DRUG DEVELOPMENT RESEARCH 52:1-10 (2001)

Research Overview

Expanding Field of Purinergic Signaling

Geoffrey Burnstock*
Autonomic Neuroscience Institute, Royal Free and University College Medical School, London, U.K.

Strategy, Management and Health Policy

Venture Capital Preclinical Development | Clinical Development
Enabling Preclinical | Toxicology, Formulation | Phases I-1lI Postmarketing
Technology Research | Drug Delivery, Regulatory, Quality, Phase IV
Pharmacokinetics Manufacturing
ABSTRACT This article attempts to paint a broad picture of the extraordinary explosive recent develop-

ments in the purinergic signaling field. After a brief historical review and update of purinoceptor subtypes,
the focus is on the physiological roles of purines and pyrimidines. These are considered both in terms of
short-term signaling in neurotransmission, secretion, and vasodilatation and in long-term (trophic) signal-
ing in development, regeneration, proliferation, and cell death. Examples of trophic signaling include carti-
lage development in limb buds, glial cell proliferation, development of skeletal muscle, changes in receptor
expression in smooth-muscle phenotypes, maturation of testicular spermatids, and bone remodeling. Plas-
ticity of purinoceptor expression in pathological conditions is described, including the increase in the
purinergic component of parasympathetic nervous control of the human bladder in interstitial cystitis and
outflow obstruction and in sympathetic cotransmitter control of blood vessels in hypertensive rats, the
appearance of P2X; receptors in the glomeruli of the kidney from diabetic and transgenic hypertensive
animal models, and up-regulation of P2X; and P2Y, receptor mRNA in hearts of rats with congestive heart
failure. The role of P2X; receptors in nociception is considered, and a new hypothesis about purinergic
mechanosensory transduction in the gut is explored. A personal view of some of the areas ripe for future
development concludes this article, including a discussion of different strategies that could lead to the

development of purinergic therapeutic agents. Drug Dev. Res. 52:1-10, 2001.
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INTRODUCTION

The purinergic signaling field was born more than
30 years ago. It had a very troubled postnatal period and
now, at last, it seems to be blossoming into puberty with
the promise of many good times to come as it matures.
This article starts with a brief historical review of the field
and an update of purinoceptor subtypes and then focuses
on the physiological and pathophysiological roles of pu-
rines and pyrimidines, stressing some of the new and
exciting avenues for future developments.

EARLY HISTORY

As is well known by now, the field started with the
seminal article by Drury and Szent-Gyorgyi in 1929, in
which they showed potent extracellular actions of purine
nucleotides and nucleosides on the heart. In a 1959 land-
mark article, Pamela Holton showed release of ATP during
antidromic stimulation of sensory nerves to the rabbit ear
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artery in sufficient amounts to produce changes in vascular
tone. Then, in 1970 in Melbourne, we found evidence that
ATP is aneurotransmitter in nonadrenergic, noncholinergic
(NANC) nerves supplying the gut [Burnstock et al., 1970,
and in 1972, T put forward the purinergic neurotransmis-
sion hypothesis [Burnstock, 1972].

PURINOCEPTOR SUBTYPES

Implicit in the purinergic neurotransmission hy-
pothesis was the presence of postjunctional receptors for
ATP [Burnstock, 1976a], and a basis for distinguishing
P1 (adenosine) from P2 (ATP/ADP) receptors was pro-
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posed [Burnstock, 1978] that helped resolve some of the
earlier ambiguous reports. These were complicated by
the breakdown of ATP to adenosine by ectoenzymes, so
that some of the actions of ATP were directly on P2 re-
ceptors while others were due to indirect action via P1
receptors. It was not, however, until 7 years later that
Burnstock and Kennedy [1985] proposed a basis for dis-
tinguishing two types of P2 purinoceptor, P2X and P2Y,
based largely on pharmacological criteria. Soon after,
Gordon [1986] proposed two further P2 subtypes, namely,
P2T on platelets and P27 on macrophages. Later, it was
recognized that pyrimidines as well as purines are po-
tent extracellular messengers, and they were named P2U
receptors [O’Connor et al., 1991].

Williams remarked that “this random walk through
the alphabet was not really satisfactory.” It was fortunate
that in the early 1990s studies of transduction mecha-
nisms [Dubyak, 1991] and cloning of both P2Y [Lustig et
al., 1993: Webb et al., 1993] and P2X [Brake et al., 1994;
Valera et al., 1994] receptors was reported. This led
Abbracchio and Burnstock [1994] to put forward a new
nomenclature system, which is now widely accepted.
They proposed that there were two families of P2
purinoceptors—P2X ionotropic ligand-gated ion chan-
nel receptors and P2Y metabotropic G protein—coupled
receptors. This framework allowed for a logical expan-
sion as new receptors were identified. There are currently
seven subtypes of P2X receptors and six subtypes of P2Y
receptors that are clearly recognized [Ralevic and
Burnstock, 1998]. In addition, there have been recent
suggestions for a P2X; receptor [Bo et al., 2000] and sev-
eral new P2Y subtypes [King et al., 2001]. Earlier, four
subtypes of P2 receptors were cloned, namely, A, Ay,
Aup, and A; [Ralevic and Burnstock, 1998].

P2X Receptor Family

P2X receptors are characterized by two transmem-
brane domains, short intracellular N- and C-termini and
an extensive extracellular loop with conservation of 10
cysteines. It has become apparent that the pharmacol-
ogy of the recombinant P2X receptor subtypes expressed
in oocytes or other cell types is often different from the
pharmacology of P2Y-mediated responses in naturally
occurring sites. There are several contributing factors to
explain these differences. First, it is now recognized that
three P2X units (or possibly four) form the ionic pore
and that heteromultimers as well as homomultimers are
involved. For example, heteromultimers are clearly es-
tablished for P2X,; [Lewis et al., 1995; Radford et al.,
1997], P2X, [Lé et al., 1998], P2X, 5 [Torres et al., 1998;
Haines et al., 1999], and P2X, [King et al., 2000]. P2X;
does not form heteromultimers, and P2X; will not form a
functional homomultimer [Torres et al., 1999; North and
Surprenant, 2000]. Second, spliced variants of P2X re-

ceptor subtypes might play a part. For example, a spliced
variant of P2X, receptor, while it is nonfunctional on its
own, can potentiate the actions of ATP through the full-
length P2X, receptors [e.g., Townsend-Nicholson et al.,
1999]. Third, the presence of powerful ectoenzymes in
tissues that rapidly break down purines and pyrimidines
is not a factor when examining recombinant receptors
[Zimmermann, 1996].

Early studies of the distribution of P2X receptor
subtypes based on Northern blot and in situ hybridiza-
tion studies [Collo et al., 1996] have been extended sub-
stantially, after antibodies to these receptors became
available, by immunohistochemical localization at both
light [Vulchanova et al., 1996; Bradbury et al., 1998; Chan
et al., 1998a; Xiang et al., 1998a,b, 1999; Bo et al., 1999;
Groschel-Stewart et al., 1999a.b; Bardini et al., 2000;
Brouns et al., 2000; Lee et al., 2000a,b] and electron mi-
croscopic levels [Llewellyn-Smith and Burnstock, 1998;
Loesch and Burnstock, 1998, 2000; Loesch et al., 1999].
For example, while it was originally thought that smooth
muscle contained only P2X, receptors, there is now evi-
dence for the presence of P2X,, P2X,, and probably P2X;
receptors as well as both homomultimers and hetero-
multimers [see, for example, Nori et al., 1998; Hansen et
al., 1999; Lewis and Evans, 2000]. P2X, receptors, which,
in earlier studies, were not considered to be present in
the brain, now have been found at postjunctional sites in
synapses in the cerebellum [Loesch and Burnstock, 1998].
In current studies in my laboratory, Lele Jiang has found
alternating molecules of the P2X| receptor and connexin
43 in discs in the heart, perhaps involved in gap junction
regulation. The P2X, receptor is characterized by rapid
desensitization and potent actions of a,3-methylene ATP
(a,B-meATP), and there are now very potent selective
antagonists for this receptor, such as trinitrophenyl ATP
[Lewis et al., 1998] and diinosine pentaphosphate [King
et al., 1999].

The P2X, receptor is widespread in the central ner-
vous system and has been found at both pre- and postsyn-
aptic sites in the hypothalamus [Loesch et al., 1999]. A
feature of the P2X, receptor is lack of fast desensitization
and extreme sensitivity to acidity and Zn** [King et al.,
1996; Wildman et al., 1998, 1999a,b]. P2X; receptors are
interesting in that they are predominantly localized in
sensory nerves, particularly the small nociceptive neu-
rons in the dorsal root ganglia and trigeminal and nodose
ganglia [Bradbury et al., 1998]. The central projections
are located in inner lamina IT of the dorsal horn of the
spinal cord [Llewellyn-Smith and Burnstock, 1998], and
peripheral extensions have been noted in the skin, tongue,
and tooth pulp [Bo et al., 1999; Groschel-Stewart et al.,
1999a; Burnstock, 2000; Alavi et al., 2001]. There is re-
cent evidence for P2X; and P2X; labeling of endothelial
cells of microvessels in brain, thymus, thyroid, and gut
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and also in epithelial cells in the thyroid [Groschel-
Stewart et al., 1999b; Glass and Burnstock, 2001; Glass
et al., 2000; Loesch and Burnstock, 2000].

P2X, and P2X; receptors are prominent in the cen-
tral nervous system and are unique among P2X subtypes
in that responses to purines mediated by these receptors
are potentiated by suramin, pyridoxalphosphate-6-
azophenyl-2',4'-disulphonic acid, and reactive blue 2,
agents commonly used as P2 antagonists [Bo et al., 1995;
Séguéla et al., 1996; Ralevic and Burnstock, 1998;
Townsend-Nicholson et al., 1999]. P2X; receptors have
been shown to be associated with proliferating and dif-
ferentiating epithelial cells in the skin and hair follicles
[Groschel-Stewart et al., 1999a], in the bladder and ure-
ter [Lee et al., 2000b], and in the vagina [Bardini et al.,
2000]. This receptor subtype is also prominent in a num-
ber of cell types in embryonic development [Meyer et
al., 1999a; Bar-Isaac et al., 2000].

P2X; receptors are unique in that, as well as a cat-
ion pore, a large, 4-nm pore can be formed, which ap-
pears to be linked with apoptosis, perhaps associated with
the elongated C-terminus of this receptor [Surprenant
et al., 1996]. It is particularly interesting that in recent
studies in our laboratory, the P2X; receptor has been
found to be internalized in cells that, under pathological
conditions such as ischemia and cancer, become exter-
nalized, leading to apoptosis. Fluorescent green protein
coupled to P2X; receptors will provide a valuable tech-
nique for observing the movement of receptors in living
cells [see, for example, Dutton et al., 2000].

P2Y Receptor Family

P2Y receptors, in common with other G protein—
coupled receptors, have seven transmembrane domains,
an extracellular N-, and intracellular C-terminus. The
conservation between the different subtypes is greatest
in the transmembrane domains, the C-terminus show-
ing the greatest diversity. P2Y, receptors, which were first
cloned from chick brain, where they are ATP-selective,
now appear to be ADP-selective in mammals and hu-
mans. In particular, 2-methylthioADP is a potent agonist
[Hechler et al., 1998], and MRS 2179 is a potent antago-
nist [Boyer et al., 1998]; MRS 2269 and MRS 2286 have
been identified as selective antagonists [Brown et al.,
2000]. At P2Y, and P2Y, receptors in the rat, ATP and
UTP are equipotent, but the two receptors can be distin-
guished with antagonists, that is, suramin blocks P2Y,
and Reactive blue 2 blocks P2Y, [Bogdanov et al., 1998;
King et al., 1998]. The P2Y; receptor is regarded as an
orthologue of P2Ys by many researchers in the field, while
P2Y;, P2Y,, and P2Y,, appear to be orphan receptors with
no evidence of a functional role.

P2Y is UDP-selective, while P2Y; turned out to be
a leukotriene receptor [Yokomizo et al., 1997]. P2Y; is a

receptor cloned from frog embryos, where all the nucle-
otides are equipotent [Bogdanov et al., 1997], but no
mammalian homologue has been identified to date, apart
from a recent report of P2Ys mRNA in undifferentiated
HL60 cells [Adrian et al., 2000]. P2Y,, is unusual in that
there are two transduction pathways, adenylate cyclase
as well as inositol trisphosphate, which is the second
messenger system used by the majority of the P2Y re-
ceptors. The P2Y; receptor found on platelets was not
cloned until recently and seems likely to represent one
of a subgroup of P2Y receptors for which transduction is
entirely through adenylate cyclase. A receptor on C6
glioma cells and possibly a receptor in the midbrain, se-
lective for a diadenosine polyphosphate, also may oper-
ate through adenylate cyclase. An interesting question
has arisen by analogy with other G protein—coupled re-
ceptors as to whether dimers can form between the P2Y
subtypes.

PHYSIOLOGY
Non-neuronal Short-Term Signaling

A major step forward was the proposal in 1976 that
more than one transmitter can be released from nerve
terminals (the cotransmitter hypothesis) [Burnstock,
1976b]. This is now widely accepted, and the focus is on
defining the “chemical coding” of various nerve types,
that is, to describe the combination of neurotransmitters
in these nerves and their projections to various sites, such
as smooth muscle, secretory cells, or other nerves. In the
autonomic nervous system, the coding of prejunctional
fibers also is under investigation.

There is now supporting evidence that ATP is a
cotransmitter in many nerve types, probably reflecting
the primitive nature of purinergic signaling [Burnstock,
1996, 1999a]. Thus, there is now evidence for ATP as a
cotransmitter with noradrenaline and neuropeptide Y
in sympathetic nerves, for ATP with acetylcholine and
vasoactive intestinal peptide in some parasympathetic
nerves, for ATP with nitric oxide and vasoactive intesti-
nal peptide in enteric NANC inhibitory nerves, and for
ATP with calcitonin gene—related peptide and substance
P in sensory-motor nerves. There is also evidence for
ATP with y-aminobutyric acid in retinal nerves and for
ATP with glutamate or with dopamine in nerves in the
brain. In sympathetically innervated tissues, such as vas
deferens or blood vessels, ATP produces fast responses
mediated by P2X receptors and followed by a slower
component mediated by G protein—coupled a-adreno-
ceptors; neuropeptide Y usually acts as a pre- or post-
junctional modulator of the release and/or action of
noradrenaline and ATP. Similarly, for parasympathetic
nerves supplying the urinary bladder, ATP provokes a
fast, short-lasting twitch response via P2X receptors,
whereas the slower component is mediated by G pro-
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tein—coupled muscarinic receptors. In the gut, ATP re-
leased from NANC inhibitory nerves produces the fast-
est response, nitric oxide gives a less rapid response,
and vasoactive intestinal peptide produces slow tonic
relaxations. In all cases of cotransmission, there are con-
siderable differences in the proportion of the cotrans-
mitters in nerves supplying different regions of the gut
or vasculature and between species. The plasticity of
expression of different cotransmitters in development
and in different pathological conditions is discussed later
in this article.

Some influential articles were published in Nature
in 1992, which provided the first clear evidence for nerve-
nerve purinergic synaptic transmission. One of these ar-
ticles showed that excitatory postsynaptic potentials in
the celiac ganglion were reversibly antagonized by
suramin, a P2X antagonist [Evans et al., 1992], which was
reported concurrently in an independent study [Silinsky
etal., 1992]. Similar experiments were carried out in the
medial habenula in the brain, showing reversible block
of excitatory postsynaptic potentials by suramin [Edwards
et al., 1992]. Since then, there have been many articles
describing either the distribution of various P2 receptor
subtypes in the brain and spinal cord or electrophysi-
ological studies of the effects of purines in brain slices,
isolated nerves, and glial cells [Gibb and Halliday, 1996;
Abbracchio, 1997; Robertson, 1998; Burnstock, 1999b].
Synaptic transmission also has been found in the myen-
teric plexus [Zhou and Galligan, 1996; LePard et al., 1997;
Spencer et al., 2000] and in various sensory and sympa-
thetic and pelvic ganglia [Zhong et al., 1998, 2000a,b;
Dunn et al., 2000].

Non-neuronal Signaling

It would be an error to think of purinergic signal-
ing only in relation to excitable tissues, because there
are now many examples of purinoceptor-mediate re-
sponses in non-neuronal and non-muscular cell types.
Such examples include endothelial cells, which express
P2Y,, P2Y,, and probably P2Y, receptors that, when oc-
cupied, release nitric oxide leading to vasodilatation.
Moreover, there has been the more recent discovery of
P2X receptors in endothelial cells, probably leading to
the formation or regulation of gap and tight junctions
involved in permeability [Loesch and Burnstock, 2000];
P2Y receptors in pancreatic -cells involved in insulin
secretion [Loubatiéres-Mariani and Chapal, 1988] and
P2Y; receptors in hepatocytes [Schofl et al., 1999]; P2Yy,
P2X,, and P2Y, receptors in platelets [Kunapuli and
Daniel, 1998]; and P2Y, on myelinating Schwann cells
and P2Y, receptors on non-myelinating Schwann cells
[Mayer et al., 1998]. P2 receptors also are involved in
signaling to endocrine cells, leading to hormone secre-
tion [Chen et al., 1995b; Lee et al., 1996; Tomi¢ et al.,

1996; Tornquist et al., 1996; Sperlagh et al., 1999; Glass
et al., 2000a; Vainio and Térnquist, 2000].

Long-Term (Trophic) Signaling

In addition to the examples of short-term signaling
described here, there are now many examples of
purinergic signaling concerned with long-term events,
such as development and regeneration, proliferation, and
cell death [Abbracchio, 1996; Neary et al., 1996;
Abbracchio and Burnstock, 1998]. For example, a,[-
meATP produces proliferation of glial cells, whereas ad-
enosine inhibits proliferation. A P2Yg receptor was cloned
from the frog embryo, which appears to be involved in
the development of the neural plate [Bogdanov et al.,
1997]. P2Y, receptors seem to have a role in cartilage
development in limb buds and in development of the
mesonephros [Meyer et al., 1999b]. P2X; and P2X; re-
ceptors have been implicated in the development of chick
skeletal muscle [Meyer et al., 1999a]. In recent studies
of purinoceptor expression in the mouse myotubes, we
have shown progressive expression of P2X; (from E14 to
E18), P2X; (from E16 to E18), and P2X, (from E18 to
postnatal day 7) [Bar-Isaac et al., 2000].

In a study of purinoceptor signaling in smooth-
muscle phenotypes from the aorta, P2X; was prominent
in the contractile phenotype. P2Y subtypes were also
present, but in the synthetic phenotype grown in cul-
ture, the P2X, receptor was not detectable, while P2Y,
and P2Y; receptors were substantially upgraded [Erlinge
etal., 1998]. P2X,, P2X;, P2X;, and P2X; receptors have
been shown to be expressed in spermatids in distinct
developmental stages in the seminiferous epithelium of
the rat testis [Glass et al., 2000b]. This may be an inter-
esting new target in the development of contraceptives.
There are several reports implicating P2X and P2Y re-
ceptors in osteoclasts and osteoblasts involved in bone
remodeling [Morrison et al., 1998; Wiebe et al., 1999;
Dixon and Sims, 2000; Hoebertz et al., 2000].

PLASTICITY OF PURINOCEPTOR EXPRESSION
AND PATHOPHYSIOLOGY

Plasticity in Disease
Itis by now well established that the autonomic ner-
vous system shows marked plasticity. The expression of
cotransmitters and receptors shows dramatic changes in

Fig. 1. Schematic of a novel hypothesis about purinergic mechano-
sensory transduction in the gut. It is proposed that ATP released from
mucosal epithelial cells during moderate distension acts preferentially
on P2X; receptors on low-threshold subepithelial intrinsic sensory nerve
fibers (labeled with calbindin), contributing to peristaltic reflexes. ATP
released during extreme distension also acts on P2X; receptors on high-
threshold extrinsic sensory nerve fibers (labeled with isolectin B4, IB4)
that send messages via the dorsal root ganglia (DRGC) to pain centers in
the central nervous system.
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development and aging, in nerves that remain after trauma
or surgery, and in disease conditions [Burnstock, 1981,
1986, 1990, 1991; Milner and Burnstock, 1994; Abbracchio
and Burnstock, 1998]. A few examples follow.

It is well known that although the purinergic com-
ponent of parasympathetic transmission of the urinary
bladder is between 40% and 70% in experimental labo-
ratory animals, it is very small compared with muscar-
inic transmission in human bladder, despite the fact that
P2X receptors are clearly present [Burnstock, 2001].
However, there are now a number of examples where
the purinergic component in the human bladder is in-
creased up to 40% in pathophysiological conditions, such
as interstitial cystitis [Palea et al., 1993], outflow obstruc-
tion [Smith and Chapple, 1994; Bayliss et al., 1999], and
possibly also neurogenic bladder [Wammack et al., 1995].

Another example where ATP plays a significantly
greater cotransmitter role is in sympathetic nerves sup-
plying hypertensive blood vessels [Vidal et al., 1986;
Bulloch and McGrath, 1992; Brock and Van Helden,
1995]. In the healthy kidney, P2X, receptors are promi-
nent in pre-glomerular arterioles and larger vessels, but
P2X receptor expression is never seen in the glomerulus
[Chan et al., 1998a]. However, recent studies in our group
have shown prominent expression of P2X; receptors in
the glomerulus of damaged kidneys from both transgenic
hypertensive mice and streptozotocin-induced diabetic
rats [Chan et al., 1998b]. Up-regulation of P2X, and P2Y,
receptor mRNA in hearts of rats with congestive heart
failure has been reported [Hou et al., 1999].

P2X; Receptors and Nociception

There have been various reports over the years con-
cerning ATP on sensory nerves. In 1995, the P2X; re-
ceptor was cloned [Chen et al., 1995a; Lewis et al., 1995]
and was shown to be expressed predominantly on noci-
ceptive neurons in sensory ganglia [Burnstock, 2000].
Sensory nerve terminals in the tongue are strongly
immunopositive for the P2X; receptor [Bo et al., 1999],
and we have developed a tongue sensory-nerve prepara-
tion to examine the pathways of purinergic sensory sig-
naling [Rong et al., 2000]. ATP and a,3-meATP applied
to the tongue were shown to activate sensory afferent
fibers preferentially in the lingual nerve but not the taste
fibers in the chorda tympani.

A new hypothesis for purinergic mechanosensory
transduction in visceral organs involved in the initiation of
pain has been proposed [Burnstock, 1999c¢]. It is suggested
that distension of tubes (such as the ureter, salivary ducts,
and gut) and sacs (such as urinary bladder and gallbladder)
leads to the release of ATP from the lining epithelial cells.
ATP diffuses to the subepithelial sensory nerve plexus to
stimulate P2X; and/or P2X,,; receptors, which mediate
messages to pain centers in the central nervous system. It

has been established that ATP is released from the epithe-
lial cells in the distended bladder [Ferguson et al., 1997]
and ureter [Knight et al., 1999]. P2X; receptors also have
been identified in subepithelial nerves in the ureter [Lee
et al., 2000b] and in the bladder [Cockayne et al., 2000].
Recording in a P2X; knockout mouse, we have shown that
the micturition reflex is impaired and that responses of sen-
sory fibers to P2X; agonists are gone, suggesting that P2X;
receptors on sensory nerves in the bladder have a physi-
ological as well as a nociceptive role [Cockayne et al., 2000].
Similarly, P2X; receptors on projections of neurons from
the nodose ganglia supplying neuroepithelial bodies in the
lining of the lung [Brouns et al., 2000] may also mediate
pathophysiological events, perhaps involved in protective
responses to noxious gases.

I conclude this review by proposing another hy-
pothesis about sensory nerves in the gastrointestinal tract.
Itis known that the sensory nerves in the gut arising from
dorsal root ganglia are labeled with P2X; receptors (and
isolectin B4), but we now have been able to show that
the intrinsic sensory neurons in both myenteric and sub-
mucous plexuses, which are labeled with calbindin, also
show positive immunoreactivity for P2X;. It is proposed
that during moderate distension, low-threshold intrinsic
enteric sensory fibers are activated via P2X; receptors
by ATP released from mucosal epithelial cells, leading to
reflexes concerned with propulsion of material down the
gut. In contrast, it is proposed that with substantial dis-
tension, which often is associated with pain, higher-
threshold extrinsic sensory fibers are activated by ATP
released from the mucosal epithelia, which pass messages
through the dorsal root ganglia to pain centers in the cen-
tral nervous system (Fig. 1). We are carrying out experi-
ments to test this hypothesis.

FUTURE DEVELOPMENTS

Some of the areas of research that seem likely to
predominate in the next few years include studies of
knockout mice for receptor subtypes, in addition to the
P2X,, P2X,, P2X, P2X;, P2Y,, or P2Y, knockout mice
that have been reported to date [Léon et al., 1999; Cesare
et al., 2000; Cockayne et al., 2000; Homolya et al., 2000;
Mulryan et al., 2000]. It is likely that there will be many
studies of purinergic signaling in the brain, focusing, it is
hoped, on physiological and behavioral roles, in addition
to applying purines and pyrimidines to neurons and glial
cells in brain slices and in culture. An expansion of stud-
ies to the long-term trophic roles of purines and pyrim-
idines in a variety of systems is highly desirable, in
particular, in embryonic development and wound heal-
ing. There is likely to be substantial interest in the thera-
peutic development of purinergic agents for a variety of
diseases. The therapeutic strategies are likely to extend
beyond the development of selective agonists and antago-
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nists for different P2 receptor subtypes to the develop-
ment of agents that control the expression of P2 recep-
tors, of inhibitors of extracellular ATP breakdown, and of
ATP transport enhancers and inhibitors. The interactions
of purinergic signaling with other established signaling
systems also will be an important way forward.

REFERENCES

Abbracchio MP. 1996. P1 and P2 receptors in cell growth and differ-
entiation. Drug Dev Res 39:393—-406.

Abbracchio MP. 1997. ATP in brain function. In: Jacobson KA, Jarvis
ME editors. Purinergic approaches in experimental therapeutics.
New York: Wiley-Liss, p 383-404.

Abbracchio ME, Burnstock G. 1994. Purinoceptors: Are there families
of Pox and Py purinoceptors? Pharmacol Ther 64:445-475.

Abbracchio MB, Burnstock G. 1998. Purinergic signalling: pathophysi-
ological roles. Jpn ] Pharmacol 78:113-145.

Adrian K, Bernhard MK, Breitinger H-G, Ogilvie A. 2000. Expression
of purinergic receptors (ionotropic P2X1-7 and metabotropic
P2Y1-11) during myeloid differentiation of HL60 cells. Biochim
Biophys Acta Gene 1492:127-138.

Alavi A, Dubyak GR, Burnstock G. 2001. Immunohistochemical evi-
dence for ATP receptors in human dental pulp. ] Dent Res (in press).

Bardini M, Lee HY, Burnstock G. 2000. Distribution of P2X receptor
subtypes in the rat female reproductive tract at late pro-oestrus/
early oestrus. Cell Tissue Res 299:105-113.

Bar-Isaac M, Hoebertz A, Burnstock G. 2000. The expression of P2X
receptor subtypes in developing rat skeletal muscle. Drug Dev Res
50:114 (Abstract).

Bayliss M, Wu C, Newgreen D, Mundy AR, Fry CH. 1999. A quantita-
tive study of atropine-resistant contractile responses in human de-
trusor smooth muscle, from stable, unstable and obstructed bladders.
J Urol 162:1833-1839.

Bo X, Zhang Y, Nassar M, Burnstock G, Schoepfer R. 1995. A P2X

purinoceptor cDNA conferring a novel pharmacological profile.
FEBS Lett 375:129-133.

Bo X, Alavi A, Xiang Z, Oglesby I, Ford A, Burnstock G. 1999. Local-
ization of ATP-gated P2X; and P2X; receptor immunoreactive nerves
in rat taste buds. Neuroreport 10:1107-1111.

Bo X, Schoepfer R, Burnstock G. 2000. Molecular cloning and charac-

terization of a novel ATP P2X receptor subtype from embryonic
chick skeletal muscle. J Biol Chem 275:14401-14407.

Bogdanov YD, Dale L, King BE Whittock N, Burnstock G. 1997. Early
expression of a novel nucleotide receptor in the neural plate of Xe-
nopus embryos. ] Biol Chem 272:12583-12590.

Bogdanov YD, Wildman SS, Clements ME King BE Burnstock G. 1998.
Molecular cloning and characterization of rat P2Y, nucleotide re-
ceptor: special report. Br ] Pharmacol 124:428-430.

Boyer JL, Mohanram A, Camaioni E, Jacobson KA, Harden TK. 1998.
Competitive and selective antagonism of P2Y, receptors by N°-
methyl 2'-deoxyadenosine 3',5'-bisphosphonate. Br J Pharmacol
124:1-3.

Bradbury EJ, Burnstock G, McMahon SB. 1998. The expression of
P2X; purinoceptors in sensory neurons: effects of axotomy and glial-
derived neurotrophic factor. Mol Cell Neurosci 12:256-268.

Brake AJ, Wagenbach M], Julius D. 1994. New structural motif for
ligand-gated ion channels defined by an ionotropic ATP receptor.
Nature 371:519-523.

Brock JA, Van Helden DE 1995. Enhanced excitatory junction poten-
tials in mesenteric arteries from spontaneously hypertensive rats.
Pfliigers Arch Eur J Physiol 430:901-908.

Brouns I, Adriaensen DD, Burnstock G, Timmermans J-P. 2000.
Intraepithelial vagal sensory nerve terminals in rat pulmonary neu-
roepithelial bodies express P2X3 receptors. Am J Respir Cell Mol
Biol 23:52-61.

Brown SG, King BE Kim Y-C, Jang SY, Burnstock G, Jacobson KA.
2000. Activity of novel adenine nucleotide derivatives as agonists

and antagonists at recombinant rat P2X receptors. Drug Dev Res
49:253-259.

Bulloch JM, McGrath JC. 1992. Evidence for increased purinergic
contribution in hypertensive blood vessels exhibiting co-transmis-
sion. Br ] Pharmacol 107:145P.

Burnstock G. 1972. Purinergic nerves. Pharmacol Rev 24:509-581.
Burnstock G. 1976a. Purinergic receptors. ] Theor Biol 62:491-503.

Burnstock G. 1976b. Do some nerve cells release more than one trans-
mitter? Neuroscience 1:239-248.

Burnstock G. 1978. A basis for distinguishing two types of purinergic
receptor. In: Straub RW, Bolis L, editors. Cell membrane receptors
for drugs and hormones: a multidisciplinary approach. New York:
Raven Press, p 107-118.

Burnstock G. 1981. Review lecture: neurotransmitters and trophic fac-
tors in the autonomic nervous system. ] Physiol (Lond) 313:1-35.

Burnstock G. 1986. The changing face of autonomic neurotransmis-
sion (the first von Euler Lecture in Physiology). Acta Physiol Scand
126:67-91.

Burnstock G. 1990. Changes in expression of autonomic nerves in ag-
ing and disease. ] Auton Nerv Syst 30:525-S34.

Burnstock G. 1991. Plasticity in expression of cotransmitters and auto-
nomic nerves in aging and disease. In: Timiras PS, Privat A, editors.
Advances in experimental medicine and biology, volume 296: plas-
ticity and regeneration of the nervous system. New York: Plenum
Press, pp 291-301.

Burnstock G. 1996. Purinoceptors: ontogeny and phylogeny. Drug Dev
Res 39:204-242.

Burnstock G. 1999a. Purinergic cotransmission. Brain Res Bull 50:
355-357.

Burnstock G. 1999b. Current status of purinergic signalling in the ner-
vous system. Prog Brain Res 120:3-10.

Burnstock G. 1999c. Release of vasoactive substances from endothe-
lial cells by shear stress and purinergic mechanosensory transduc-
tion. | Anat 194:335-342.

Burnstock G. 2000. P2X receptors in sensory neurones. Br | Anaesth
84:476-488.

Burnstock G. 2001. Purinergic signalling in lower urinary tract. In:
Abbracchio MP, Williams M, editors. Handbook of experimental
pharmacology, volume 151/1. Berlin: Springer-Verlag, pp 423-515.

Burnstock G, Kennedy C. 1985. Ts there a basis for distinguishing two
types of Po-purinoceptor? Gen Pharmacol 16:433-440.

Burnstock G, Campbell G, Satchell D, Smythe A. 1970. Evidence that
adenosine triphosphate or a related nucleotide is the transmitter
substance released by non-adrenergic inhibitory nerves in the gut.
Br ] Pharmacol 40:668-688.

Cesare P, Souslova V, Akopian A, Rufian O, Wood JN. 2000. Fast in-
activating responses to ATP are lost in dorsal root ganglion neu-
rons isolated from P2X3 knock-out mice. ] Physiol (Lond) 523:10P
(Abstract).



8 BURNSTOCK

Chan CM, Unwin R], Bardini M, Oglesby IB, Ford APDW, Townsend-
Nicholson A, Burnstock G. 1998a. Localization of the P2X;
purinoceptors by autoradiography and immunohistochemistry in rat
kidneys. Am J Physiol 274:F799-F804.

Chan CM, Hillman K, Moss S, Unwin R], Burnstock G. 1998b. Puta-
tive cytolytic P2X7 receptor in diabetic rat kidney and its stable trans-
fection in lymphocytes. ] Am Soc Nephrol 9:420A.

Chen CC, Akopian AN, Sivilotti L, Colquhoun D, Burnstock G, Wood
JN. 1995a. A P2X purinoceptor expressed by a subset of sensory
neurons. Nature 377:428-431.

Chen Z-P, Kratzmeier M, Levy A, McArdle CA, Poch A, Day A,
Mukhopadhyay AK, Lightman SL. 1999b. Evidence for a role of
pituitary ATP receptors in the regulation of pituitary function. Proc
Natl Acad Sci U S A 92:5219-5223.

Cockayne DA, Hamilton SG, Zhu Q-M, Dunn PM, Zhong Y, Novakovic
S, Malmberg A, Cain G, Berson A, Kassotakis L, Hedley, L, Lachnit
WG, Burnstock G, McMahon SB, Ford APDW. 2000. Urinary blad-
der hyporeflexia and reduced pain-related behavior in P2X3-defi-
cient mice. Nature 07:1011-1015.

Collo G, North RA, Kawashima E, Merlo-Pich E, Neidhart S,
Surprenant A, Buell G. 1996. Cloning of P2X5 and P2Xg receptors
and the distribution and properties of an extended family of ATP-
gated ion channels. ] Neurosci 16:2495-2507.

Dixon SJ, Sims SM. 2000. P2 purinergic receptors on osteoblasts and
osteoclasts: potential targets for drug development. Drug Dev Res
49:187-200.

Drury AN, Szent-Gyérgyi A. 1929. The physiological activity of ad-
enine compounds with special reference to their action upon the
mammalian heart. ] Physiol (Lond) 68:213-237.

Dubyak GR. 1991. Signal transduction by Pa-purinergic receptors for
extracellular ATP. Am J Respir Cell Mol Biol 4:295-300.

Dunn PM, Liu M, Zhong Y, King BE Burnstock G. 2000. Diinosine
pentaphosphate: an antagonist which discriminates between recom-
binant P2X3 and P2Xys3 receptors and between two P2X receptors
in rat sensory neurones. Br J Pharmacol 130:1378-1384.

Dutton JL, Poronnik P, Li GH, Holding CA, Worthington RA,
Vandenberg RJ, Cook DI, Barden JA, Bennett MR. 2000. P2X; re-
ceptor membrane redistribution and down-regulation visualized by
using receptor-coupled green fluorescent protein chimeras. Neu-
ropharmacology 39:2054-2066.

Edwards FA, Gibb AJ, Colquhoun D. 1992. ATP receptor-medi-
ated synaptic currents in the central nervous system. Nature 359:
144-147.

Erlinge D, Hou M, Webb TE, Barnard EA, Moller S. 1998. Pheno-
type changes of the vascular smooth muscle cell regulate P2 recep-
tor expression as measured by quantitative RT-PCR. Biochem
Biophys Res Commun 248:864-870.

Evans R], Derkach V, Surprenant A. 1992. ATP mediates fast synaptic
transmission in mammalian neurons. Nature 357:503-505.

Ferguson DR, Kennedy I, Burton TJ. 1997. ATP is released from rab-
bit urinary bladder epithelial cells by hydrostatic pressure changes:
a possible sensory mechanism? J Physiol 505:503-511.

Gibb AJ, Halliday FC. 1996. Fast purinergic transmission in the cen-
tral nervous system. Semin Neurosci 8:225-232.

Glass R, Burnstock G. 2000. Immunohistochemical identification of
cells expressing ATP-gated cation channels (P2X receptors) in the
adult rat thyroid. J Anat (in press).

Glass R, Townsend-Nicholson A, Burnstock G. 2000a. P2 receptors in
the thymus: expression of P2X and P2Y receptors in adult rats, an

immunohistochemical and in situ hybridisation study. Cell Tissue
Res 300:295-306.

Glass R, Bardini M, Robson T, Burnstock G. 2000b. Immunohistochem-
istry of P2X receptors in the adult rat testis. Drug Dev Res 50:57
(Abstract).

Gordon JL. 1986. Extracellular ATP: effects, sources and fate. Biochem
] 233:309-319.

Groschel-Stewart U, Bardini M, Robson T, Burnstock G. 1999a.
Localisation of P2X5 and P2X; receptors by immunohistochemistry
in rat stratified squamous epithelia. Cell Tissue Res 296:599-605.

Groschel-Stewart U, Bardini M, Robson T, Burnstock G. 1999b. P2X
receptors in the rat duodenal villus. Cell Tissue Res 297:111-117.

Haines WR, Torres GE, Voigt MM, Egan TM. 1999. Properties of the
novel ATP-gated ionotropic receptor composed of the P2X; and P2X5
isoforms. Mol Pharmacol 56:720-727.

Hansen MA, Dutton JL, Balcar V], Barden JA, Bennett MR. 1999. Pox
(purinergic) receptor distributions in rat blood vessels. ] Auton Nerv
Syst 75:147-155.

Hechler B, Vigne P, Leon C, Breittmayer JB, Gachet C, Frelin C. 1998.
ATP derivatives are antagonists of the P2Y; receptor: similarities to
the platelet ADP receptor. Mol Pharmacol 53:727-733.

Hoebertz A, Townsend-Nicholson A, Burnstock G, Arnett TR. 2000.
Expression of P2 receptors in bone and cultured bone cells. Bone
27:503-510.

Holton P. 1959. The liberation of adenosine triphosphate on antidro-
mic stimulation of sensory nerves. ] Physiol (Lond) 145:494-504.

Homolya L, Grubb B, Cressman V, Lazarowski E, Koller B, Boucher
R. 2000. Characterization of epithelial ion transport in a P2Ys(—/-)
mouse. Drug Dev Res 50:9.

Hou M, Malmsjo M, Moller S, Pantev E, Bergdahl A, Zhao XH, Sun
XY, Hedner T, Edvinsson L, Erlinge D. 1999. Increase in cardiac
P2X;- and P2Ys-receptor mRNA levels in congestive heart failure.
Life Sci 65:1195-1206.

King BE Ziganshina LE, Pintor J, Burnstock G. 1996. Full sensitivity
of P2X; purinoceptor to ATP revealed by changing extracellular pH.
Br J Pharmacol 117:1371-1373.

King BE Townsend-Nicholson A, Burnstock G. 1998. Metabotropic
receptors for ATP and UTP: exploring the correspondence between
native and recombinant nucleotide receptors. Trends Pharmacol Sci

19:506-514.

King BE Liu M, Pintor J, Gualix J, Miras-Portugal MT, Burnstock G.
1999. Diinosine pentaphosphate (IPs]) is a potent antagonist at re-
combinant rat P2X; receptors. Br ] Pharmacol 128:981-988.

King BE Townsend-Nicholson A, Wildman SS, Thomas T, Spyer KM,
Burnstock G. 2000. Coexpression of rat P2X; and P2X4 subunits in
Xenopus oocytes. | Neurosci 20:4871-4877.

King BE Burnstock G, Boyer JL, Boeynaems J-M, Weisman GA,
Kennedy C, Jacobson KA, Humphries RG, Abbracchio MP, Miras-
Portugal MT. 2001. The P2Y receptors. In: Girdlestone D, editor.
The TUPHAR compendium of receptor characterization and classi-
fication. London: IUPHAR Media Ltd. (in press).

Knight GE, Bodin B de Groat WC, Burnstock G. 1999. Distension of
the guinea pig ureter releases ATP from the epithelium. Soc Neurosci
Abstr 25:1171.

Kunapuli SP, Daniel JL. 1998. P2 receptor subtypes in the cardiovas-
cular system. Biochem J 336:513-523.

Lé KT, Babinski K, Séguéla P. 1998. Central P2X, and P2Xg channel
subunits coassemble into a novel heteromeric ATP receptor. |
Neurosci 18:7152-7159.



EXPANDING FIELD OF PURINERGIC SIGNALING 9

Lee H-Y, Bardini M, Burnstock G. 2000a. P2X receptor immunoreactiv-
ity in the male genital organ of the rat. Cell Tissue Res 300:321-330.

Lee H-Y, Bardini M, Burnstock G. 2000b. Distribution of P2X receptors
in the urinary bladder and ureter of the rat. J Urol 163:2002-2007.

Lee PS, Squires PE, Buchan AM, Yuen BH, Leung PC. 1996. P2-
purinoreceptor evoked changes in intracellular calcium oscillations
in single isolated human granulosa-lutein cells. Endocrinology 137:
3756-3761.

Léon C, Hechler B, Freund M, Eckly A, Vial C, Ohlmann B, Dierich A,
LeMeur M, Cazenave JB, Gachet C. 1999. Defective platelet aggre-
gation and increased resistance to thrombosis in purinergic P2Y,
receptor-null mice. J Clin Invest 104:1731-1737.

LePard KJ, Messori E, Galligan JJ. 1997. Purinergic fast excitatory
postsynaptic potentials in myenteric neurons of guinea pig: distri-
bution and pharmacology. Gastroenterology 113:1522-1534.

Lewis CJ, Evans RJ. 2000. Comparison of P2X receptors in rat me-

senteric, basilar and septal (coronary) arteries. ] Auton Nerv Syst
81:69-74.

Lewis C, Neidhart S, Holy C, North RA, Surprenant A. 1995.
Coexpression of P2X, and P2X;3 receptor subunits can account for
ATP-gated currents in sensory neurons. Nature 377:432-435.

Lewis CJ, Surprenant A, Evans R]. 1998. 2',3'-O-(2,4,6-trinitrophenyl)
adenosine 5'-triphosphate (TNP-ATP): a nanomolar affinity antago-
nist at rat mesenteric artery P2X receptor ion channels. Br |
Pharmacol 124:1463-1466.

Llewellyn-Smith IJ, Burnstock G. 1998. Ultrastructural localization of
P2X5 receptors in rat sensory neurons. Neuroreport 9:2245-2250.

Loesch A, Burnstock G. 1998. Electron-immunocytochemical local-
ization of the P2X; receptors in the rat cerebellum. Cell Tissue Res
294:253-260.

Loesch A, Burnstock G. 2000. Ultrastructural localisation of ATP-gated
P2X; receptor immunoreactivity in vascular endothelial cells in rat
brain. Endothelium 7:93-98.

Loesch A, Miah S, Burnstock G. 1999. Ultrastructural localisation of
ATP-gated P2X; receptor immunoreactivity in the rat hypothalamo-
neurohypophysial system. ] Neurocytol 28:485-494.

Loubatieres-Mariani MM, Chapal J. 1988. Purinergic receptors in-
volved in the stimulation of insulin and glucagon secretion. Diabete
Metab 14:119-126.

Lustig KD, Shiau AK, Brake A]J, Julius D. 1993. Expression cloning of
an ATP receptor from mouse neuroblastoma cells. Proc Natl Acad
Sci U S A 90:5113-5117.

Mayer C, Quasthoff S, Grafe P. 1998. Differences in the sensitivity to
purinergic stimulation of myelinating and non-myelinating Schwann
cells in peripheral human and rat nerve. Glia 23:374-382.

Meyer ME Gréschel-Stewart U, Robson T, Burnstock G. 1999a. Ex-
pression of two ATP-gated ion channels, P2X5 and P2Xg, in devel-
oping chick skeletal muscle. Dev Dyn 216:442-449.

Meyer MPE, Clarke JDW, Patel K, Townsend-Nicholson A, Burnstock
G. 1999b. Selective expression of purinoceptor cP2Y; suggests a
role for nucleotide signalling in development of the chick embryo.
Dev Dyn 214:152-158.

Milner B Burnstock G. 1994. Trophic factors and the control of smooth
muscle development and innervation. In: Raeburn D, Giembycz
MA, editors. Airways smooth muscle: development and regulation
of contractility. Basel, Switzerland: Birkhéuser Verlag, p 1-39.

Morrison MS, Turin L, King BE Burnstock G, Arnett TR. 1998. ATP is
a potent stimulator of the activation and formation of rodent osteo-
clasts. J Physiol 511:495-500.

Mulryan K, Gitterman DE Lewis CJ, Vial C, Leckie BJ, Cobb AL,
Brown JE, Conley EC, Buell G, Pritchard CA, Evans RJ. 2000. Re-
duced vas deferens contraction and male infertility in mice lacking
P2X; receptors. Nature 403:86-89.

Neary JT, Rathbone ME Cattabeni E Abbracchio ME, Burnstock G.
1996. Trophic actions of extracellular nucleotides and nucleosides
on glial and neuronal cells. Trends Neurosci 19:13-18.

Nori S, Fumagalli L, Bo X, Bogdanov Y, Burnstock G. 1998. Coex-
pression of mRNAs for P2X;, P2X, and P2X, receptors in rat vascu-
lar smooth muscle: an in situ hybridization and RT-PCR study. J
Vasc Res 35:179-185.

North RA, Surprenant A. 2000. Pharmacology of cloned P2X recep-
tors. Annu Rev Pharmacol Toxicol 40:563-580.

O’Connor SE, Dainty IA, Leff P 1991. Further subclassification of
ATP receptors based on agonist studies. Trends Pharmacol Sci 12:
137-141.

Palea S, Artibani W, Ostardo E, Trist DG, Pietra C. 1993. Evidence for
purinergic neurotransmission in human urinary bladder affected by
interstitial cystitis. ] Urol 150:2007-2012.

Radford KM, Virginio C, Surprenant A, North RA, Kawashima E. 1997.
Baculovirus expression provides direct evidence for heteromeric
assembly of P2Xy and P2X; receptors. ] Neurosci 17:6529-6533.

Ralevic V, Burnstock G. 1998. Receptors for purines and pyrimidines.
Pharmacol Rev 50:413-492.

Robertson SJ. 1998. Tissue distribution and functional contribution of
P2X receptors in the CNS. Drug Dev Res 45:336-341.

Rong W, Burnstock G, Spyer KM. 2000. P2X purinoceptor-mediated
excitation of trigeminal lingual nerve terminals in an in vitro intra-
arterially perfused rat tongue preparation. J Physiol 524:891-902.

Schofl C, Ponczek M, Mader T, Waring M, Benecke H, von zur
Miihlen A, Mix H, Cornberg M, Boker KHW, Manns M P, Wagner
S. 1999. Regulation of cytosolic free calcium concentration by ex-
tracellular nucleotides in human hepatocytes. Am J Physiol 276:
G164-G172.

Séguéla P, Haghighi A, Soghomonian JJ, Cooper E. 1996. A novel neu-
ronal P2x ATP receptor ion channel with widespread distribution
in the brain. J Neurosci 16:448-455.

Silinsky EM, Gerzanich V, Vanner SM. 1992. ATP mediates excitatory
synaptic transmission in mammalian neurones. Br J Pharmacol
106:762-763.

Smith DJ, Chapple CR. 1994. In vitro response of human bladder
smooth muscle in unstable obstructed male bladders: a study of
pathophysiological causes. Neurourol Urodyn 13:414-415.

Spencer NJ, Walsh M, Smith TK. 2000. Purinergic and cholinergic
neuro-neuronal transmission underlying reflexes activated by mu-
cosal stimulation in the isolated guinea-pig ileum. J Physiol (Lond)
522:321-331.

Sperligh B, Mergl Z, Jurinyi Z, Vizi ES, Makara GB. 1999. Local regu-
lation of vasopressin and oxytocin secretion by extracellular ATP in
the isolated posterior lobe of the rat hypophysis. ] Endocrinol
160:343-350.

Surprenant A, Rassendren E Kawashima E, North RA, Buell G. 1996.
The cytolytic Pyy receptor for extracelluar ATP identified as a Pax
receptor (P2X5). Science 272:735-738.

Tomi¢ M, Jobin RM, Vergara LA, Stojilkovic SS. 1996. Expression of
purinergic receptor channels and their role in calcium signaling and
hormone release in pituitary gonadotrophs: integration of P2 chan-
nels in plasma membrane- and endoplasmic reticulum—derived cal-
cium oscillations. J Biol Chem 271:21200-21208.



10 BURNSTOCK

Toérnquist K, Ekokoski E, Dugué B. 1996. Purinergic agonist ATP is a
comitogen in thyroid FRTL-5 cells. ] Cell Physiol 166:241-248.
Torres GE, Haines WR, Egan TM, Voigt MM. 1998. Co-expression of

P2X; and P2X5 receptor subunits reveals a novel ATP-gated ion
channel. Mol Pharmacol 54:989-993.

Torres GE, Egan TM, Voigt MM. 1999. Hetero-oligomeric assembly
of P2X receptor subunits: specificities exist with regard to possible
partners. J Biol Chem 274:6653-6659.

Townsend-Nicholson A, King BE Wildman SS, Burnstock G. 1999.
Molecular cloning, functional characterization and possible
cooperativity between the murine P2X, and P2X,, receptors. Brain
Res Mol Brain Res 64:246-254.

Vainio M, Tornquist K. 2000. The role of adenosine A; receptors in the
ATP-evoked Ca* response in rat thyroid FRTL-5 cells. Eur |
Pharmacol 390:43-50.

Valera S, Hussy N, Evans R], Adani N, North RA, Surprenant A, Buell
G. 1994. A new class of ligand-gated ion channel defined by Psx
receptor for extra-cellular ATP. Nature 371:516-519.

Vidal M, Hicks PE, Langer SZ. 1986. Differential effects of a,-meth-
ylene ATP on responses to nerve stimulation in SHR and WKY tail
arteries. Naunyn Schmiedebergs Arch Pharmacol 332:384-390.

Vulchanova L, Arvidsson U, Riedl M, Wang J, Buell G, Surprenant A,
North RA, Elde R. 1996. Differential distribution of two ATP-gated
channels (P2X receptors) determined by immunocytochemistry. Proc
Natl Acad Sci U S A 93:8063-8067.

Wammack R, Weihe E, Dienes HP. Hohenfeller R. 1995. Die neuro-
gene Blase in vitro. Akt Urol 26:16-18.

Webb TE, Simon J, Krishek BJ, Bateson AN, Smart TG, King BE
Burnstock G, Barnard EA. 1993. Cloning and functional expres-
sion of a brain G-protein-coupled ATP receptor. FEBS Lett 324:
219-225.

Wiebe SH, Sims SM, Dixon SJ. 1999. Calcium signalling via multiple
P2 purinoceptor subtypes in rat osteoclasts. Cell Physiol Biochem
9:323-337.

Wildman SS, King BE Burnstock G. 1998. 7Zn>* modulation of ATP-
responses at recombinant P2X; receptors and its dependence on
extracellular pH. Br J Pharmacol 123:1214-1220.

Wildman SS, King BE Burnstock G. 1999a. Modulation of ATP-re-
sponses at recombinant rP2X, receptors by extracellular pH and
zine. Br J Pharmacol 126:762-768.

Wildman SS, King BE Burnstock G. 1999b. Modulatory activity of
extracellular HY and Zn?* on ATP-responses at rP2X; and rP2X;
receptors. Br ] Pharmacol 128:486-492.

Xiang Z, Bo X, Burnstock G. 1998a. Localization of ATP-gated P2X
receptor immunoreactivity in rat sensory and sympathetic ganglia.
Neurosci Lett 256:105-108.

Xiang Z, Bo X, Oglesby IB, Ford APDW, Burnstock G. 1998b. Local-
ization of ATP-gated P2X; receptor immunoreactivity in the rat hy-
pothalamus. Brain Res 813:390-397.

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

Yokomizo T, Izumi T, Chang K, Takuwa Y, Shimizu T. 1997. A G-pro-
tein-coupled receptor for leukotriene B, that mediates chemotaxis.
Nature 387:620-624.

Zhong Y, Dunn PM, Xiang Z, Bo X, Burnstock G. 1998. Pharmacologi-
cal and molecular characterisation of P2X purinoceptors in rat pel-
vic ganglion neurons. Br | Pharmacol 125:771-78]1.

Zhong Y, Dunn PM, Burnstock G. 2000a. Pharmacological compari-
son of P2X receptors on rat coeliac, mouse coeliac and mouse pelvic
ganglion neurons. Neuropharmacology 39:172-180.

Zhong Y, Dunn PM, Burnstock G. 2000b. Guinea-pig sympathetic
neurons express varying proportions of two distinct P2X receptors.
J Physiol 523:391-402.

Zhou X, Galligan JJ. 1996. P2X purinoceptors in cultured myenteric
neurons of guinea-pig small intestine. ] Physiol 496:719-729.

Zimmermann H. 1996. Extracellular purine metabolism. Drug Dev
Res 39:337-352.



	INTRODUCTION
	EARLY HISTORY
	PURINOCEPTOR SUBTYPES
	PHYSIOLOGY
	PLASTICITY OF PURINOCEPTOR EXPRESSION AND PATHOPHYSIOLOGY
	FUTURE DEVELOPMENTS
	REFERENCES
	Fig. 1

