formation. The bisphosphonate
clodronate, which is used in the treatment of Paget’s
disease and tumor-induced osteolysis, may act through
osteoclast P2 receptors. Very low (nanomolar) concen-
trations of ADP, acting through P2Y1 receptors, turn on
osteoclast activity (Hoebertz et al., 2001).

In a recent study, deletion of the P2X7 receptor re-
vealed its regulatory roles in bone formation and resorp-
tion (Ke et al., 2003). It reduces bone resorption by
decreasing osteoclast survival (Korcok et al., 2004), and
P2X7 receptors are expressed in a subpopulation of os-
teoblasts (Gartland et al., 2001). The multiple purino-
ceptors on bone and cartilage also represent potential
targets for the development of novel therapeutics to
inhibit bone resorption in diseases such as rheumatoid
arthritis, osteoporosis, tumor-induced osteolysis, and
periodontitis (Dixon and Sims, 2000; Komarova et al.,
2001; Naemsch et al., 2001).

Nucleotide metabolism is tightly controlled in the car-
tilage extracellular matrix. Apart from modulating puri-
noceptor activation, ectoenzymes can regulate the levels
of extracellular phosphate and pyrophosphate, the com-
ponents involved in crystal deposition (Graff et al.,
2003). Mechanical stimulation, which is critical for the
maintenance of healthy articular cartilage, can influ-
ence the rate of nucleotide release and metabolism. The
repair of fetal, but not adult, articular cartilage involves
the intercellular transfer of ATP, an increase of [Ca2�]i,
and expression of c-fos in cartilage (Kumahashi et al.,
2004).

Tendinosis is a disorder characterized by acute or
chronic pain and degenerative changes in the matrix.
Mechanical loading induces ATP release from tendon
cells and stimulates expression of IL-1�, COX-2, and
metalloproteinases as a negative feedback mechanism to
limit activation of the injurious pathway. Attenuation of
the feedback mechanism may result in the progression
of tendinosis (Tsuzaki et al., 2003).

Ultrasound is often used to accelerate fracture heal-
ing. It has been shown recently that osteoblasts respond
to ultrasound stimulation by increasing ATP release,
which appears to mediate stimulation of osteoblast gene
expression and cell proliferation (Hayton et al., 2005).

A role for purinergic signaling in rheumatic diseases
has been considered for some time. Quinacrine (Ata-
brine), a drug that binds strongly to ATP, has been used
for the treatment of patients with rheumatoid arthritis
for many years (Wallace, 1989). One of its mechanisms
of action is to decrease levels of prostaglandin E2 and
COX-2, which are known to be produced following occu-
pation of P2Y receptors by ATP (Needleman et al., 1974;
Brambilla et al., 1999). The articular fluid removed from
arthritic joints contains high levels of ATP (Ryan et al.,

1991). Purinergic regulation of bradykinin-induced
plasma extravasation and adjuvant-induced arthritis
has been reported (Green et al., 1991). ATP and UTP
activate calcium-mobilizing P2Y2 or P2Y4 receptors and
act synergistically with IL-1 to stimulate prostaglandin
E2 release from human rheumatoid synovial cells
(Loredo and Benton, 1998). When monoarthritis was
induced by the injection of complete Freund’s adjuvant
into the unilateral temporomandibular joint of the rat,
the pain produced was associated with an increase in
P2X3 receptor-positive small neurons in the trigeminal
ganglion (Shinoda et al., 2005). Relief of inflammatory
pain by the P2X7 receptor antagonist, oxidized ATP, in
arthritic rats has been reported (Dell’Antonio et al.,
2002a,b). Spinal P1 receptor activation has been claimed
to inhibit inflammation and joint destruction in rat ad-
juvant-induced arthritis, supporting the view that ther-
apeutic strategies, which target the CNS, might be use-
ful in arthritis (Boyle et al., 2002; Sorkin et al., 2003).
Suppression of experimental zymosan-induced arthritis
by intraperitoneal administration of adenosine has also
been described (Baharav et al., 2002).

Lymphoblastoid cells isolated from patients with
Duchenne muscular dystrophy are highly sensitive to
stimulation by extracellular ATP (Ferrari et al., 1994). A
recent study provides the first evidence for a role for
purinergic signaling in muscle regeneration using the
mdx mouse model of muscular dystrophy and raises the
possibility of new therapeutic strategies for the treat-
ment of muscle disease (Ryten et al., 2004). Pain related
to the musculoskeletal system (myofascial pain) is very
common, and ATP has been claimed to excite or sensitize
myofascial nociceptors (Kennedy and Leff, 1995; Bland-
Ward and Humphrey, 1997; Mork et al., 2003).

XI. Oncology

The anticancer activity of adenine nucleotides was
first described by Rapaport in 1983. Intraperitoneal in-
jection of ATP into tumor-bearing mice resulted in sig-
nificant anticancer activity against several fast-growing
aggressive carcinomas (Agteresch et al., 2003). ATP in-
hibits the growth of murine colonic adenocarcinoma and
human pancreatic carcinoma in mice as well as inhibit-
ing the associated weight loss. In a recent comprehen-
sive review about the use of ATP for the treatment of
advanced cancer (Abraham et al., 2003), evidence was
presented that 1) extracellular ATP inhibits the growth
of a variety of human tumors, including prostate, breast,
colon, liver, ovarian, colorectal, esophageal, and mela-
noma cancer cells, partly by mediating apoptotic cancer
cell death; 2) ATP administration induces resistance of
nonmalignant tissue to chemo- and radiation therapy,
and 3) ATP has pronounced anticachexia effects, partic-
ularly in older patients, reducing weight loss, anorexia,
and hormonal aberrations, largely via its ability to ex-
pand blood plasma ATP pools. It was concluded that
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preclinical data support utilization of ATP in the treat-
ment of advanced cancers confirmed by phase I and II
human trials indicating that ATP has a future place as
a useful anticancer agent. The combination of ATP ad-
ministration with other anticancer modalities is begin-
ning to be explored.

Growth of prostate cancer cells in vitro is inhibited by
up to 90% by ATP via P2 receptors, although it is not yet
clear which subtype mediates this effect and whether it
is a directly antiproliferative effect or a proapoptotic
effect (Janssens and Boeynaems, 2001; Vanoverberghe
et al., 2003; Calvert et al., 2004; Chen et al., 2004).
Phase 1 clinical trials have shown that ATP infusion in
patients with advanced cancer is feasible, but it is lim-
ited by chest tightness and dyspnea, probably due to
conversion to adenosine (Agteresch et al., 1999). P2Y2
receptors are expressed in human colon carcinoma cells
(Höpfner et al., 1998; Nylund et al., 2004).

A phase II trial has been carried out in patients with
non-small-cell lung cancer, showing that intravenous ATP
administered for 96 h at 4-week intervals reduced weight
loss and improved muscle strength and quality of life (Ag-
teresch et al., 2000; Dagnelie and Agteresch, 2004), as well
as inducing cancer cell death (Agteresch et al., 2003). The
combined use of ATP and the antitumor agent, etoposide,
appears to improve the therapeutic index in human lung
carcinoma (Hatta et al., 2004). Exposure of human lung
cancer cells to 8-chloroadenosine, a potent therapeutic
agent, induces mitotic catastrophe (Zhang et al., 2004a).

A combination of interferon-� and ATP is being explored
for the treatment of acute myeloid leukemia. ATP induced
irreversible damage of leukemic cells without injuring nor-
mal hemopoietic stem cells, and it was suggested that it
could be useful for purging the residual leukemic cells in
autologous bone marrow transplantation (Hatta et al.,
1994). Extracellular ATP suppresses proliferation and in-
duction of differentiation of human HL-60 leukemia cells,
partly mediated by adenosine (after breakdown of ATP)
and partly by ATP (Conigrave et al., 2000). P2X7 receptor
expression in the evolutive form of chronic �-lymphocyte
leukemia has been identified; ATP decreased proliferation
of lymphocytes in this form of leukemia (Adinolfi et al.,
2002). �-Cell chronic lymphocyte leukemia is unique in
showing a 3-fold increased incidence in closely related fam-
ily members compared with other lymphoproliferative dis-
eases; a candidate gene for this familial incidence is the
P2X7 gene (Dao-Ung et al., 2004). Expression of P2X7 re-
ceptor mRNA is higher in most types of leukemia, al-
though there is loss of P2X7 receptor function (Zhang et al.,
2004c).

Recent studies from our laboratory have analyzed the P2
receptor subtypes that contribute to ATP suppression of
malignant melanomas (White et al., 2005a,b) in basal and
squamous cell tumors (Greig et al., 2003b) and prostate
and bladder cancers (Shabbir et al., 2003, 2004; Calvert et
al., 2004). In general, P2Y1 and P2Y2 receptors mediate
proliferation or antiproliferation, P2X5 receptors mediate

cell differentiation, which in effect is antiproliferative, and
P2X7 receptors mediate apoptotic cell death. ATP admin-
istration is particularly effective in treating bladder tu-
mors when combined with the more commonly used anti-
cancer drug mitomycin (Shabbir et al., 2004).

Intracarotid administration of ATP selectively increases
blood flow in transplanted, malignant gliomas and sug-
gests that this might enhance the delivery of anticancer
agents to malignant brain tumors (Baba et al., 1989). P2Y4
receptors have been shown recently to participate in the
commitment to differentiation and cell death of human
neuroblastoma cells (Cavaliere et al., 2005).

For years, surgeons have washed the abdominal cav-
ity with distilled water to lyse isolated cancer cells left
after surgery. A recent study has shown that the hypo-
tonicity produced by the water leads to cell swelling and
release of ATP, which then acts on P2X7 receptors on
cancer cells, leading to death (Selzner et al., 2004). 17�-
Estradiol has been shown to block the apoptosis induced
by P2X7 receptor occupation of human cervical cancer
cells (Wang et al., 2004b).

XII. Future Developments

Although in its infancy, the clinical manipulation of
purinergic signaling has begun. Several clinically rele-
vant pharmacological interventions are already part of
day-to-day practice. However, one of the main reasons
that we do not yet have more purinergic therapies in our
formularies is the current scarcity of receptor subtype-
specific agonists and antagonists that are stable and
effective in vivo. In addition to the development of selec-
tive agonists and antagonists for the different P2 recep-
tor subtypes, therapeutic strategies are likely to include
agents that control the expression of P2 receptors, in-
hibitors of extracellular breakdown of ATP, and enhanc-
ers or inhibitors of ATP transport. Investigating the
interactions of purinergic signaling with other estab-
lished signaling systems will also be very important.
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within human macrophages is calcium dependent and associated with the acidi-
fication of mycobacteria-containing phagosomes. J Immunol 166:6276–6286.

Stojilkovic SS, Tomic M, Van GF, and Koshimizu T (2000) Expression of purinergic
P2X2 receptor-channels and their role in calcium signaling in pituitary cells.
Biochem Cell Biol 78:393–404.

Stone LS and Vulchanova L (2003) The pain of antisense: in vivo application of
antisense oligonucleotides for functional genomics in pain and analgesia. Adv
Drug Deliv Rev 55:1081–1112.

Stutts MJ and Boucher RC (1999) Cystic fibrosis gene and functions of CFTR
implications of dysfunctional ion transport for pulmonary pathogenesis, in Cystic
Fibrosis in Adults (Yankaskas JR and Knowles MR eds) pp 3–25, Lippincott-
Raven, Philadelphia.

Sueta T, Paki B, Everett AW, and Robertson D (2003) Purinergic receptors in
auditory neurotransmission. Hear Res 183:97–108.

Sugahara K, Shimogori H, Okuda T, Takemoto T, Hashimoto M, and Yamashita H
(2004) Cochlear administration of adenosine triphosphate facilitates recovery from
acoustic trauma (temporary threshold shift). ORL J Otorhinolaryngol Relat Spec
66:80–84.

Sugiyama T, Kobayashi M, Kawamura H, Li Q, Puro DG, and Kobayshi M (2004)
Enhancement of P2X7-induced pore formation and apoptosis: an early effect of
diabetes on the retinal microvasculature. Investig Ophthalmol Vis Sci 45:1026–
1032.

Sumpio B, Baue AE, and Chaudry IH (1987) Treatment with verapamil and aden-
osine triphosphate-MgCl2 reduces cyclosporine nephrotoxicity. Surgery 101:315–
322.

Sumpio BE, Chaudry IH, and Baue AE (1985) Reduction of the drug-induced neph-
rotoxicity by ATP-MgCl2. 1. Effects on the cis-diamminedichloroplatinum-treated
isolated perfused kidneys. J Surg Res 38:429–437.

Sumpio BE, Chaudry IH, Clemens MG, and Baue AE (1984) Accelerated functional
recovery of isolated rat kidney with ATP-MgCl2 after warm ischemia. Am J
Physiol 247:R1047–R1053.

Sun Y and Chai TC (2002) Effects of dimethyl sulphoxide and heparin on stretch-
activated ATP release by bladder urothelial cells from patients with interstitial
cystitis. BJU Int 90:381–385.

Szalay KS, Orso E, Juranyi Z, Vinson GP, and Vizi ES (1998) Local non-synaptic
modulation of aldosterone production by catecholamines and ATP in rat: implica-
tions for a direct neuronal fine tuning. Horm Metab Res 30:323–328.

Szentpali K, Kaszaki J, Tiszlavicz L, Lazar G, Balogh A, and Boros M (2001)
Bile-induced adenosine triphosphate depletion and mucosal damage during reflux
esophagitis. Scand J Gastroenterol 36:459–466.

Tai CJ, Kang SK, Choi KC, Tzeng CR, and Leung PC (2001) Antigonadotropic action
of adenosine triphosphate in human granulosa-luteal cells: involvement of protein
kinase C�. J Clin Endocrinol Metab 86:3237–3242.

Tan B-H, Shimizu H, Furukawa Y, Kanemori T, and Ohyanagi M (2004) Sinus
slowing caused by adenosine-5�-triphosphate in patients with and without sick
sinus syndrome under various autonomic states. J Endocrinol 37:305–309.

Taylor AL, Schwiebert LM, Smith JJ, King C, Jones JR, Sorscher EJ, and Schwiebert
EM (1999) Epithelial P2X purinergic receptor channel expression and function.
J Clin Investig 104:875–884.

Tempest HV, Dixon AK, Turner WH, Elneil S, Sellers LA, and Ferguson DR (2004)
P2X2 and P2X3 receptor expression in human bladder urothelium and changes in
interstitial cystitis. BJU Int 93:1344–1348.

Thevananther S, Sun H, Li D, Arjunan V, Awad SS, Wyllie S, Zimmerman TL, Goss
JA, and Karpen SJ (2004) Extracellular ATP activates C-jun N-terminal kinase
signaling and cell cycle progression in hepatocytes. Hepatology 39:393–402.

Thompson GW, Horackova M, and Armour JA (2002) Role of P1 purinergic receptors
in myocardial ischemia sensory transduction. Cardiovasc Res 53:888–901.

Tsai S-J (2005) Adenosine A2a receptor/dopamine D2 receptor hetero-oligomeriza-
tion: a hypothesis that may explain behavioural sensitization to psychostimulants
and schizophrenia. Med Hypotheses 64:197–200.

Tsuda M, Inoue K, and Salter MW (2005) Neuropathic pain and spinal microglia: a
big problem from molecules in “small” glia. Trends Neurosci 28:101–107.

Tsuda M, Koizumi S, and Inoue K (2001) Role of endogenous ATP at the incision area
in a rat model of postoperative pain. Neuroreport 12:1701–1704.

Tsuda M, Koizumi S, Kita A, Shigemoto Y, Ueno S, and Inoue K (2000) Mechanical
allodynia caused by intraplantar injection of P2X receptor agonist in rats: involve-
ment of heteromeric P2X2/3 receptor signaling in capsaicin-insensitive primary
afferent neurons. J Neurosci 20:RC90.

Tsuda M, Shigemoto-Mogami Y, Koizumi S, Mizokoshi A, Kohsaka S, Salter MW,
and Inoue K (2003) P2X4 receptors induced in spinal microglia gate tactile allo-
dynia after nerve injury. Nature (Lond) 424:778–783.

Tsuzaki M, Bynum D, Almekinders L, Yang X, Faber J, and Banes AJ (2003) ATP
modulates load-inducible IL-1�, COX 2 and MMP-3 gene expression in human
tendon cells. J Cell Biochem 89:556–562.

Turner C, Ramesh B, Srai SKS, Burnstock G, and Unwin R (2004a) Altered P2
receptor expression in the Han:SPRD cy/� rat, a model of autosomal dominant
polycystic kidney disease. Cell Tissues Organs 178:168–179.

Turner C, Tam FWK, Lai P-C, Tarzi RM, Burnstock G, Pusey CD, Cook HT, and
Unwin R (2004b) Glomerular expression of the ATP-sensitive P2X7 receptor is
increased in proliferative glomerulonephritis (Abstract). Society of Nephrology,
Renal Week; 2004 Oct 27–Nov 1; St. Louis, MO.

Turner JT, Landon LA, Gibbons SJ, and Talamo BR (1999) Salivary gland P2
nucleotide receptors. Crit Rev Oral Biol Med 10:210–224.

Ueda H and Rashid MH (2003) Molecular mechanism of neuropathic pain. Drug
News Perspect 16:605–613.

Uhlmann S, Bringmann A, Uckermann O, Pannicke T, Weick M, Ulbricht E, Goc-
zalik I, Reichenbach A, Wiedemann P, and Francke M (2003) Early glial cell

PATHOPHYSIOLOGY AND THERAPEUTIC POTENTIAL OF PURINERGIC SIGNALING 85

 by guest on June 15, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


reactivity in experimental retinal detachment: effect of suramin. Investig Ophthal-
mol Vis Sci 44:4114–4122.

Undem BJ, Chuaychoo B, Lee MG, Weinreich D, Myers AC, and Kollarik M (2004)
Subtypes of vagal afferent C-fibres in guinea-pig lungs. J Physiol 556:905–917.

Unwin RJ, Bailey MA, and Burnstock G (2003) Purinergic signaling along the renal
tubule: the current state of play. News Physiol Sci 18:237–241.

Van Nassauw L, Brouns I, Adriaensen D, Burnstock G, and Timmermans J-P (2002)
Neurochemical identification of enteric neurons expressing P2X3 receptors in the
guinea-pig ileum. Histochem Cell Biol 118:193–203.

Vanderwinden JM, Timmermans JP, and Schiffmann SN (2003) Glial cells, but not
interstitial cells, express P2X7, an ionotropic purinergic receptor, in rat gastroin-
testinal musculature. Cell Tissue Res 312:149–154.

Vanoverberghe K, Mariot P, Vanden AF, Delcourt P, Parys JB, and Prevarskaya N
(2003) Mechanisms of ATP-induced calcium signaling and growth arrest in human
prostate cancer cells. Cell Calcium 34:75–85.

Vassort G (2001) Adenosine 5�-triphosphate: a P2-purinergic agonist in the myocar-
dium. Physiol Rev 81:767–806.

Vianna EP, Ferreira AT, Naffah-Mazzacoratti MG, Sanabria ER, Funke M, Caval-
heiro EA and Fernandes MJ (2002) Evidence that ATP participates in the patho-
physiology of pilocarpine-induced temporal lobe epilepsy: fluorimetric, immuno-
histochemical and western blot studies. Epilepsia 43 (Suppl 5):227–229.

Vinade ER, Schmidt AP, Frizzo ME, Izquierdo I, Elisabetsky E, and Souza DO (2003)
Chronically administered guanosine is anticonvulsant, amnesic and anxiolytic in
mice. Brain Res 977:97–102.

Virginio C, Robertson G, Surprenant A, and North RA (1998) Trinitrophenyl-
substituted nucleotides are potent antagonists selective for P2X1, P2X3 and het-
eromeric P2X2/3 receptors. Mol Pharmacol 53:969–973.

Vlaskovska M, Kasakov L, Rong W, Bodin P, Bardini M, Cockayne DA, Ford APDW,
and Burnstock G (2001) P2X3 knockout mice reveal a major sensory role for
urothelially released ATP. J Neurosci 21:5670–5677.

Volonte C, Amadio S, Cavaliere F, D’Ambrosi N, Vacca F, and Bernardi G (2003)
Extracellular ATP and neurodegeneration. Curr Drug Targets CNS Neurol Disord
2:403–412.

Volonte C, Ciotti MT, D’Ambrosi N, Lockhart B, and Spedding M (1999) Neuropro-
tective effects of modulators of P2 receptors in primary culture of CNS neurones.
Neuropharmacology 38:1335–1342.

Vonend O, Turner C, Chan CM, Loesch A, Dell’Anna GC, Srai SK, Burnstock G, and
Unwin R (2004) Glomerular expression of the ATP-sensitive P2X7 receptor in
diabetic and hypertensive rat models. Kidney Int 66:157–166.

Vorhoff T, Zimmermann H, Pelletier J, Sévigny J, and Braun N (2005) Cloning and
characterization of the ecto-nucleotidase NTPDase3 from rat brain: predicted
secondary structure and relation to other members of the E-NTPDase family and
actin. Purinergic Signalling 1:259–270.

Vulchanova L, Olson TH, Stone LS, Riedl MS, Elde R, and Honda CN (2001) Cytotoxic
targeting of isolectin IB4-binding sensory neurons. Neuroscience 108:143–155.

Waeber C and Moskowitz MA (2003) Therapeutic implications of central and periph-
eral neurologic mechanisms in migraine. Neurology 61:S9–S20.

Wallace DJ (1989) The use of quinacrine (atabrine) in rheumatic diseases: a reex-
amination. Semin Arthritis Rheum 18:282–296.

Wammack R, Weihe E, Dienes HP, and Hohenfeller R (1995) Die neurogene blase in
vitro. Akt Urol 26:16–18.

Wang CM, Chang YY, Kuo JS, and Sun SH (2002) Activation of P2X7 receptors
induced [3H]GABA release from the RBA-2 type-2 astrocyte cell line through a
Cl�/HCO3

�-dependent mechanism. Glia 37:8–18.
Wang JC-C, Raybould NP, Luo L, Ryan AF, Cannell MB, Thorne PR, and Housley

GC (2003a) Noise induces up-regulation of P2X2 receptor subunit of ATP-gated ion
channels in the rat cochlea. Neuroreport 14:817–823.

Wang L, Andersson M, Karlsson L, Watson MA, Cousens DJ, Jern S, and Erlinge D
(2003b) Increased mitogenic and decreased contractile P2 receptors in smooth
muscle cells by shear stress in human vessels with intact endothelium. Arterioscler
Thromb Vasc Biol 23:1370–1376.

Wang L, Yao H, Yang Y-E, Song I, and Owyang C (2004a) Enhanced purinergic pathway
occurs in postoperative ileus: reversal by orphanin FQ. Gastroenterology 126:75.

Wang Q, Li X, Wang L, Febg Y-H, Zeng R, and Gorodeski G (2004b) Antiapoptotic
effects of estrogen in normal and cancer human cervical epithelial cells. Endocri-
nology 145:5568–5579.

Watanabe S, Kono Y, Oishi-Tobinaga Y, Yamada S, Hara M, and Kano T (2002) A
Comparison of the chronotropic and dromotropic actions between adenosine
triphosphate and edrophonium in patients undergoing coronary artery bypass
graft surgery. J Cardiothorac Vasc Anesth 16:598–602.

Watanabe S, Yoshimi Y, and Ikekita M (2003) Neuroprotective effect of adenine on
Purkinje cell survival in rat cerebellar primary cultures. J Neurosci Res 74:754–759.

White N, Ryten M, Clayton E, Butler P, and Burnstock G (2005a) 2Y purinergic
receptors regulate the growth of human melanomas. Cancer Lett 224:81–91.

White N, Butler P, and Burnstock G (2005b) Human melanomas express functional
P2X7 receptors. Cell Tissue Res 321:411–418.

Wiley LA, Rupp GR, and Steinle JJ (2005) Sympathetic innervation regulates base-
ment membrane thickening and pericytes number in rat retina. Investig Ophthal-
mol Vis Sci 46:744–748.

Wirkner K, Koles L, Furst S, and Illes P (2003) Modulation of voltage- and ligand-
gated ion channels by neuronal P2Y receptors. Drug Dev Res 59:49–55.

Witting A, Walter L, Wacker J, Moller T, and Stella N (2004) P2X7 receptors control
2-arachidonoylglycerol production by microglial cells. Proc Natl Acad Sci USA
101:3214–3219.

Wu Y, Willcockson HH, Maixner W, and Light AR (2004) Suramin inhibits spinal
cord microglia activation and long-term hyperalgesia induced by formalin injec-
tion. J Pain 5:48–55.

Wyndaele JJ and De Wachter S (2003) The basics behind bladder pain: a review of
data on lower urinary tract sensations. Int J Urol 10 (Suppl):S49–S55.

Wynn G, Bei M, Ruan H-Z, and Burnstock G (2004) Purinergic component of

mechanosensory transduction is increased in a rat model of colitis. Am J Physiol
287:G647–G657.

Wynn G, Rong W, Xiang Z, and Burnstock G (2003) Purinergic mechanisms contrib-
ute to mechanosensory transduction in the rat colorectum. Gastroenterology 125:
1398–1409.

Xiang Z, Bo X, and Burnstock G (1999) P2X receptor immunoreactivity in the rat
cochlea, vestibular ganglion and cochlear nucleus. Hear Res 128:190–196.

Xiang Z and Burnstock G (2004a) Development of nerves expressing P2X3 receptors
in the myenteric plexus of rat stomach. Histochem Cell Biol 122:111–119.

Xiang Z and Burnstock G (2004b) P2X2 and P2X3 purinoceptors in the rat enteric
nervous system. Histochem Cell Biol 121:169–179.

Xiao HS, Huang QH, Zhang FX, Bao L, Lu YJ, Guo C, Yang L, Huang WJ, Fu G, Xu
SH, et al. (2002) Identification of gene expression profile of dorsal root ganglion in
the rat peripheral axotomy model of neuropathic pain. Proc Natl Acad Sci USA
99:8360–8365.

Xu J, Chalimoniuk M, Shu Y, Simonyi A, Sun AY, Gonzalez FA, Weisman GA, Wood
WG, and Sun GY (2003) Prostaglandin E2 production in astrocytes: regulation by
cytokines, extracellular ATP and oxidative agents. Prostaglandins Leukot Essent
Fatty Acids 69:437–448.

Xu K, Bastia E, and Schwarzschild M (2005) Therapeutic potential of adenosine A2A
receptor antagonists in Parkinson’s disease. Pharmacol Ther 105:267–310.

Yamada T and Chakrabarty AM (2004) ATP-utilizing enzymes, purinergic recerptor
modulation, cupredoxins and mammalian cell death, in Pseudomonas (Ramos J-L
ed) pp 47–67, Kluwer Academic, New York.

Yamazaki Y, Fujii S, Nakamura T, Miyakawa H, Kudo Y, Kato H, and Ito K (2002)
Changes in [Ca2�]i during adenosine triphosphate-induced synaptic plasticity in
hippocampal CA1 neurons of the guinea pig. Neurosci Lett 324:65–68.

Yang A, Sonin D, Jones L, Barry WH, and Liang BT (2004) A beneficial role of
cardiac P2X4 receptors in heart failure: rescue of the calsequestrin overexpression
model of cardiomyopathy. Am J Physiol 287:H1096–H1103.

Yao ST, Gourine AV, Spyer KM, Barden JA, and Lawrence AJ (2003) Localisation of
P2X2 receptor subunit immunoreactivity on nitric oxide synthase expressing neu-
rones in the brain stem and hypothalamus of the rat: a fluorescence immunohis-
tochemical study. Neuroscience 121:411–419.

Yerxa BR (2001) Therapeutic use of nucleotides in respiratory and ophthalmic
diseases. Drug Dev Res 52:196–201.

Yerxa BR, Sabater JR, Davis CW, Stutts MJ, Lang-Furr M, Picher M, Jones AC,
Cowlen M, Dougherty R, Boyer J, et al. (2002) Pharmacology of INS37217 [P1-
(uridine 5�)-P4-(2�-deoxycytidine 5�)tetraphosphate, tetrasodium salt], a next-
generation P2Y2 receptor agonist for the treatment of cystic fibrosis. J Pharmacol
Exp Ther 302:871–880.

Yiangou Y, Facer P, Baecker PA, Ford AP, Knowles CH, Chan CL, Williams NS, and
Anand P (2001) ATP-gated ion channel P2X3 is increased in human inflammatory
bowel disease. Neurogastroenterol Motil 13:365–369.

Yoshida M, Homma Y, Inadome A, Yono M, Seshita H, Miyamoto Y, Murakami S,
Kawabe K, and 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, and Inadome A (2004) Management
of detrusor dysfunction in the elderly: changes in acetylcholine and adenosine
triphosphate release during aging. Urology 63:17–23.

Yu Y and de Groat WC (2004) Sensitization of pelvic afferent nerves in the in vitro
urinary bladder—pelvic nerve preparation of the rat by purinergic agonists or by
cyclophosphamide (CYP) pre-treatment, in 2004 Abstract Viewer/Itinerary Plan-
ner; Program no. 541.3. Society for Neuroscience, Washington, DC.

Yusuf S, Zhao F, Mehta SR, Chrolavicius S, Tognoni G, and Fox KK (2001) Effects of
clopidogrel in addition to aspirin in patients with acute coronary syndromes
without ST-segment elevation. N Engl J Med 345:494–502.

Zablocki J, Kalla R, Perry T, Palle V, Varkhedkar V, Xiao D, Piscopio A, Maa T,
Gimbel A, Hao J, et al. (2005) The discovery of a selective, high affinity A2B
adenosine receptor antagonist for the potential treatment of asthma. Bioorg Med
Chem Lett 15:609–612.

Zhang H-Y, Gu Y-Y, Li Z-G, Jia Y-H, Yuan L, Li S-Y, An G-S, Ni J-H, and Jia H-T
(2004a) Exposure of human lung cancer cells to 8-chloro-adenosine induces G2/M
arrest and mitotic catastrophe. Neoplasia 6:802–812.

Zhang JM, Wang HK, Ye CQ, Ge W, Chen Y, Jiang ZL, Wu CP, Poo MM, and Duan
S (2003) ATP released by astrocytes mediates glutamatergic activity-dependent
heterosynaptic suppression. Neuron 40:971–982.

Zhang S, Remillard CV, Fantozzi I, and Yuan JX-J (2004b) ATP-induced mitogenesis
is mediated by cyclic AMP response element-binding protein-enhanced TRPC4
expression and activity in human pulmonary artery smooth muscle cells. Am J
Physiol 287:C1192–C1201.

Zhang X-J, Zheng G-G, Ma X-T, Yang Y-H, Li G, Rao Q, Nie K, and Wu K-F (2004c)
Expression of P2X7 in human hematpoietic cell lines and leukaemia patients. Leuk
Res 28:1313–1322.

Zhao DM, Xue HH, Chida K, Suda T, Oki Y, Kanai M, Uchida C, Ichiyama A, and
Nakamura H (2000) Effect of erythromycin on ATP-induced intracellular calcium
response in A549 cells. Am J Physiol 278:L726–L736.

Zhu CZ, Mikusa J, Chu KL, Cowart M, Kowaluk EA, Jarvis MF, and McGaraughty
S (2001) A-134974: a novel adenosine kinase inhibitor, relieves tactile allodynia
via spinal sites of action in peripheral nerve injured rats. Brain Res 905:104–110.

Zimmermann H (2001) Ectonucleotidases: some recent developments and a note on
nomenclature. Drug Dev Res 52:44–56.
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