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In addition to its key role in cellular metabolism where it
acts as a ubiquitous enzyme cofactor and as the key source of
the cellular energy unique to phosphate bond formation, the
purine nucleotide ATP (Fig. 1) also functions as a potent
extracellular messenger producing its effects via the activa-
tion of a family of distinct cell surface receptors, the P2
receptor family (Ralevic and Burnstock, 1998). The pyrimi-
dine nucleotide UTP (Fig. 1) as well as the dinucleotides ADP
and UDP also modulate cell function via P2 receptor activa-
tion. Thus ATP, UTP, ADP, and UDP play key roles in a
diversity of tissue functions that include fast excitatory neu-
rotransmission, developmental processing, pulmonary func-
tion, nociception, auditory and ocular function, the apoptotic
cascade, astroglial cell function, metastasis formation, bone
and cartilage disease, and platelet aggregation/hemostasis
(Burnstock, 2000; Williams and Jarvis, 2000).

P2 receptors exist as two distinct families: the P2X ligand-
gated ionotropic channel (LGIC) family that is involved in
fast excitatory neurotransmission and the P2Y metabotropic,
heptahelical G-protein coupled receptor (GPCR) family. P2X
receptors respond more rapidly than P2Y receptors as they
act via ion channels (Burnstock, 2000). The P2X subunit
motif is 2-transmembrane and is related to the sodium-selec-
tive FNaC channel (FMRFamide-gated sodium channel). Un-
like the latter, functional P2X receptors, which current evi-
dence indicates are composed of P2X subunits as trimeric
homomers and heteromers, do not discriminate in their cat-
ion permeability (North and Surprenant, 2000).

Eight members of the P2X receptor family with a number

of splice variants and approximately 11 P2Y receptors have
been cloned and expressed (Ralevic and Burnstock, 1998). Of
these, seven P2X receptors (P2X1–7) and six P2Y receptors
(P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, and P2Y12) are molecularly
distinct entities that can elicit functional responses (Table 1).
The remainder are either species variants, lack a functional
response, or, like the P2Y7 receptor, have been misassigned
to the P2 family. P2Y2, P2Y4, and P2Y6 receptors are uracil
nucleotide (pyrimidine)-sensitive. The ADP-sensitive P2T re-
ceptor present on platelets that has been designated as the
P2YT receptor has been cloned as the P2Y12 receptor.

Pharmacological characterization of P2 receptors has gen-
erally been based on their rank order of activation by ago-
nists related to ATP and UTP since the majority of available
P2 receptor antagonists are relatively weak and only mar-
ginally selective for one P2 receptor subtype over another.
These antagonists also interact with other ATP recognition
sites and with other receptor classes and signal transduction
systems (Bhagwat and Williams, 1997).

Based on agonist efficacy and also desensitization charac-
teristics, P2X receptors have been grouped into three distinct
classes (Dubyak et al., 1996). Group 1 includes P2X1 and
P2X3 receptors with high affinity for ATP (EC50 5 1 mM) that
are rapidly activated and desensitized; group 2 includes
P2X2, P2X4, P2X5, and P2X6 receptors that have lower affin-
ity for ATP (EC50 5 10 mM) and show slow desensitization
and sustained depolarizing currents; and group 3 is repre-
sented by the P2X7 LGIC that has very low ATP affinity
(EC50 5 300–400 mM), shows little or no desensitization, and
in addition to functioning as an ATP-gated ion channel, can
also function as a nonselective ion pore (Di Virgilio et al.,
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ABBREVIATIONS: LGIC, ligand-gated ionotropic channel; E-NTPase, ectonucleoside triphosphate diphosphohydrolase; CNS, central nervous
system; KATP, ATP-sensitive potassium channels; CamK-II, calcium-calmodulin dependent protein kinase-II; IP5I, diinosine pentaphosphate;
TNP-ATP, 29(39)-O-(2,4,6-trinitrophenyl)adenosine 59-triphosphate; BzATP, 29- and 39-O-(4-benzoylbenzoyl)adenosine 59-triphosphate; b,g-
MeATP, b,g-methyleneadenosine 59-triphosphate; DRG, dorsal root ganglia; GFAP, glial fibrillary acidic protein; UUI, urge urinary incontinence;
FGF, fibroblast growth factor; MGC, multinucleated giant cell; IL, interleukin; Ap4A, P1,P4-di(adenosine 59)-tetraphosphate; PPADS, pyridoxal-
phosphate-6-azophenyl-29,49-disulfonic acid; DIDS, 4,49-diisothiocyanostilbene-2,29-disulfonic acid.
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1999), a phenomenon that is also seen with other P2X recep-
tors (Williams and Jarvis, 2000).

ATP Availability, P2 Receptor Dynamics,
and the Purinergic Cascade

Under normal physiological conditions, ATP is co-released
with a number of neurotransmitters including acetylcholine,
norepinephrine, glutamate, g-aminobutyric acid, and neu-
ropeptide Y (Burnstock, 1999). In tissue(s) undergoing hy-
poxia/ischemic insult or other trauma, ATP release is mark-
edly increased. Once released, ATP is degraded to ADP,
AMP, and adenosine by a family of approximately 11 ecto-
nucleotidases (ectonucleoside triphosphate diphosphohydro-
lases; E-NTPases; Zimmerman, 1999a), thus limiting the
extracellular actions of the nucleotide(s) by enhancing its
removal, as well as producing the pharmacologically active
nucleoside, adenosine. The E-NTPases, as well as P2 recep-
tors, are dynamic cellular entities. For example, in myeloid
leukocytes, P2Y receptors and the E-NTPases, ecto-apyrase
and ecto-59-nucleotidase, undergo stage-specific transient ex-
pression (Dubyak et al., 1996), while in guinea pig vas defer-
ens, soluble E-NTPases are released together with ATP and
norepinephrine (Todorov et al., 1997) and act to limit the

extracellular effects of ATP. Studies on the role of altered
E-NTPase activities in disease pathophysiology are at an
early stage, but it is becoming increasingly evident that the
E-NTPases represent novel drug targets.

While enzyme-catalyzed hydrolysis results in the inactiva-
tion of ATP, the breakdown products of the purine nucleotide
are themselves pharmacologically active, some having opposing
effects to one another, and form a purinergic cascade (Williams
and Jarvis, 2000; Fig. 2). ATP can antagonize ADP actions on
P2YT/P2Y12 receptor-mediated platelet aggregation, while the
sedative effects of adenosine in the CNS activity contrast with
the excitatory actions of ATP on nerve cells. Adenosine (P1)
receptor activation can inhibit ATP release. ATP-sensitive po-
tassium channels (KATP) are activated when intracellular ATP
levels are reduced. Thus, as P2 receptor responses become at-
tenuated following ATP hydrolysis to adenosine, P1-mediated
responses and KATP-mediated responses are enhanced. While
UTP and UDP are active at P2Y2, P2Y4, and P2Y6 receptors
(Communi and Boeynaems, 1997), evidence for the physiologi-
cal role of uracil has been limited. There is however an emerg-
ing body of evidence suggesting the existence of uracil/“U1”
receptors equivalent to adenosine/P1 receptors (Kardos et al.,
1999).

Fig. 1. Structures of P2 agonists, adenosine, and AIT-082.
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P2 Receptor Ligands
All known P2 receptor agonists are ATP or UTP analogs

substituted in the polyphosphate side chain to improve sta-
bility to enzymatic degradation. Substitutions at the 2- and
N6-positions on the purine ring confer receptor-subtype se-
lectivity (Jacobson and Knutsen, 2001).

Putative P2 receptor antagonists include PPADS, DIDS,
suramin, and dyes like reactive blue-2 (Fig. 3) that, as noted,
lack potency and selectivity for P2 receptors (Bhagwat and
Williams, 1997) and are not especially bioavailable, limiting
their use as in vivo research tools. Pharmacological charac-
terization of these antagonists has also been confounded by
the use of different tissues, species, and assay systems and
also by their ability to inhibit endogenous E-NTPase activity,
thus potentiating the actions of endogenous ATP. The
suramin analogs NF023 and XAMR 0721 (Fig. 3) are selec-

tive antagonists at rat P2X receptors with reduced effects on
E-NTPase activity (Bhagwat and Williams, 1997).

The search for newer ligands, both agonists and antago-
nists, using high-throughput screening approaches has also
been limited by a lack of reliable binding assays (Williams
and Jarvis, 2000), although functional fluorescent imaging
(FLIPR) in cell lines transfected with rat and human P2
receptors has proven to be useful (Bianchi et al., 1999).
Among newer P2 antagonists (Fig. 3; Williams and Jarvis,
2000; Jacobson and Knutsen, 2001) are TNP-ATP, a potent (1
nM) noncompetitive, reversible antagonist at P2X1 and P2X3

receptors, MRS 2216, a full P2Y1 receptor antagonist (IC50 5
210 nM), and diinosine pentaphosphate (IP5I), a P2X1 recep-
tor antagonist (Ki 5 3 nM). AR-C 69931 MX is a potent (IC50

5 0.4 nM), selective P2YT/P2Y12 receptor antagonist that
blocks ADP-induced platelet aggregation. Compound 1 is a

TABLE 1
P2 receptor nomenclature and pharmacology

Receptor Subunit Rank Order of Agonist Activity Antagonists Signal Transduction

P2X1 2-MeSATP . ATP . a,b-meATP TNP-ATP, TNP-GTP, IP5I INa/K/Ca21

P2X2 2-MeSATP . ATP None INa/K
a,b-meATP inactive

P2X3 2-MeSATP . ATP . a,b-meATP TNP-ATP, TNP-GTP, IP5I INa/K/Ca21

P2X4 ATP . 2-MeSATP .. a,b-meATP None INa/K
P2X5 ATP . 2-MeSATP . ADP None INa/K/Ca21

P2X6 ATP . 2-MeSATP . ADP None INa/K/Ca21

P2X7 ATP . 2-MeSATP . ADP KN-62a INa/K, pore formation
Brilliant blue G

Receptor Subtype Agonists Antagonists Signal Transduction

P2Y1 2-MeSATP . ATP . ADP MRS 2216 PLCb/IP3 Ca21

(UTP inactive)
P2Y2 4-thioUTP . UTP 5 ATP .. 2-MeSATP Suramin PLCb/IP3 Ca21

P2Y4 UTP 5 UDP . ATP 5 ADP Reactive blue-2 PLCb/IP3 Ca21

P2Y6 UDP . UTP . ATP None PLCb/IP3 Ca21

P2Y11 ATP . 2-MeSATP . ADP None PLCb/IP3 Ca21

Adenylate cyclase
ATP IP3 Ca21

P2YT/P2Y12 ADP AR-C 69931 MX Adenylate cyclase
Compound 1

2-MeSATP, 2-methylthioadenosine 59-triphosphate; PLCb, phospholipase Cb; IP3, inositol 1,4,5-trisphosphate; a,b-meATP, a,b-methylene adenosine 59-triphosphate;
TNP-GTP, 29(39)-O-(2,4,6-trinitrophenyl)guanosine 59-triphosphate.

a Allosteric modulator.

Fig. 2. ATP effects on cellular communication. ATP is
released into the extracellular space where it forms
the basis of a purinergic cascade. ATP acts directly on
P2X and P2Y receptors (see text) and is degraded to
ADP and AMP by E-NTPase activity. ADP interacts
with P2YT/P2Y12 receptors, and ATP can block this
response. AMP gives rise to adenosine, which acti-
vates the various P1 receptors (A1, A2A, A2B, A3).
Decreases in ATP lead to activation of KATP channels.
ATP can also signal between cells on the basis of
adenylate charge (see Williams and Jarvis, 2000) and
also by acting as a substrate for ecotokinase activity
(Redegeld et al., 1999). P1 and P2 receptors can mod-
ulate the function responses to one another (see text).
ATP is reformed from adenosine by uptake and sub-
sequent rephosphorylation involving adenylate ki-
nase. UTP can undergo metabolism similar to that of
ATP, and evidence is emerging for the existence of
uridine (U) receptors (see text). UTP interacts with
P2Y2 and P2Y4 receptors, while UDP is the most
potent agonist at the P2Y6 receptor. Phosphate can
also function as a signal for gene induction, e.g., os-
teopontin.
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nonphosphorylated P2Y12 antagonist. KN-62, a calcium-cal-
modulin dependent protein kinase-II (CamK-II) inhibitor, is
also a potent (IC50 5 9–13 nM) noncompetitive P2X7 receptor
antagonist being 70 to 100 times more potent at human P2X7

receptors than at CamK-II. Brilliant blue G is another potent
(IC50 rat 5 10 nM; human 5 200 nM) selective, noncompet-
itive antagonist of P2X7 receptors. Avermectin is a positive
allosteric modulator of P2X4 receptors. BzATP (Fig. 1), which
is widely used as a selective P2X7 receptor agonist (EC50 5
18 mM), is 4 to 5 orders of magnitude more potent at func-
tional P2X1 (EC50 5 1.9 nM) and P2X3 (EC50 5 98 nM)
receptors (Bianchi et al., 1999), raising the possibility that
many cellular responses sensitive to BzATP that have been
ascribed to P2X7 receptors may involve P2X1 or P2X3 recep-
tors.

The discovery of these antagonists/allosteric modulators
indicates that P2X receptors are equal in their complexity to
other LGICs. The symmetrical structures of suramin and its
analogs, the P2X antagonist IP5I and the dinucleotide
polyphosphate P2 agonists, e.g., Ap4A (Fig. 1) etc. (Miras-
Portugal et al., 1999), may suggest that bidentate ligand
interactions occur such that functional P2 receptors, both

P2X and P2Y, may require ligand interactions with two ATP
recognition sites for activation, a possibility that has yet to be
explored in any detail (Jacobson and Knutsen, 2001).

P2 Receptor Function
The use of mice deficient in a targeted receptor (knockouts)

is a useful way in which to assess the functional role of the
receptor in the absence of selective antagonists or antisense
probes. P2 receptor knockouts are associated with decreased
male fertility (P2X1; Mulryan et al., 2000), decreased noci-
ception and bladder hyporeflexia (P2X3; Cockayne et al.,
2000), decreased platelet aggregation and bleeding time
(P2Y1; Fabre et al., 1999; Leon et al., 1999), and reduced
chloride secretion (P2Y2; Cressman et al., 1999).

Neurotransmission. ATP is a cotransmitter with norepi-
nephrine in sympathetic nerves, with acetylcholine in para-
sympathetic nerves supplying the bladder, and in nonadren-
ergic, noncholinergic (NANC) inhibitory enteric nerves
(Burnstock, 1999). The nucleotide has both excitatory and
sedative effects in the CNS with both P2X and P2Y receptors

Fig. 3. P2 receptor antagonists and allosteric modulators.
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being widely distributed in the central and peripheral ner-
vous systems.

In the auditory system, ATP, acting via P2Y receptors,
depresses sound-evoked gross compound action potentials in
the auditory nerve and the distortion product otoacoustic
emission, the latter a measure of the active process of the
outer hair cells. Both P2X and P2Y receptors have been
identified in the vestibular system. P2X2 receptor splice vari-
ants are present in the cochlea. P2X2-1 and P2X2-3R receptors
are found in the rat (Housley, 2000), and P2X2-1, P2X2-2, and
P2X2-3 receptors are found in the guinea pig. In the rat, P2X
splice variants are found on the endolymphatic surface of the
cochlear endothelium, an area associated with sound trans-
duction (Housley, 2000). P2Y receptors are present in the
marginal cells of the stria vascularis, a tissue involved in
regulating the ionic and electrical gradients of the cochlea.
While little is currently known regarding the pharmacology
of hearing and vestibular function, ATP may regulate fluid
homeostasis, cochlear blood flow, hearing sensitivity, and
development and thus may be useful in the treatment of
Ménière’s disease, tinnitus, and sensorineural deafness
(Housley, 2000).

In the eye, ATP, acting via both P2X and P2Y receptors,
modulates retinal neurotransmission affecting retinal blood
flow and intraocular pressure. The ATP analog b,g-MeATP
has greater efficacy in reducing intraocular pressure (40%)
than muscarinic agonists like pilocarpine (25%) or b-adreno-
ceptor blockers (30%; Pintor et al., 2000). In the ocular mu-
cosa, P2Y2 receptor activation increases salt, water, and mu-
cus secretion and thus represents a potential treatment for
dry eye disease (Yerxa, 2000). In the retinal pigmented layer,
P2Y2 receptor activation promotes fluid absorption and may
be involved in retinal detachment.

Epilepsy. Microinjection of ATP analogs into the prepiri-
form cortex induces generalized motor seizures similar to
those seen with N-methyl-D-aspartate and bicuculline (Knut-
sen and Murray, 1997). P2X2, P2X4, and P2X6 receptors are
expressed in the prepiriform cortex, suggesting that a P2X
receptor antagonist may have potential as an antiepileptic
(Collo et al., 1997).

Pain. ATP, given systemically, elicits pain responses, and
endogenous ATP may contribute to the pain associated with
causalgia, reflex sympathetic dystrophy, angina, migraine,
lumbar, pelvic, and cancer pain (Burnstock, 2000). The nu-
cleotide is also a key mediator of neurogenic inflammation
via its actions on P2 receptors on neutrophils, macrophages,
and monocytes, activation of which results in cytokine pro-
duction and release (Dubyak and El Motassim, 1993).

P2X3 receptors are selectively localized to sensory path-
ways in trigeminal, nodose, and dorsal root ganglia (DRG)
and represent unique targets for novel analgesic agents that
function as P2X3 receptor antagonists. Nonspecific P2 recep-
tor antagonists, e.g., suramin, are antinociceptive and P2X3

receptor knockout mice have reduced nociceptive responses
(Cockayne et al., 2000).

Neonatal capcasicin treatment reduces P2X3 mRNA in the
DRG and abolishes ATP-mediated acute nociceptive re-
sponses (Burnstock, 2000). P2X2 receptor immunoreactivity
is also present in the DRG and in lamina II of the dorsal horn
of the spinal cord; P2X3 receptors are colocalized with the
vanilloid VR-1 receptor (Guo et al., 1999). ATP is also in-
volved in the conduction of innocuous mechanical stimuli and

in a tissue culture system of tooth-pulp afferent (nociceptive)
and muscle stretch receptor (non-nociceptive) rat sensory
neurons, acting via distinct P2X receptors; ATP has both
nociceptive and non-nociceptive roles (Cook et al., 1997).

For visceral pain, a purinergic mechanosensory transduc-
tion mechanism has been proposed (Burnstock, 1999) where
distention of tubes, such as the ureter, gut, salivary, and bile
ducts and sacs like the urinary and gall bladder causes ATP
release from the lining epithelial cells to act on P2X3 recep-
tors located on the subepithelial sensory nerve plexus to
relay nociceptive signals to the CNS.

Changes in cell volume, e.g., in liver epithelium following
exposure to insulin and uptake of amino and bile acids, also
result in ATP release that then acts as an autocrine regulator
to facilitate cell volume recovery, thus linking cellular hydra-
tion state to P2 pathways involved in cellular homeostasis
(Roman and Fitz, 1999).

When administered together with nitric oxide (NO), ATP,
probably acting as adenosine following hydrolysis, mimics
the effects of the inhalation anesthetic, enflurane (Fukunaga,
1997) and also reduces the amount of inhalation anesthetic
required for anesthesia.

Trophic Actions. In nervous tissue, trophic factors en-
sure neuronal viability and regeneration. Neural injury in-
creases tyrosine kinase-linked polypeptide growth factors
like fibroblast growth factor (FGF), epidermal growth factor,
and platelet-derived growth factor (Neary et al.,1996). In
combination with these growth factors, ATP can act to stim-
ulate astrocyte proliferation, contributing to the process of
reactive astrogliosis, a hypertrophic/hyperplastic response
that is associated with brain trauma, stroke/ischemia, sei-
zures, and neurodegenerative disorders.

In reactive astrogliosis, astrocytes undergo process elonga-
tion and express GFAP (glial fibrillary acidic protein), an
astrocyte specific intermediate filament protein. ATP can
increase GFAP and AP-1 complex formation in astrocytes
(Neary et al.,1996) in a manner similar to that seen with
bFGF. In addition, ATP as well as GTP can induce trophic
factor (nerve growth factor, NT-3, FGF) synthesis in astro-
cytes and neurons. The effects of GTP are inconsistent with
any known P2 receptor. However, a synthetic purine, Neotro-
fin (AIT-082; Fig. 1), up-regulates neurotrophin production,
enhances working memory, and restores age-induced mem-
ory deficits in mice (Rathbone et al., 2000). This compound
has also shown positive acute effects in Alzheimer’s disease
patients. P2 receptor-mediated effects on trophic factor pro-
duction are unlikely to be limited to nervous tissue.

Neurourology. Urinary bladder function is regulated by
sympathetic and parasympathetic input. ATP mimics the
effects of parasympathetic nerve stimulation, resulting in
bladder contraction (Burnstock et al., 1978; Dean and
Downie, 1978) via activation of P2X receptors in the smooth
muscle of urinary bladder detrusor muscle that is involved in
bladder emptying. Detrusor malfunction results in urge uri-
nary incontinence (UUI), a major health problem in the aging
female population.

Micturition involves urethral relaxation where ATP func-
tions as a cotransmitter together with NO. NO mediates the
first stage of relaxation (Pinna et al., 1998) with ATP medi-
ating the second phase of the voiding response. Serosal ATP
release occurs in rabbit bladder due to the hydrostatic pres-
sure changes associated with bladder filling (Yoshimura and
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de Groat, 1997). Muscarinic receptors, through which the
anticholinergics oxybutynine chloride (Ditropan; ALZA, Palo
Alto, CA) and tolterodine (Detrol; Pharmacia, Kalamazoo,
MI) produce their clinically beneficial effects on UUI, medi-
ate 15% of the neurogenic contraction in rat urinary bladder.
Another 50% is mediated by P2X receptors present in bladder
urothelium (Hashimoto and Kokubun; 1995), suggesting that
P2X receptor antagonists may be potentially useful in the
treatment of UUI.

In male rat genitalia, antibodies to P2X1 and P2X2 sub-
units show immunoreactivity in the membranes of the
smooth muscle layer of the vas deferens, suggesting an in-
volvement in ejaculation (Lee et al., 2000). In male P2X1

receptor knockout mice, fertility is reduced by 90% without
affecting copulatory performance. This is due to a decreased
sperm count in the ejaculate due to a 60% reduction in the
sensitivity of the vas deferens to sympathetic nerve stimula-
tion (Mulryan et al., 2000). The remaining 10% in fertility
rate suggests that other, non-P2X1 receptor-mediated com-
ponents are involved in vas deferens smooth muscle tone.

In the body of the penis, strong P2X1 with weaker P2X2

immunoreactivity is present in the smooth muscle of blood
vessels and the corpus cavernosum, suggesting a participa-
tion in erectile function (Lee et al., 2000). ATP effects on
cavernosal smooth muscle depend on the basal tone, relaxing
corporal smooth muscle at high basal tension and contracting
it at low tension (Wu et al., 1993). Both adenosine and ATP
show an enhanced sensitivity in penile tissue responses in
diabetic males, although in diabetic rats, ATP-induced relax-
ation is decreased, while the effects of adenosine, which are
thought to be mediated via potassium channels, are en-
hanced (Gür and Öztürk, 2000).

Hemostasis. ADP is a potent platelet recruiting factor and
induces platelet aggregation via interaction with two P2
platelet receptors, a P2Y1 receptor linked to phospholipase C
pathways and calcium influx that is involved in shape
changes and transient aggregation and the P2YT/P2Y12 re-
ceptor that is negatively coupled to adenylate cyclase that
mediates degranulation and sustained aggregation. In sup-
port of two ADP-sensitive P2 receptors, in P2Y1 knockout
mice, ADP was still able to inhibit platelet adenylate cyclase
activity (Leon et al., 1999). A P2X1 receptor is also present on
platelets that modulates calcium influx. However, it has not
been shown to have any functional significance. Hydrolysis of
ADP by the E-NTPase, CD39 inhibits platelet aggregation by
removing ADP and by forming adenosine, which also inhibits
aggregation (Zimmerman, 1999b). ATP is a competitive ADP
antagonist at platelet P2Y receptors and stimulates produc-
tion of PGI2 and NO, which can also inhibit platelet aggre-
gation and act as vasodilators. Exogenous ATP thus acts to
localize thrombus formation to areas of vascular damage,
controlling the relationship between hemostasis, thrombosis,
and fibrinolysis. In turn, CD39 appears to act together with
the extracellular nucleotides released as a result of tissue
damage to modulate blood fluidity and platelet activation
(Zimmerman, 1999b). P2Y1 knockout mice show increased
bleeding time and are resistant to thromboembolism (Fabre
et al., 1999). ATP stimulates granulocyte differentiation via
activation of the P2Y11 receptor, suggesting that selective
P2Y11 agonists may have potential in the treatment of neu-
tropenia and leukemia, either alone or in combination with
granulocyte-colony stimulating factor.

AR-C 69931 MX is a systemically active, synthetic P2Y12

receptor antagonist with a safer side effect profile than aspi-
rin and superior antithrombotic properties compared with
GPIIb/IIIa antagonists. An orally active P2Y12 antagonist
derived from Compound 1 (Fig. 3) is entering phase I trials as
an antithrombotic agent.

Bone Function. ATP released in response to shear stress
(Burnstock, 1999, 2000) may function as mechanotransducer
in skeletal tissue acting as osteoblast mitogens, potentiating
the effects of growth factors on these bone cells (Dixon and
Sims, 2000). P2X and P2Y receptors are present on oste-
oclasts with P2Y receptors only being present on osteoblasts.
ATP, but not adenosine, stimulates the formation of oste-
oclasts and their resorptive actions in vitro (Morrison et al.,
1998) and can inhibit osteoblast-dependent bone formation.
The bisphosphonate clodronate, which is used in the treat-
ment of Paget’s disease and tumor-induced osteolysis, may
act via osteoclast P2 receptors (Dixon and Sims, 2000). Mod-
ulation of P2 receptor function may have potential in the
treatment of osteoporosis, rheumatoid arthritis, periodonti-
tis, and osteopenia.

Apoptosis. The P2X7 (P2Z) receptor can function as a
nonselective ion pore in mast cells, platelets, macrophages,
and lymphocytes (Dubyak and El Moatassim, 1993; Di Vir-
gilio et al.,1999). P2X7 receptor activation triggers apoptosis
to facilitate embryogenesis and to remove cancerous or in-
fected cells from tissues.

Multinucleated giant cells (MGCs) are formed when mono-
cytes fuse with one another in granulomatous inflammation.
Interferon-g and lipopolysaccharide stimulate MGC forma-
tion by up-regulating P2X7 receptor expression (Humphreys
and Dubyak, 1996) and also decrease E-NTPase activity,
increasing the susceptibility of MGCs to the cytolytic actions
of extracellular ATP.

ATP also induces cytolysis via P2X7 receptors in macro-
phages infected with mycobacterium by both apoptotic and
necrotic pathways (Lammas et al., 1997). This novel antimi-
crobial activity of ATP was thought to have potential use in
the treatment of tuberculosis. However, in P2X7 receptor
knockout mice this receptor was not essential for the antimi-
crobial effects of ATP (Sikora et al., 1999). The P2X7 receptor
is present in the superior cervical ganglion and spinal cord,
and cerebral artery occlusion causes an increase in P2X7

immunoreactive cells in the penumbral region around the
infarct (Collo et al., 1997).

In macrophages, ATP, acting via P2X7 receptors, stimu-
lates the release and maturation of IL-1b (Di Virgilio et al.,
1999). In stratified epithelium, P2X5 receptors are associated
with proliferating and differentiating cells, while P2X7 recep-
tors label apoptotic cells (Groschel-Stewart et al., 1999). P2X5

and P2X7 receptor agonists may thus have potential in the
treatment of psoriasis, scleroderma, basal cell carcinoma,
and for restenosis following angioplasty.

Cancer. Exogenous ATP has positive effects in the treat-
ment of cancer and cancer cachexia (Rapaport, 1997), effects
attributed to inhibition of gluconeogenesis, inhibition of the
acute-phase response, and decreased production of the proin-
flammatory cytokines, IL-1 and IL-6. In a nonrandomized
clinical trial, infusion of ATP for 96 h at 28-day intervals at
doses of 50 mg/kg/min to patients with advanced non-small-
cell lung cancer increased ATP pools in red blood cells, inhib-
ited weight loss, reduced cachexia, and improved survival
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(Rapaport, 1997). In a subsequent randomized trial (Agteresch
et al., 2000) in patients with advanced (stage IIIB or IV)
non-small-cell lung cancer, intravenous ATP reduced weight
loss (21.0 kg to 0.2 kg/month) and reversed decreases in
serum albumin, elbow flexor muscle strength, and quality of
life measures. Positive effects on body weight, muscle
strength, and albumin concentration were especially marked
in cachectic patients.

In cystic fibrosis transmembrane conductance regulator
(CFTR) homozygous and heterozygous nude mice, breast tu-
mor implantability was decreased, an effect ascribed to ele-
vated blood ATP levels. Similarly, ATP reduced breast tumor
cell growth in vitro, supporting the concept of ATP as an
antitumor agent (Abraham et al., 1996). Another P2X recep-
tor, P2XM, which is homologous with the P2X6 receptor sub-
unit, is induced by the tumor oncogene p53 and is implicated
in soft tissue tumor genesis (Nawa et al., 1999).

Gastrointestinal Tract Function. ATP and adenosine
are potent stimulants of fluid and electrolyte (chloride) se-
cretion in colon and gallbladder and in the pancreatic and
bile ducts (Burnstock, 1999; Roman and Fitz, 1999), effects
that appear to primarily involve P2Y2 receptor activation.

ATP also functions in the gastrointestinal tract as a para-
crine signaling molecule; ATP released from hepatocytes ac-
tivates P2 receptor signaling pathways in neighboring hepa-
tocytes and biliary cells. ATP may also be involved as a
paracrine mediator in hepatobiliary coupling, a process coor-
dinating the hepatocyte and ductular components of bile
formation, and may thus be clinically useful in increasing
bile flow and treating prolonged cholestasis (Roman and Fitz,
1999).

Diabetes. ATP stimulates pancreatic insulin release via a
glucose- dependent, P2Y receptor-mediated mechanism (Lou-
batieres-Mariani et al., 1997) and also modulates insulin
secretion by interactions with ATP-sensitive potassium chan-
nels in islet b-cells. ADP can antagonize the ATP inhibition
of these channels by binding to the second nucleotide binding
site on the associated sulfonylurea receptor (SUR; Nichols et
al., 1996), thus activating KATP channels and inhibiting in-
sulin secretion.

Cardiopulmonary Function. ATP is a mediator of vagal
reflexes in the heart and lung (Burnstock, 2000). In anesthe-
tized rats, P2X receptors have been implicated in evoking a
Bezold-Jarisch response (hyperventilation, bradycardia, hy-
potension, apnea). ATP and UTP, acting via P2Y2 receptors,
stimulate chloride secretion in airway epithelium and mucin
glycoprotein release from epithelial goblet cells (Stutts and
Boucher, 1999), enhancing mucociliary clearance and reflect-
ing a potential treatment for cystic fibrosis and chronic bron-
chitis. In controlled clinical studies, UTP, used in preference
to ATP as an P2Y2 receptor agonist since it does not form
cardiovascularly active metabolites like adenosine, dose de-
pendently stimulated mucociliary clearance and sputum ex-
pectoration in smokers, nonsmokers, and patients with
chronic bronchitis. E-NTPase-resistant analogs of UTP like
INS 365 (Yerxa, 2000), in addition to being used in cystic
fibrosis and chronic bronchitis, may act as adjunctive agents
to enhance the effectiveness of antibiotics used in the treat-
ment of respiratory infections and thus reduce the amounts
used, potentially avoiding antibiotic resistance phenomena.
P2Y2 knockout mice show reduced chloride secretion (Cress-
man et al., 1999).

ATP may also have a direct role in asthma via its actions
on bronchial innervation. The nucleotide triggers a reflex
bronchoconstriction via activation of a P2X receptor on vagal
C fibers, and both ATP and UTP can potentate IgE-mediated
mast cell histamine release, effects involving P2Y receptors
(Schulman et al., 1998).

P2 Receptor-Based Therapeutics
Advances in the molecular biology of the P2 receptor family

are now being used concurrently to identify novel ligands
that have the potency, selectivity, and bioavailability to char-
acterize P2 responses in animals and intact tissues and to
better understand the role of this receptor family in tissue
function and disease.

It will be important as new approaches to human thera-
peutics target P2 receptors that the multiplicity of actions
associated with ATP—especially in regard to molecular tar-
gets distinct from the P2 receptor family—are factored into
the functional responses observed in model systems with
ATP and its analogs. Thus members of the ATP binding
cassette protein family, E-NTPases (Zimmerman, 1999a),
ATP-modulated potassium channels, and enzymes that uti-
lize ATP for their function, e.g., ecto-protein kinases (Re-
degeld et al., 1999), are all potential targets for ligands that
interact with P2 receptors.

At the present time, knowledge regarding the binding
site(s) for ATP on both P2X and P2Y receptors is limited, as
is knowledge related to the sites at which allosteric modula-
tors like KN-62 and avermectin interact. Emerging data on
P2X heteromers (North and Surprenant, 2000) and their
functional interactions with other LGICs, e.g., neuronal nic-
otinic cholinergic receptors (Searl et al., 1998), add an addi-
tional layer of complexity in understanding P2 receptor func-
tion and also in identifying compounds that can be used as
lead structures for drug discovery. Nonetheless, as more is
learned about the potential use of P2 receptors in human
disease using knockout and imaging techniques, it is imper-
ative that new molecules are found to assess the pharmaco-
logical relevance of these targets in nontransgenic animal
models.

References
Abraham EH, Vos P, Kahn J, Grubman SA, Jefferson DM, Ding I and Okunieff P

(1996) Cystic fibrosis hetero- and homozygosity is associated with inhibition of
breast cancer growth. Nat Med 2:593–596.

Agteresch HJ, Dagnelie PC, van der Gaast A, Stijnen T and Wilson JHP (2000)
Randomized clinical trial of adenosine 59-triphosphate in patients with advanced
non-small-cell lung cancer. J Natl Cancer Inst 92:321–328.

Bhagwat SS and Williams M (1997) P2 purine and pyrimidine receptors: Emerging
superfamilies of G-protein coupled and ligand gated ion channel receptors. Eur
J Med Chem 32:183–193.

Bianchi BR, Lynch KJ, Touma E, Niforatos W, Burgard EC, Alexander KM, Park
HS, Yu H, Metzger R, Kowaluk E, Jarvis MF and van Biesen T (1999) Pharma-
cological characterization of recombinant human and rat P2X receptor subtypes.
Eur J Pharmacol 376:127–138.

Burnstock G (1999) Release of vasoactive substances from endothelial cells by shear
stress and purinergic mechano-sensory transduction. J Anat 194:335–342.

Burnstock G (2000) P2X receptors in sensory neurons. Br J Anaesth 84:476–488.
Burnstock G, Cocks T, Crowe R and Kasakov I (1978) Purinergic innervation of the

guinea-pig urinary bladder. Br J Pharmacol 63:125–138.
Cockayne DA, Hamilton SG, Zhu Q-M, Dunn PM, Zhong Y, Novakovic S, Malmberg

AB, Cain G, Berson A, Kassotakis L, Hedley L, Lachnit WG, Burnstock G, McMa-
hon SB and Ford APDW (2000) Urinary bladder hyporeflexia and reduced pain-
related behaviour in P2X 3-deficient mice. Nature (Lond) 407:1011–1015.

Collo G, Neidhart S, Kawashima E, Kosco-Vilbois M, North RA and Buell G (1997)
Tissue distribution of P2X7 receptors. Neuropharmacology 36:1277–1283.

Communi O and Boeynaems JM (1997) Receptors responsive to extracellular pyrim-
idine nucleotides. Trends Pharmacol Sci 18:83–86.

Cook SP, Vulchanova L, Hargreaves KM, Elde R and McClesky EW (1997) Distinct

868 Burnstock and Williams Vol. 295



ATP receptors on pain-sensing and stretch-sensing neurons. Nature (Lond) 387:
505–508.

Cressman VL, Lazorowski E, Homolya L, Boucher RC, Koller BH and Grubb BR
(1999) Effect of loss of P2Y2 receptor gene expression on nucleotide regulation of
murine epithelial Cl2 transport. J Biol Chem 274:26461–26468.

Dean DM and Downie JW (1978) Contribution of adrenergic and “purinergic” neu-
rotransmission to contraction in rabbit detrusor. J Pharmacol Exp Ther 207:431–
435.

Di Virgilio F, Sanz JM, Chiozzi P and Falzoni S (1999) The P2Z/P2X7 receptor of
microglial cells: A novel immunomodulatory receptor. Prog Brain Res 120:355–
370.

Dixon SJ and Sims SM (2000) P2 purinergic receptors on osteoblasts and osteoclasts:
Potential targets for drug development. Drug Dev Res 49:187–200.

Dubyak GR, Clifford EE, Humphreys BD, Kertsey SB and Martin KA (1996) Ex-
pression of multiple ATP subtypes during the differentiation and inflammatory
activation of myeloid leukocytes. Drug Dev Res 39:269–278.

Dubyak GR and El Moatassim C (1993) Signal transduction via P2-purinergic re-
ceptors for extracellular ATP and other nucleotides. Am J Physiol 265:C577–C606.

Fabre JE, Nguyen M, Latour A, Keifer JA, Audoly LP, Coffman TM and Koller BH
(1999) Decreased platelet aggregation, increased bleeding time and resistance to
thromboembolism in P2Y1-deficient mice. Nat Med 5:1199–1202.

Fukunaga AF (1997) Purines in anesthesia, in Purinergic Approaches in Experimen-
tal Therapeutics (Jacobson KA and Jarvis MF eds) pp 471–493, Wiley-Liss, New
York.

Groschel-Stewart U, Bardini M, Robson TA and Burnstock G (1999) Localization of
P2X5 and P2X7 receptors by immunohistochemistry in rat stratified squamous
epithelium. Cell Tissue Res 296:599–605.

Guo A, Vulchanova L, Wang J, Li X and Elde R (1999) Immunocytochemical local-
ization of the vanilloid receptor 1 (VR1): Relationship to neuropeptides, the P2X3
purinoceptor and IB4 binding sites. Eur J Neurosci 11:946–958.
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