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There has been a remarkable growth of papers published about purinergic signalling via ATP since 1972. | am most grateful
to the wonderful PhD students and postdoctoral fellows who have worked with me over the years to pursue the purinergic
hypothesis despite early opposition and to the many outstanding scientists around the world who are currently extending the
story. Recently, therapeutic approaches to pathological disorders include the development of selective P1 and P2 receptor
subtype agonists and antagonists, as well as of inhibitors of extracellular ATP breakdown and of ATP transport enhancers and
inhibitors. Medicinal chemists are starting to develop small molecule purinergic drugs that are orally bioavailable and stable

in vivo.

Sir John Gaddum was a great scientist and one of the found-
ers of pharmacology in the UK. He was particularly interested
in signalling molecules and made important contributions to
our knowledge of substance P, 5-HT and histamine, as well as
acetylcholine and noradrenaline. Therefore, I would like to
think that he would have been interested to hear the story
about another signalling molecule, namely ATP, that I am
about to describe.

The beginnings

My PhD was about fish gut motility that involved simple
techniques of organ bath pharmacology and histology. I
needed to learn more sophisticated techniques and Wilhelm
Feldberg kindly invited me to join his Department of Physi-
ology at the Medical Research Institute, Mill Hill, to learn
electrophysiology in 1957. He put me together with Ralph
Straub, and together we developed the sucrose gap technique
to record correlated changes in electrical and mechanical
activity of smooth muscle (Burnstock and Straub, 1958).
When Edith Biilbring, who ran the leading smooth muscle
laboratory in the UK at that time, heard about our results, she
invited me to join her group in the Department of Pharma-
cology, Oxford University, where they had been struggling
with microelectrode recording from spontaneously active
smooth muscle cells. There, I studied the effect of the classical

neurotransmitters ACh and noradrenaline (NA) on the
guinea pig taenia coli preparation (Burnstock 1958a,b), which
was the favourite experimental model of an innervated
smooth muscle preparation used by her group.

I then spent a year with Ladd Prosser at the University of
Illinois on a Rockefeller Fellowship before accepting a Senior
Lectureship in the Department of Zoology in Melbourne,
Australia. Soon after, I set up the sucrose gap apparatus and
began a very enjoyable collaboration in the Department of
Physiology with Mollie Holman, whom I had met in Oxford.
One day, together with my first postgraduate students,
Graham Campbell and Max Bennett, we decided to transmu-
rally stimulate the taenia coli in the presence of atropine and
bretylium to block cholinergic and adrenergic neurotransmis-
sion. We were expecting to see direct stimulation of the
smooth muscle resulting in depolarization and contraction.
However, to our surprise and excitement, the response was
hyperpolarization to single pulses and relaxation (Figure 1A).
We felt that we were onto something important (see Burn-
stock, 2004) and the interpretation was discussed interna-
tionally. I was fortunate in having at that time, in the early
1960s, a Japanese postdoctoral fellow, whose friend in Japan
was one of the authors of a paper about tetrodotoxin (TTX)
extracted from the puffer fish. He sent us some TTX, which
was known to block nerve conduction, but not affect smooth
muscle activity. It completely blocked the hyperpolarizations
(Figure 1B), so we realized that they were inhibitory junction
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Figure 1

(A) 1)Ps recorded in smooth muscle of the atropinized guinea pig
taenia coli in response to transmural stimulation of the intramural
nerves remaining following degeneration of the adrenergic nerves by
treatment of the animal with 6-hydroxydopamine (250 mg-kg™ i.p.
for 2 successive days) 7 days previously. Upper trace, mechanical
record. Lower trace, changes in membrane potential recorded with a
sucrose-gap method. The junction potentials recorded with this
method are qualitatively, but not quantitatively, similar to those
recorded with intracellular microelectrodes. Top left-hand panel:
responses to low-frequency stimulation (I s™). Note the long latency
and slow time course of individual IJPs, and rebound excitation (spike
and contraction) following cessation of stimulation. Top right-hand
panel: response to a stimulation frequency of 3s™. Note of the
summation of individual IJPs and rebound contraction. Bottom
panel: response of a spontaneously active preparation to stimulation
at 4 s. Note that the hyperpolarization maintained during repetitive
stimulation raises the membrane potential beyond the zone of spon-
taneous initiation of action potentials and leads to relaxation.
Rebound contraction follows cessation of stimulation. [Reproduced
from Burnstock (1972), with permission from ASEPT.] (B) Sucrose
gap recording of membrane potential changes in smooth muscle of
guinea pig taenia coli in the presence of atropine (0.3 uM) and
guanethidine (4 uM). Transmural field stimulation (0.5 ms, 0.033 Hz,
8 V) evoked transient hyperpolarizations, which were followed by
rebound depolarizations. Tetrodotoxin (TTX, 3 uM) added to the
superfusing Kreb’s solution (applied at arrow) rapidly abolished the
response to transmural field stimulation establishing these as inhibi-
tory junction potentials in response to non-adrenergic, non-
cholinergic neurotransmission. [Reproduced from Burnstock (1986),
reproduced with kind permission of Blackwell Publishing.]

Discovery of purinergic signalling

potentials (IJPs) in response to non-adrenergic, non-
cholinergic (NANC), neurotransmission (Burnstock etal.,
1964). Later, during a sabbatical visit to the School of Phar-
macy in London, I worked together with Mike Rand to show
that the NANC responses were mediated by intrinsic inhibi-
tory neurones that were innervated by vagal and sacral para-
sympathetic nerves (Burnstock et al., 1966).

The next obvious question was to try to identify the
transmitter involved in NANC neurotransmission. We fol-
lowed the advice of Sir John Eccles that several criteria needed
to be satisfied to identify a neurotransmitter: it had to be
synthesized and stored in the nerve terminals; exogenous
application should produce responses that mimicked those to
nerve stimulation; the transmitter should be shown to be
released during nerve stimulation, probably by a Ca?-
dependent mechanism; that there should be either an ectoen-
zymatic inactivation of the released transmitter or an uptake
mechanism for the inactivation; and lastly, to identify an
antagonist that blocked both the response to nerve stimula-
tion and the exogenously applied transmitter candidate.
We studied everything we could think of, neuropeptides,
monoamines, amino acids, but none of them satisfied the
criteria. However, I came across two important papers, one by
Drury and Szent-Gyorgyi (1929) that described extracellular
actions of purines on the heart and blood vessels and a later
paper by Pamela Holton (Holton, 1959) that showed release
of ATP during antidromic stimulation of sensory nerves.
Together with David Satchell, we showed that ATP satisfied
the criteria for both NANC inhibitory neurotransmission in
the gut and also NANC excitatory neurotransmission in the
urinary bladder (Figure 2; Burnstock et al., 1970). In a bold
review, two years later, I invented the word ‘purinergic’, ATP
being a purine nucleotide, and came up with the purinergic
hypothesis (Figure 3; Burnstock, 1972).

Unfortunately, this concept met with almost universal
opposition during the following 20 years. This was perhaps
not surprising because ATP was well established as an intrac-
ellular energy source and it seemed unlikely that such a
ubiquitous molecule would also be involved in extracellular
signalling (Figure 4). When I left Australia for University
College London in 1975, at my farewell party, the Professor of
Medicine introduced me as ‘the inventor of the purimagine
hypothesis’. Workshops were organized at international meet-
ings where two or three opponents were each given 10 min to
explain their opposition to purinergic signalling, while I had
10 min to defend it. Ulf von Euler was with me on one occa-
sion when a scientist said, ‘I am going to devote my life to des-
troying the purinergic hypothesis’. Von Euler gave me some
exceptionally good advice: ‘T do not know whether your hypo-
thesis is correct or not but firstly, negative people vanish and
secondly, you must be very careful under pressure, not to make
new data fit your hypothesis but look very carefully at the
criticism. If it is emotion-based, forget it, but if new experi-
ments are presented, take them seriously and be scrupulously
objective in seeing if they fit yours, or any other hypothesis.’

Purinergic co-transmission

Von Euler’s advice was relevant soon after, when on sabbati-
cal leave at UCLA with Che Su and John Bevan, we discovered
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Figure 2

(A) Left-hand side: responses of the guinea pig taenia coli to NANC nerve stimulation (NS, 1 Hz, 0.5 ms pulse duration, for 10 s at supramaximal
voltage) mimicked by ATP (2 x 107 M). The responses consist of a relaxation, followed by a ‘rebound contraction’. Atropine (1.5 x 107 M),
guanethidine (5 x 107 M) and sodium nitrite (7.2 x 10~ M) were present. [From Burnstock and Wong (1978), reproduced with kind permission
of the Nature Publishing Group.] Right-hand side: a comparison of the NANC contractile responses of the guinea pig bladder strip to intramural
nerve stimulation (NS: 5 Hz, 0.2 ms pulse duration and supramaximal voltage) mimicked by exogenous ATP (8.5 uM). Atropine (1.4 uM) and
guanethidine (3.4 uM) were present throughout. [From Burnstock et al. (1978), reproduced with kind permission of the Nature Publishing
Group.] (B) Effect of changing the calcium ion (Ca?*) concentration on the release of ATP (measured with the firefly luciferin/luciferase technique)
from the guinea pig isolated bladder strip during stimulation of NANC nerves. Upper trace: mechanical recording of changes in tension (g) during
intramural nerve stimulation (NS: 20 Hz, 0.2 ms pulse duration, supramaximal voltage for 20 s). Lower trace: concentration of ATP in consecutive
20 s fractions of the superfusate. The Ca?" concentration in the superfusate varied as follows: (i) 2.5 mM (normal Krebs); (i) 0.5 mM,; (i) 0.25 mM;
and (iv) 2.5 mM. The successive contractions were separated by 60 min intervals as indicated by the breaks in the mechanical trace. Atropine
(1.4 uM) and guanethidine (3.4 M) were present throughout. [From Burnstock et al. (1978), reproduced with kind permission of the Nature
Publishing Group.] (C) The effect of o,-methylene ATP (c,3-meATP) receptor desensitization on the responses to nerve stimulation M), ATP (1)
and histamine (Hist). Atropine (1 uM) and guanethidine (3.4 uM) were present throughout. (Top panel) Control responses. (Middle panel)
,B-meATP desensitization, reached by five successive applications (A) at approximately 4 min intervals, completely abolished nerve-mediated (T)
and ATP-induced (A) responses. However, histamine-induced contraction is only slightly reduced. (Bottom panel) Responses 60 min after washing
with Krebs. [Reproduced from Kasakov and Burnstock (1983), with permission.]
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Discovery of purinergic signalling

Large opaque vesicle
containing ATP

Circulation

Purinergic neuromuscular transmission depicting the synthesis, storage, release and inactivation of ATP. ATP, stored in vesicles in nerve varicosities,
is released by exocytosis to act on post-junctional receptors for ATP on smooth muscle. ATP is broken down extracellularly by ATPases and
5’-nucleotidase to adenosine, which is taken up by varicosities to be resynthesized and reincorporated into vesicles. Adenosine is broken down
further by adenosine deaminase to inosine and hypoxanthine and removed by the circulation. [From Burnstock (1972), reproduced with
permission from the American Society for Pharmacology and Experimental Therapeutics.]
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Figure 4

ATP communicating between cells. The image of cells with windows
indicates sites of release of ATP, while doors on cells represent recep-
tor sites, which, when opened, lead to changes in the activities of the
cell.

that ATP was released not only from NANC nerves in the
taenia coli but also from sympathetic nerves supplying
smooth muscle (Su et al., 1971). I was initially devastated by
this new finding and stayed up all night writing a rejection of
my hypothesis, but as the sun rose in the morning, I thought,
could it be that ATP was being released as a co-transmitter
with NA? Later, after my arrival at UCL, I published another
controversial paper that challenged what was known as
Dale’s principle — one nerve, one transmitter (although what
Dale actually proposed was that the same transmitter was
released from both central and peripheral terminals of
primary sensory neurones). My Commentary in Neuro-
science was entitled: ‘Do some nerve cells release more than

one transmitter?” (Burnstock, 1976). It is interesting that
when Mollie Holman and I recorded excitatory junction
potentials (EJPs) in smooth muscle cells of the guinea pig vas
deferens in response to stimulation of sympathetic nerves in
1970 (Burnstock and Holman, 1960; 1961; Figure 5A). We
were puzzled that the EJPs were not abolished by adrenocep-
tor antagonists, NA being assumed to be the sole neurotrans-
mitter in sympathetic nerves at that time. It was not until
many years later when Peter Sneddon joined me that we
showed that o,B-methylene ATP (o,B-meATP), which had
been shown to desensitize the receptor (Kasakov and Burn-
stock, 1983), blocked the EJPs (Sneddon and Burnstock,
1984a,b). Thus, it became clear that ATP was released as a
co-transmitter with NA from sympathetic nerves (Figures 5B,
C and 6; Burnstock, 1990). The co-transmitter concept was
also initially resisted, but it is now well established that every
nerve, in both the peripheral and the central nervous system,
utilizes ATP as a co-transmitter (Table 1; Burnstock, 2012b).

Purinergic receptors

The next conceptual step was to identify the membrane
receptors that respond to purine nucleotide and nucleoside
messengers. In 1978, I recognized from hints in the literature
and some simple experiments that there were different recep-
tor families for adenosine (called P1 receptors) and for ATP
and ADP (called P2 receptors) (Burnstock, 1978). P1, but not
P2 receptors, were antagonized by methylxanthines. This
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A Figure 5
(A) Excitatory junction potentials in response to repetitive stimulation
of adrenergic nerves (white dots) in the guinea pig vas deferens. The
upper trace records the tension, the lower trace the electrical activity
of the muscle recorded extracellularly by the sucrose gap method.
Note both summation and facilitation of successive junction poten-
tials. At a critical depolarization threshold, an action potential is
initiated which results in contraction. [From Burnstock and Costa
(1975), reproduced with permission of Chapman and Hall.] (B) The
B CONTROL o,p,methylene-ATP effect of various concentrations of o,B-methylene ATP (o, B-meATP)
on excitatory junction potentials (EJPs) recorded from the guinea pig
3x108M vas deferens (intracellular recording). The control responses to stimu-
! |\ lation of the motor nerves at 0.5 Hz are shown on the left. After at
[\_J\__*L_‘\ least 10 min in the continuous presence of the indicated concentra-
=i ) . - .
tion of o,B-meATP, EJPs were recorded using the same stimulation
parameters. The EJPs are clearly reduced in magnitude in the pres-
| b ence of o, B-meATP. Notice also that in the control cells, several large
I i 3x10°"M spontaneous EJPs were seen, whereas after o,3-meATP, no spontane-
ll\ ! ! ous EJPs were recorded. [Reproduced from Sneddon and Burnstock
§ LW PN, WO NN (1984a), with permission of Elsevier.] (C) Spritzed ATP, but not NA,
‘ mimicked the EJP recorded in the vas deferens. [Reproduced from
¥
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Table 1

Table showing co-transmitters in the peripheral and central nervous systems [Modified from Abbracchio et al. (2009), with permission.]

Co-transmitters References
Peripheral nervous system
Sympathetic nerves ATP + NA + NPY Westfall et al., 1978; Burnstock, 1990
Parasympathetic nerves ATP + Ach + VIP Hoyle, 1996
Sensory-motor ATP + CGRP + SP Burnstock, 1993
NANC enteric nerves ATP + NO + VIP Belai and Burnstock, 1994; Burnstock, 2001
Motor nerves (in early development) ATP + ACh Silinsky and Hubbard, 1973; Henning, 1997
Central nervous system
Cortex, caudate nucleus ATP + ACh Richardson and Brown, 1987
Hypothalamus, locus coeruleus ATP + NA Sperlagh et al., 1998; Poelchen et al., 2001
Hypothalamus, dorsal horn, retina ATP + GABA Jo and Role, 2002
Mesolimbic system ATP + DA Krigel et al., 2003
Hippocampus, dorsal horn ATP + glutamate Mori et al., 2001; Fujii et al., 2004

CGRP, calcitonin gene-related peptide; VIP, vasoactive intestinal peptide.
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Figure 6

Schematic of sympathetic co-transmission. ATP and NA released
from small granular vesicles (SGV) act on P2X and o, receptors on
smooth muscle respectively. ATP acting on inotropic P2X receptors
evokes excitatory junction potentials (EJPs), increase in intracellular
calcium ( [Ca®'];) and fast contraction, while occupation of metabo-
tropic o adrenoceptors leads to production of inositol triphosphate
(InsPs), increase in [Ca*]; and slow contraction. Neuropeptide Y
(NPY) stored in large granular vesicles (LGV) acts on release both as
a prejunctional inhibitory modulator of release of ATP and NA and as
a post-junctional modulatory potentiator of the actions of ATP and
NA. Nucleotidases are released from nerve varicosities and are also
present as ectonucleotidases. [Reproduced from Burnstock and
Verkhratsky (2010b) and reproduced with permission from Elsevier.]
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7

Purinergic neuromuscular transmembrane depicting the synthesis, storage, release and inactivation of ATP. ATP, stored in vesicles in nerve
varicosities, is released by exocytosis to act on post-junctional P2 purinoceptors on smooth muscle. ATP is broken down extracellularly by ATPases
and 5’-nucleotidase to adenosine, which is taken up by varicosities to be resynthesized and restored in vesicles. Adenosine acts prejunctionally on
P1 purinoceptors to modulate transmitter release. If adenosine is broken down further by adenosine deaminase to inosine, it is removed by the
circulation. [Modified from Burnstock (1972), reproduced with permission from the American Society for Pharmacology and Experimental

Therapeutics.]

helped resolve some of the earlier ambiguities in the litera-
ture. It was known early that there were ectoenzymes that
rapidly degraded ATP to adenosine, but it was not clear
whether a response to ATP was mediated by P2 or by P1
receptors after breakdown to adenosine. This is illustrated in
Figure 7, which shows an update of the original model of
purinergic neurotransmission. Figure 8 shows the interpreta-

tion, in retrospect, of a Loewi-inspired experiment carried out
in 1966. Based on pharmacology, P2 receptors were subdi-
vided into P2X and P2Y families (Burnstock and Kennedy,
1985). However, the turning point for widespread acceptance
of purinergic signalling came in the early 1990s when the
receptors to purines and pyrimidines were cloned and char-
acterized. First, four P1 receptor subtypes were identified: A,
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Table 2

Characterization of P1 receptors [Modified and updated from Burnstock (2003), with permission.]

P1 Transduction
receptor Agonists Antagonists mechanism Patent utility
A CCPA > R-PIA = S-ENBA DPCPX Gi/Go Atrial fibrillation
N-0840 cAMP | Cardioprotection
CVT-510 MRS1754 PLC T Diabetes, ischaemia
GR79236 WRC-0571
Aza HENECA > CGS21680 = CVI-3146 KF17837 GS Inflammation
SCH 58261 cAMP T Asthma
ZM241385 P3 T COPD
ATL-146e KW 6002 Parkinson’s disease
Az Bay60-6583 PBS603 GS Bowel and bladder abnormalities
MRE-2029-F20 cAMP T
PSB0788 pLC T
MRS 1706
PSB 1115
Alloxazine
As IB-MECA > 2-CI-IB-MECA MRS1220 Gi/Go Cardioprotection, cerebrovascular
L-268605 Gao/Gn1 ischaemia, cancer, allergy
DBXRM MRS 1191 and 1334 (h) cAMP |
VT160 MRS 1523 (r) IP3/DAG T
HEMADO VUF 8504 and 5574 PLC T
PSB10

CCPA, 2-chloro-N¢-cyclopentyladenosine; COPD, chronic obstructive pulmonary disease; DBXRM, xanthine 7-riboside derivative; DPCPX,
8-cyclopentyl-1,3-dipropulxanthine; HEMADO, 2-(1-hexynyl)-N-methyladenosine; HENECA, 2-hexynyl-5-N-ethylcarboxamidoadenosine; 1B-MECA,

Né-(3-iodobenzyl) adenosine-5’-N-methylcarboxamide; 2CI-1B-MECA,
Né-phenylisopropyladenosine; S-ENBA, (25)-N°-(2-endo-norbornyl) adenosine.

Aza, Azp and A; (see Daly, 1985; Fredholm et al., 2001; Table 2).
In 1993, I persuaded my old friend Eric Barnard, an expert in
the cloning of nicotinic receptors, to collaborate with me to
clone an ATP receptor, a G protein-coupled receptor which
we named P2Y; (Webb et al., 1993), at about the same time as
David Julius and his colleagues in San Francisco cloned a P2Y,
receptor (Lustig et al., 1993). The following year, the first two
P2X ion channel receptors were cloned and characterized
(Brake et al., 1994; Valera et al., 1994). These P2 receptors
were later divided formally into P2X ionotopic and P2Y
metabotropic receptor families (Abbracchio and Burnstock,
1994). This is put into perspective with receptors to other
neurotransmitters in Table 3.

Outstanding studies by scientists such as Alan North,
Annemarie Surprenant, Alex Verkhratsky, George Dubyak, Bal
Khakh, Gary Housley, Brian King, Terry Egan and Richard
Evans extended knowledge of the molecular physiology of
P2X receptor subtypes (Table 4) and for P2Y receptor subtypes
(Table 5), where Maria Abbracchio, Jean-Marie Boeynaems,
Ken Harden and Eric Barnard were the leading contributors.
The molecular structures of P1, P2X and P2Y receptors are
shown in Figure 9 (Ralevic and Burnstock, 1998). A major
conceptual advance was made recently when the crystal
structure of P2X4 receptors was presented (Kawate et al.,
2009).
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2-chloro-N®-(3-iodobenzyl) adenosine-5’-N-methyluronamide; R-PIA,

Table 3

Comparison of fast ionotropic and slow metabotropic receptors for
ACh, GABA, glutamate and 5-HT with those proposed for ATP
[Updated and reproduced from Burnstock (1996) with permission
from John Wiley and Sons.]

Receptors
Fast ionotropic Slow
(ligand-gated  metabotropic
Neurotransmitter ion channels) (G protein)
ACh NICOTINIC MUSCARINIC
Muscle type M1 — M5
Neuronal type
GABA GABA A GABA B
GLUTAMATE AMPA mGlu,
Kainate 4
NMDA mGluy
5-HT 5-HT3 5-HTiar 5-HT2ac
5-HT4 5-HTsas
5-HTs 5-HT;
ATP P2X P2Y
P2X; — P2X; P2Y:, P2Y;, P2Y4, P2Ys,
P2Y11, P2Y13, P2Yq3, P2Yq4
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Figure 8
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needle by ATP, the response in the lower chamber was mimicked by adeno-

sine, the ATP released from the upper preparation being hydrolysed
rapidly by ectonucleotidases to adenosine before reaching the lower
preparation. [Experiments carried out by G. Burnstock and A. Smythe
in 1966, but not published until 2010 (Burnstock et al., 2010) and
updated with permission of the Scandinavian Physiological Society.]
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Figure 9

Membrane receptors for extracellular adenosine and ATP. (A) The P1 family of receptors for extracellular adenosine are G protein-coupled receptors
(S-S; disulphide bond). (B) The P2X family of receptors are ligand-gated ion channels (S-S; disulphide bond; M1 and M2, transmembrane
domains), and (C) the P2Y family are G protein-coupled receptors (S-S; disulphide bond). [(A) Modified from Ralevic and Burnstock (1998),
reproduced with permission from the American Society for Pharmacology and Experimental Therapeutics; (B) from Brake et al. (1994), reproduced
with permission from Nature; (C) modified from Barnard et al. (1994), reproduced with permission from Elsevier.]
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Table 4

Characterization of P2X receptors [Modified and updated from Burnstock (2003), with permission.]

Receptor Main distribution Agonists Antagonists
P2X1 Smooth muscle, platelets, L-By-meATP = a,-meATP = ATP = TNP-ATP, IP51, NFO23, NF449
cerebellum, dorsal horn spinal 2-MeSATP
neurones PAPET-ATP (rapid desensitization) RO1, RO 0437626, NF279, MRS2159
P2X2 Smooth muscle, CNS, retina, ATP = ATPYS = 2-MeSATP >> Suramin, RB2, NF770, isoPPADS,
chromaffin cells, autonomic and o, B-meATP, B,y-CF2ATP (pH + zinc PSB-1011, NF778, aminoglycoside
sensory ganglia sensitive)
P2X3 Sensory neurones, NTS, some 2-MeSATP = ATP = 0,B-meATP = Ap4A, TNP-ATP, isoPPADS
sympathetic neurones PAPET-ATP (rapid desensitization) A317491, NF110, RO4, RN-1838,
spinorphin, AF353
P2X4 CNS, testis, colon ATP > o,3-meATP, CTP TNP-ATP and BBG (weak), BBG,
. . Paroxetine, 5-BDBD, CORM 2,
Ivermectin (potentiates) phenolphthalein
P2X5 Proliferating cells in skin, gut, ATPyS Suramin, PPADS, BBG
bladder, thymus, spinal cord Ap4A
GTP
P2X6 CNS, motor neurones in spinal cord Does not function as homomultimer -
P2X7 Apoptotic cells in immune cells, BzATP > ATP = 2-MeSATP > o,3-meATP KN62, KNO4, MRS2427, BBG, o-ATP,
pancreas, skin, etc. Decavanadate, A-804598, RN-6189,
AZD-9056, AZ10606120, A740003,
A-438079, GSK-1370319

5-BDBD, 5-(3-bromophenyl)-1,3-dihydro-2H-benzofuro[3,2-e]-1,4-diazepine-2-one; BBG, brilliant blue G; NTS, nucleus tractus solitarii;
PPADS, pyridoxalphosphate-6-azophenyl-2’,5’-disulfonic acid; TNP-ATP, 2’(3")-O-(2,4,6-trinitrophenyl) ATP.
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While the initial focus was about purinergic signalling in
excitable tissues, with employment of immunohistochemis-
try, it became clear that most non-neuronal cells in the body
express multiple purinoceptor subtypes (Table 6), raising
questions about the different roles of subtypes and their
interactions.

There are papers now that show the molecular structure of
ion channel receptors for ATP in primitive invertebrates such
as Dictyostelium and Shistosoma, as well as green algae, which
are remarkably similar to those expressing P2X receptors in
mammals (Agboh et al., 2004; Fountain et al., 2007; 2008;
Fountain and Burnstock, 2009). This suggests that ATP was
one of the earliest extracellular messengers (see Burnstock
and Verkhratsky, 2009). ATP signalling is also currently being
explored in plants (see Demidchik et al., 2003; 2011; Kim
et al., 2006; Clark and Roux, 2009).

Figure 10

A schematic representation of the interactions of ATP released from
perivascular nerves and from the endothelium (Endoth.). ATP is
released from endothelial cells during hypoxia to act on endothelial
P2Y receptors, leading to the production of endothelium-derived
relaxing factor (EDRF) (NO) and subsequent vasodilation (-). In
contrast, ATP released as a co-transmitter with noradrenaline (NA)
from perivascular sympathetic nerves at the adventitia (Advent.)-
muscle border produces vasoconstriction (+) via P2X receptors on
the muscle cells. Adenosine (ADO), resulting from rapid breakdown
of ATP by ectoenzymes, produces vasodilation by direct action on the
muscle via P1 receptors and acts on the perivascular nerve terminal
varicosities to inhibit transmitter release. [From Burnstock (1987),
reproduced with permission from S. Karger AG, Basel.]
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Table 6

Principal P1 and P2 receptors expressed by non-neuronal cells

Smooth muscle
Cardiac muscle
Skeletal muscle
Osteoblasts
Cartilage
Keratinocytes
Fibroblasts
Adipocytes
Epithelial cells
Hepatocytes
Glial cells

Endothelial cells
Erythrocytes
Platelets

Immune cells (lymphocytes, neutrophils, macrophages,
basophils, mast cells, eosinophils, osteoclasts,
microglia, dendritic cells)

Exocrine cells
Endocrine cells
Special senses

Olfactory organ

P2X1, P2X2, P2X4, P2X7, P2Y;, P2Y,

P2X1-6, P2Y, (plus P2X7 and P2Y; in isolated ventricle myocytes)
P2X1-6, P2Y;, P2Y,, P2Y,, P2Ys (transiently expressed during development)
P2X7, P2Y,, P2Y,

P2X2, P2Y1, P2Y;, Ass, Az

P2X2, P2X3, P2X5, P2X7, P2Y;, P2Y,, P2Y4, Az

P2X7, P2Y1, P2Y;, Asa

P2X1, P2Yy, P2Y;, P2Y4, A

P2X4, P2X5, P2X6, P2X7, P2Y1, P2Y;, P2Ys, P2Y11, A1, Asa, As
P2Y;, P2Y;, P2Y4, P2Ys, P2Y13, Asa, As

P2X1-7, P2Yq, P2Y;, P2Y4, P2Y¢, P2Y1q, P2Y1,, P2Y33, Ay, Az

Sperm P2X2, P2X7, P2Y,, A

P2X1, P2X4, P2Y;, P2Y,, P2Y4, P2Ys, A1, Aoa

P2X2, P2X4, P2X7, P2Y,

P2X1, P2Y;, P2Y1,, Aoa

P2X1, P2X4, P2X7, P2Y;, P2Y,, Aza, As

P2X1, P2X4, P2X7, P2Y1, P2Ys, P2Y4, Ar, Aoa
P2X1-7, P2Y2, P2Ya, A1, Ass, Ass, As

Inner ear P2X1, P2X2, P2X3, P2X7, P2Y,, P2Y4, A
Eye P2X2, P2X7, P2Y;, A1, Az, Az
Tongue P2X2, P2X3, P2Y;, A

P2X2, P2X4, P2Y1, P2Y;, Asa, As

Reproduced from Burnstock (2012c), with permission from Wiley.
Purinergic physiology

A major conceptual step was revealed when purinergic syn-
aptic neurotransmission was reported between neurones in
ganglia (Evans et al., 1992; Silinsky et al., 1992) and in the
brain (Edwards et al., 1992). Another important advance was
the recognition that as well as short-term purinergic signal-
ling in neurotransmission, neuromodulation, secretion, che-
moattraction, platelet aggregation and acute inflammation,
purines and pyrimidines are also involved in long-term sig-
nalling of cell proliferation, differentiation and death during
development and regeneration (see Abbracchio and Burn-
stock, 1998; Burnstock and Verkhratsky, 2010a). For example,
in blood vessels, ATP, which is released from perivascular
sympathetic nerves, excites smooth muscle via P2X receptors,
while ATP released from endothelial cells during changes in
blood flow (shear stress) and during hypoxia acts on endothe-
lial P2Y and some P2X receptors to release nitric oxide. This
results in vasodilatation, thus forming short-term dual
control of vascular tone by purines (Figure 10). In addition,
ATP and adenosine mediate long-term signalling during ang-
iogenesis, restenosis following angioplasty and atherosclero-
sis (see Burnstock, 2002; 2008a; Erlinge and Burnstock, 2008).

Another important concept is that there is growing rec-
ognition that purines interact synergistically with growth

248 British Journal of Pharmacology (2012) 167 238-255

factors to promote growth of nerve fibres in the central
nervous system (see Hopker etal.,, 1996; Guarnieri efal.,
2004; Neary and Zimmermann, 2009) and in the
differentiation of stem cells (see Burnstock and Ulrich,
2011).

For many years, it was assumed that the main source of
ATP acting on purinoceptors was damaged or dying cells.
However, it is now recognized that ATP is released, without
causing any damage, from many cell types, including
endothelial and urothelial cells, astrocytes, macrophages,
osteoblasts and odontoblasts, in response to gentle mechani-
cal disturbance, hypoxia and some agents (Bodin and Burn-
stock, 2001; Lazarowski et al., 2011; Lazarowski, 2012). This
underlies the purinergic mechanosensory transduction that
occurs in a variety of physiological events, including bone
remodelling and visceral pain (Burnstock, 1999; 2007; Orriss
etal.,, 2010). The mechanism of ATP transport from cells
appears to be a combination of connexin and pannexin
hemichannels and vesicular exocytosis (see Lazarowski,
2012). There is much known now about the ectoenzymes
involved in the breakdown of released ATP into ADP, AMP,
adenosine, inosine and hypoxanthine (see Zimmermann,
2006; Yegutkin, 2008). These enzymes include NTPDases,
NPPs, alkaline phosphatases, 5’-nucleotidase and monoam-
ine oxidase.
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(A) Expression of cP2Y1 in the mesonephros. Ventral view of stage 20 embryo showing expression in mesonephros and limb buds. [Reproduced
from Meyer et al. (1999), with permission from Wiley-Liss, Inc.] (B) Extracellular ATP is a potent mitogen for chick limb bud mesenchyme cells.
Single dose of 100 uM ATP elicits a sustained increase in proliferation of bromo-2’-deoxyuridine. (Unpublished data, courtesy of Dr. M.P. Meyer.)
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Figure 12

Functional role of three P2 receptor subtypes in ADP-induced platelet
activation. [Modified from Kunapuli and Daniel (1998), with permis-
sion from Elsevier.]

Purinergic pathophysiology

The autonomic nervous system shows marked plasticity of
expression of co-transmitters and their receptors during
development and ageing in the nerves that remain following
trauma or surgery and in disease situations. For example,
during embryological development of the amphibian
Xenopus, we identified a P2Y8 G protein-coupled receptor
that with in situ hybridization was shown to be involved in
the development of the nervous system (Bogdanov etal.,
1997). P2Y, receptors were strongly expressed in the limb
buds and mesonephros of the chick embryo at stage 20
(Figure 11A; Meyer et al., 1999). Mesenchyme cells isolated
from the limb buds at that stage strongly proliferated in the
presence of ATP (Figure 11B). In the rat brain, messenger RNA
for P2X receptors revealed a sequential appearance during
development: P2X3 receptors at E11; P2X2 and P2XS5 recep-
tors at E14; P2X4, P2X5 and P2X6 receptors at P1. P2X1
receptors were not expressed until later when neuromuscular
junctions appeared (Cheung et al., 2005).

British Journal of Pharmacology (2012) 167 238-255 249




G Burnstock

A

/
N ;

Subepithelial
sensory nerves

ATP ATP. ATP. ATP \TP AT [atp

/

ATP  ATP ATP ATP ATP ATP ATP

Epithelial cells

P2X,, receptors

DISTENSION

iy

Spinal Cord and Brain

Pain Centres

Extrinsic
sensory nerves

y A
y A
r 4

¥ 4

P2X;
1By
Intrinsic
sensory nerves
P2X;
Calbindin

Figure 13

Subepithelial sensory
nerve plexus
(with P2X5
My and P2Xy;
A receptors)

ATP

Purinergic mechanosensory transduction. (A) Schematic representation of hypothesis for purinergic mechanosensory transduction in tubes (e.g.
ureter, vagina, salivary and bile ducts, gut) and sacs (e.g. urinary and gall bladders, and lung). It is proposed that distension leads to release of
ATP from epithelium lining the tube or sac, which then acts on P2Xs; and/or P2X,; receptors on subepithelial sensory nerves to convey
sensory/nociceptive information to the CNS. [From Burnstock (1999), reproduced with permission from Blackwell Publishing.] (B) Schematic of
a novel hypothesis about purinergic mechanosensory transduction in the gut. It is proposed that ATP released from mucosal epithelial cells during
moderate distension acts preferentially on P2X; and/or P2X,/; receptors on low-threshold subepithelial intrinsic sensory nerve fibres (labelled with
calbindin) to modulate peristaltic reflexes. ATP released during extreme (colic) distension also acts on P2X; and/or P2X,; receptors on
high-threshold extrinsic sensory nerve fibres [labelled with isolectin B4 (IB,) ] that send messages via the dorsal root ganglia (DRG) to pain centres
in the central nervous system. [From Burnstock (1999), reproduced with permission from Wiley.]

There appears to be an increase in the ATP component
of co-transmission in pathological conditions, particularly
during inflammation and stress. For example, while the
purinergic component in parasympathetic nerves supplying
the healthy bladder is minimal, in interstitial cystitis,
outflow obstruction and neurogenic bladder, the purinergic
component increases to up to 40% (see Burnstock, 2011).
Also in spontaneously hypertensive rats, there are reports of
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a significantly greater co-transmitter role for ATP in sympa-
thetic nerves supplying blood vessels (Erlinge and Burnstock,
2008).

Platelet aggregation is mediated by ADP acting via P2Y,
and P2Y,, receptors. A major clinical advance was made when
clopidogrel, which is currently widely used against stroke and
thrombosis, was found to block P2Y,, receptors (Gachet,
2006; Figure 12).
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(A) Left-hand panel: Effect of ATP on the growth of implanted DU145 tumour cells in vivo after 60 days initial growth; the lower mouse received
ATP treatment versus no treatment in the upper mouse. Right-hand panel: Effect of ATP on the fractional growth of hormone refractory prostate
cancer DU145 tumour cells in vivo after 60 days initial growth. [Reproduced from Shabbir et al. (2008), with permission from Blackwell Publishing.]
(B) Different mechanisms by which P2 receptor subtypes might alter cancer cell function. P2Y; and P2Y, receptors might affect the rate of cell
proliferation by modulating AC and altering the intracellular levels of cAMP, or by increasing the intracellular level of Ca®" through the
phospholipase C (PLC) pathway. P2Xs and P2Y;; receptor activation might switch the cell cycle from proliferation into a state of differentiation.
The P2X; receptor activates the apoptotic caspase enzyme system. Abbreviations: DAG, diacylglycerol; Ins(1,4,5)Ps, inositol (1,4,5)-trisphosphate;
PtdIns(4,5)P,, phosphatidylinositol (4,5)-bisphosphate. [Reproduced from White and Burnstock (2006), with permission from Elsevier.]

A hypothesis proposing the involvement of purinergic
signalling in the initiation of pain was presented in the
Lancet (Burnstock, 1996). It was suggested that P2X3 recep-
tors, expressed on nociceptive nerve endings, were stimulated
by ATP released as a co-transmitter from sympathetic nerves
during causalgia and reflex sympathetic dystrophy. It was also
proposed that ATP was released from endothelial cells in the
microvasculature supplying heart, skeletal muscle and cer-
ebral vessels during angina, ischaemia and migraine, and
from tumour cells during cancer pain. Later, purinergic mech-
anosensory transduction was identified (Burnstock, 1999) as
well as its involvement in the initiation of visceral pain
(Figure 13A, B; Burnstock, 2009b; 2012a). In a seminal paper,
Kazu Inoue and colleagues showed that in neuropathic pain
there was increased expression of P2X4 receptors on micro-
glia. P2X4 receptors were involved, as neuropathic pain was

reduced by antagonists to this receptor or after their removal
(Tsuda et al., 2004). Subsequently, antagonists to P2X7 and
P2Y receptors expressed on microglia were also shown to
reduce neuropathic pain (Burnstock, 2009b).

Purinergic signalling is also involved in bone develop-
ment, and regeneration and therapeutic strategies are being
explored for osteoporosis (Orriss ef al., 2010) and for kidney
disease (Bailey efal., 2007; Taylor etal., 2009). There is
growing interest in the role of purines and pyrimidines in
normal behaviour including learning and memory, sleep and
arousal, locomotion and feeding. There are also investiga-
tions of the roles of purinergic signalling in disorders of the
brain, including trauma following accidents, surgery, stroke
and ischaemia, neurodegenerative diseases such as Alzheim-
er’s, Parkinson’s and Huntington’s, as well as multiple scle-
rosis, epilepsy and neuropsychiatric disorders, including

British Journal of Pharmacology (2012) 167 238-255 251




G Burnstock

1600~
1500+
1400+
1300+
1200+
1100+
1000+
900
800
700
600
500
400+
300

Number of papers

72 74 76 78 80 82 84 86 88 90 92 94 96 98 00 02 04 06 08 10 12
Year

Figure 15
Graph showing the number of papers published on P2 purinergic
signalling between 1972 and the end of 2011.

depression anxiety and schizophrenia (see Burnstock, 2007;
2008b; Burnstock et al., 2011a, b). Finally, it was recognized
early that ATP was effective against cancer (Rapaport, 1983).
There are now many studies extending these findings,
showing that P2Y, and P2Y, receptors mediate proliferation
in most tumours, that P2XS5 receptors mediate differentiation
and therefore are anti-proliferative, while P2X7 receptors lead
to apoptotic death of tumour cells (Figure 14; White and
Burnstock, 2006; Shabbir and Burnstock, 2009; G. Burnstock
and F. Di Virgilio, unpubl. data).

A recent hypothesis proposes that purinergic signalling is
a major factor in the physiological mechanism responsible
for the effects of acupuncture (see Burnstock, 2009a). It is
suggested that the mechanical stimulation by twisting
needles in the skin and tongue or heat or electrical currents
leads to the release of ATP from keratinocytes. The ATP then
initiates activity in sensory nerves in the skin via P2X recep-
tors that relay through inter-neurones to the brain stem
where they modulate the activity of motor neurones that
control autonomic function. They also interrupt pain path-
ways, leading to the cortex.

Summary

Figure 15 shows the remarkable growth of papers published
about purinergic signalling via ATP since 1972. Therapeutic
approaches to pathological disorders include the develop-
ment of selective P1 and P2 receptor subtype agonists and
antagonists, as well as of inhibitors of extracellular ATP break-
down and of ATP transport enhancers and inhibitors. Medici-
nal chemists are starting to develop small molecule
purinergic drugs that are orally bioavailable and stable in vivo
(see Baqi etal.,, 2010; Gever etal., 2010; Burnstock, 2011;
Burnstock and Kennedy, 2011).
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