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Preface

Why are we writing this book? It is mostly because, while the field had a

slow start from its inception in 1972, it has now exploded in many

directions and newcomers will find it difficult to find what they need in

the huge purinergic literature—there are over 300,000 reprints in my

office. The discovery of non-adrenergic, non-cholinergic neurotrans-

mission in the 1960s in Melbourne was followed by the search for the

transmitter involved and to our surprise, as well as that of others, ATP

rather than neuropeptides, monoamines or amino acids, turned out to

satisfy the criteria needed to establish the identity of a neurotransmitter

and soon after a cotransmitter together with classical transmitters.

It was a tough time defending this hypothesis during the next 20 years.

For example, when I left Australia for London in 1975, at my farewell

party, the Professor of Medicine said ‘Geoff Burnstock is the inventor of

the purimagine hypothesis’! I think that the turning point for the

acceptance of purinergic signalling came in the early 1990s when we, and

others, cloned and characterised the receptors for ATP. Since then, the

field has exploded in many different directions: the recognition that ATP

was an ancient signalling molecule utilised early in evolution; the dis-

tribution of functional purinoceptors in most cells in the body, the

pathophysiological roles of purinergic signalling, and most recently the

development of therapeutic strategies for a wide variety of diseases.

In these two volumes we have tried to cover every aspect of this

burgeoning field, with a historical approach identifying seminal papers

as well as describing the most recent discoveries. The first volume is

focussed on the nervous system and special senses, the second on the

roles of purines and pyrimidines on non-neuronal cells in respiratory,

cardiovascular, endocrine, urinogenital, skeletal, immune and gastro-

intestinal systems in health and disease. The publishers have fortunately

agreed to publish each chapter with references, so that readers can pull

out single chapters of special interest to them online. Alex and I very

much hope that this ambitious adventure will be helpful to those

interested in this exciting field.

Geoff Burnstock
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1Introduction

Purines and pyrimidines are those fateful mole-
cules which shaped the life on our Earth. These
molecules occurred in a prebiotic period (Ponn-
amperuma et al. 1963; Waldrop 1989) and
became essential for the emerging life. Indeed
without purines and pyrimidines, construction of
RNA and DNA would be impossible and hence
the genetic code that sustains life familiar to us
would never appear. Furthermore, ATP was
selected very early as the main source of bio-
logical energy, and thus became an indispensable
feature of life. This was a critical evolutionary
choice because it shaped enzymatic systems to
utilise ATP in energy-dependent reactions and
necessitated the appearance of the universal
intracellular signalling system based on calcium
ions (Case et al. 2007) as keeping cytosolic Ca2+

extremely low became vitally important, since
otherwise insoluble Ca2+-phopshates would pre-
clude the cell energetics. Thus all living cells on
the Earth, beginning from the most primitive
ones, had high cytosolic concentrations of ATP
(or sometimes GTP) and it is of little surprise that
ATP was soon utilised by nature for another
fundamental function of sending information
from one living cell to another.

Chemical transmission, which utilises small
molecules for cell-to-cell information transfer,
was an essential evolutionary step, which
allowed continuous progression of life-forms.
Our knowledge of the initial appearance and
early forms of chemical transmission is virtually
non-existent (Trams 1981), and yet some gen-
eralisation can be drawn from observations of

phylogenetic development and from evidence of
distribution of different signalling systems in the
higher life-forms. Our conjectures of the modus
operandi and habits of the first life-forms lie
entirely in the realm of speculation, and yet we
may assume that some of these nascent living
creatures were born and existed in the ocean,
and thus the intercellular communication called
for a diffusible messenger. Choices for these
diffusible messengers were only a few; they can
be ions or small diffusible molecules. Ions
(possibly with the exception of protons) can be
excluded from extracellular communication
pathways because of their high background
concentrations in the primordial seas, and thus
only the relatively small soluble molecules
existing in abundance within the cells can be
employed. These could be some amino acids, or
some forms of gaseous transmitters (for example
nitric oxide (NO)), or protons, which may
accumulate in cells following metabolism or
indeed purines, and especially purines endowed
with pyrophosphate bonds.

As usual during evolution, several possibili-
ties were explored. Indeed the most ancient
receptors discovered in prokaryotes are those for
glutamate (in a form of a potassium-selective
glutamate receptor identified in Synechocystis
(Chen et al. 1999)) and further development
resulted in the appearance of glutamate receptors
in early eukaryotes (Chiu et al. 1999, 2002) and
for protons, cloned from the cyanobacterium
Gloeobacter violaceus (Bocquet et al. 2007).
The early evolution of gaseous extracellular

G. Burnstock and A. Verkhratsky, Purinergic Signalling and the Nervous System,
DOI: 10.1007/978-3-642-28863-0_1, � Springer-Verlag Berlin Heidelberg 2012

1



signalling molecules remains quite obscure; we
know that NO was present already in primitive
nervous systems (Garthwaite 2008). However,
there is little evidence to date of gaseous trans-
mitters in primitive unicellular life-forms.

Arguably, the first function of ATP as the
extracellular signaller was to report danger.
Indeed, cell disintegration inevitably would
cause ATP leakage and a gradient of ATP would
appear in the surrounding water. This may have
been the initial form of chemical transmission,
which, in fact, remained throughout evolution,
as in most living tissues massive release of ATP
acts as an indicator of damage. Most amazingly,
this role of ATP is preserved even in the very
complex defensive and behavioural reactions:
ATP is a mediator of pain; ATP receptors con-
trol activation of immune cells, while in the
brain ATP initiates astrogliosis and activation of
microglia. It is possibly difficult to realise that
virtually every cell type or single-celled organ-
ism does display some form of sensitivity to
ATP and its derivatives.

The early deployment of ATP as an inter-
cellular signalling molecule led to a rapid evo-
lution of the purinergic signalling system, which
includes, apart from the signalling molecule, the
systems for regulated release of this molecule
from undamaged cells, the receptive molecules
and the system for termination of the signalling
action of the transmitter.

The mechanisms of ATP release (as we shall
reiterate many times in this book) are many.
Fundamentally, they include a diffusion route
through plasmalemmal channels (and this route
is important for ATP because of an exception-
ally high transmembrane concentration gradi-
ent—cytosolic ATP is kept at a millimolar
range, whereas ambient extracellular ATP con-
centration does not exceed several nanomolars
resulting in *1,00,000 times difference) and
regulated exocytosis. The diffusional route was
possibly the first to operate: the ATP can be
released through volume/mechanical stress reg-
ulated anion channels that already appeared
in Escherichia coli (which possess both mec-
hano-sensitive and anion channels (Booth et al.
2003, 2007)). Eukaryotes acquired a more

sophisticated way for controlled release of sig-
nalling molecules—the Ca2+-regulated exocyto-
sis of neurotransmitter-containing vesicles. An
important step in vesicular development was
associated with the appearance of specific
transporters that enrich the vesicles with specific
transmitters. These transporters appear within
the family of hugely diversified families of sol-
ute carriers (which in the human genome are
represented by 384 genes and constitute 48 dif-
ferent classes). Out of this huge variety, the
SLC17 family contains vesicular transporters for
amino acids, glutamate and nucleotides, the
latter known as VNUT. Interestingly, the
SLC17A9 member, which is a VNUT, has the
longest evolutionary history and was already
present in Caenorhabditis elegans (Sreedharan
et al. 2011), indicating that vesicular release of
ATP has been operational at the very dawn of
the formation of neuronal networks.

The ancestral receptors to ATP appeared in
the very early eukaryotes, such as social
amoeba, tardigrades and schistosoma (Burnstock
and Verkhratsky 2009; for a detailed account of
the purinergic system evolution see Chap. 6 of
this book). These were typical ionotropic
receptors, which already at that stage were rep-
resented by several subtypes and which are
biophysically similar to the more advanced
forms. These ancestral forms gave rise to a
family of P2X receptors present in most of the
life-forms (with surprising disappearance in C.
elegans and Drosophila). Somewhat later the
metabotropic purinoceptors of P2Y and P1
(adenosine) varieties became ubiquitous in var-
ious cell types of more advanced organisms.
Finally, the termination of purinergic signalling
events is achieved by an enzymatic activity of
an extended family of ectonucleotidases, the
ancestral forms of which are present already in
bacteria (Vivian et al. 2010).

The purinergic system was probably one of
the very first to be constructed and it is little
wonder that this early phylogenetic root stipu-
lated an omnipresence of this system within
different tissues and cell types and its almost
ubiquitous involvement in the regulation of a
wide variety of physiological processes.

2 1 Introduction
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Several extracellular signalling systems are
present in the human body, these systems being
divided into classic transmitters (which mediate
signal transmission in neural networks and in
neuronal-endocrine and neuromuscular junc-
tions), paracrine and autocrine transmission, that
act through the extracellular space and hormonal
transmission, which exerts its action through
blood flow. As a rule, transmitter systems are
anatomically and functionally segregated. For
example: glutamate acts as an excitatory neuro-
transmitter in the central nervous system (CNS);
cholinergic transmission is prominent at somatic
and autonomic neuroeffector junctions and in
some brain areas; c-aminobutyric acid acts largely
as a transmitter of inhibitory responses in the
brain; noradrenaline (NA) is a major transmitter
in the sympathetic nervous system and some parts
of the brain; glycine is localised as an inhibitory
transmitter largely in the spinal cord; and 5-
hydroxytryptamine, while diffusely distributed, is
limited in its transmission activities. Even stricter
segregation applies to other neurotransmitter
systems, such as domapinergic or peptidergic.
Some of these transmitters are also released from
non-neuronal cells.

The purinergic signalling system, however, is
unique, as it has virtually no anatomical segre-
gation. Indeed, in the nervous system ATP acts
as a cotransmitter in nerves in both CNS and
peripheral nervous system (PNS), whereas
adenosine appears as the universal inhibitory
neuromodulator. In the PNS ATP is released as
the only transmitter from sympathetic nerves
supplying submucosal arterioles in the intestine,
while NA released from these nerves acts only
as a prejunctional neuromodulator. ATP also
acts as a major gliotransmitter, and all types of
glia studied so far express various subtypes of
purinoceptors. However, the role of ATP as a
signalling molecule is not limited to the nervous
system, as indeed ATP sensitivity and ATP-
mediated signalling has been identified in
virtually all tissues and cell types as we shall
discuss in detail in the chapters of this book.
ATP and its derivatives truly appear to be most
widespread and omnipresent of all known
extracellular signalling molecules.

While early studies were largely focused on
short-term signalling in events such as neuro-
transmission, neuromodulation, secretion,
chemoattraction and acute inflammation, there
has been increasing interest in long-term (tro-
phic) signalling involving cell proliferation,
differentiation, motility and death in develop-
ment, regeneration, wound healing, restenosis,
epithelial cell turnover, cancer and ageing (see
Abbracchio and Burnstock 1998; Burnstock and
Verkhratsky 2010). For example, in blood ves-
sels, there is dual short-term control of vascular
tone by ATP released as an excitatory cotrans-
mitter from perivascular sympathetic nerves to
act on P2X receptors on smooth muscle, while
ATP released from endothelial cells during
changes in blood flow (producing shear stress)
and hypoxia acts on P2X and P2Y receptors on
endothelial cells leading to production of nitric
oxide and relaxation (Burnstock 2002). In
addition, there is long-term control of cell pro-
liferation and differentiation, migration and
death involved neovascularisation, restenosis
following angioplasty and atherosclerosis
(Erlinge and Burnstock 2008). Involvement of
purinergic signalling in development, ageing and
regeneration has been described (see Burnstock
2007).

For many years, the source of ATP acting on
receptors was considered to be damaged or
dying cells, except for exocytotic vesicular
release from nerves. However, it is now known
that many cell types release ATP physiologically
in response to gentle mechanical distortion,
hypoxia or to some agents (Bodin and Burnstock
2001). The mechanism of ATP transport is
currently being debated and includes in addi-
tion to vesicular release, ABC transporters,
connexin or pannexin hemichannels, maxi-ion
channels and even P2X7 receptors (Burnstock
2007).

There is now much known about the extra-
cellular breakdown of released ATP by various
types of ectonucleotidases, including: E-NTPD-
ases, E-NPPS, alkaline phosphatase and ecto-50-
nucleotidose (Zimmermann et al. 2007).

It is well known that the autonomic nervous
system shows high plasticity compared to CNS.

1 Introduction 3



For example, substantial changes in cotransmit-
ter and receptor expression occur during devel-
opment and ageing, in the nerves that remain
following trauma or surgery and in disease sit-
uations (Burnstock 2006). For example, a P2Y-
like receptor was identified in Xenopus that was
transiently expressed in the neural plate and
again later in secondary neuralation in the tail
bud, suggesting involvement of purinergic sig-
nalling in the development of the nervous sys-
tem (Bogdanov et al. 1997). There is transient
expression of P2X5 and P2X6 receptors during
development of myotubules and of P2X2

receptors during development of the neuromus-
cular junction (Ryten et al. 2001). In the rat
brain, P2X3 receptors are expressed first at
embryonic (E)11, P2X2 and P2X7 receptors
appear at E14, P2X4, P2X5 and P2X6 receptors
at P1 and P2X1 receptors at P16 (Cheung et al.
2005).

Primitive sprouting of central neurons was
shown in experiments in which the enteric ner-
vous system was transplanted into the striatum
of the brain (Tew et al. 1992). It was later shown
that a growth factor released from enteric glial
cell acting synergistically with ATP (and its
breakdown product, adenosine) and NO were
involved (Höpker et al. 1996). It is suggested
that similar synergistic activity of purines and
growth factors might be involved in stem cell
activity (Burnstock and Ulrich 2011).

It was established early that ATP was a major
cotransmitter with acetylcholine in parasympa-
thetic nerves mediating contraction of the uri-
nary bladder of rodents (Burnstock et al. 1978).
In healthy human bladder, the role of ATP as a
cotransmitter is minor. However, in pathological
conditions, such as interstitial cystitis, outflow
obstruction and most types of neurogenic blad-
der, the purinergic component is increased to
about 40% (Burnstock 2001, 2006). Similarly, in
spontaneously hypertensive rats, there is a sig-
nificantly greater cotransmitter role for ATP in
sympathetic nerves (Vidal et al. 1986). P2X3

receptors were cloned in 1995 and shown to be
largely located in small nociceptive sensory
nerves that label with isolectin B4 (Chen et al.
1995; Bradbury et al. 1998).

Central projections are located in inner lam-
ina 2 of the dorsal horn of the spinal cord and
peripheral extension in skin, tongue and visceral
organs. A unifying purinergic hypothesis for the
initiation of pain was published (Burnstock
1996) and a hypothesis describing purinergic
mechanosensory transduction in visceral organs
in 1999, where ATP, released from lining epi-
thelial cells during distension, acts on P2X3 and
P2X2/3 receptors on subepithelial sensory nerve
endings to send nociceptive messengers via
sensory ganglia to the pain centres in the brain
(Burnstock 1999). Supporting evidence includ-
ing epithelial release of ATP, immuno-locali-
zation of P2X3 receptors on subepithelial nerves
and activity recorded in sensory nerves during
distension that is mimicked by ATP and reduced
by P2X3 receptor antagonists has been reported
in the bladder (Vlaskovska et al. 2001), ureter
(Rong and Burnstock 2004) and gut (Wynn and
Burnstock 2006). Purinergic mechanosensory
transduction is also involved in urine voiding as
evidenced in P2X3 knockout mice (Cockayne
et al. 2000). For neuropathic and inflammatory
pain P2X4, P2X7 and P2Y12 receptors on
microglia have been implicated and antagonists
to these receptors are very effective in abolishing
allodynia (Inoue 2007; Burnstock 2009). There
is much current interest in neuron-glial cell
interactions in the CNS (Fields and Burnstock
2006) and there is also strong interest in the
potential roles of purinergic signalling in trauma
and ischaemia, neurodegenerative conditions
including Alzheimer’s, Parkinson’s and Hun-
tington’s diseases, multiple sclerosis and amyo-
trophic lateral sclerosis. There are also studies in
progress on purinergic signalling in epilepsy,
neuropsychiatric diseases and mood disorders
(see Burnstock 2008).

This book, which is intended to be published
in two volumes represents our long-lasting effort
to produce a comprehensive coverage of the
purinergic signalling. In the first volume of the
book we shall overview the general features of
the purinergic signalling system and concentrate
on purinergic transmission in the brain. In the
second volume we will cover purinergic sig-
nalling in all non-neuronal tissues.

4 1 Introduction
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2.1 Discovery of Purines
and Pyrimidines

The history of purines and pyrimidines began in
1776 when the Swedish pharmacist Carl Wil-
helm Scheele isolated uric acid from bladder
stones (Scheele 1776). Almost seven decades
later, in 1844, guanine was isolated by Unger
from the faeces of Peruvian guano sea birds
(Unger 1846). At the end of the nineteenth
century, several principal purines (adenine,
xanthine and hypoxantine) and pyrimidines
(thymine, cytosine and uracil) were discovered
by Ludwig Karl Martin Leonhard Albrecht
Kossel (1853–1927; see Jones 1953; Bendich
1955; Persson 2012; the original Kossel report
appeared in Chem. Ber., 1885, 18, 79). Inter-
estingly, already at that stage it was believed that
these substances constitute the main part of cell
nuclei; Kossel followed experimental protocols
of Friedrich Miescher (1844–1895), who was the
first to isolate the nuclear material rich in
phosphorus that was called ‘nuclein’ (Miescher
1874; Hoppe-Seyler 1871). In the same period
the great Emil Fischer started to investigate the
structure of caffeine and related compounds
(Fischer 1881). He solved the structures and
confirmed them by synthesis. It was also Emil
Fischer who, based on his structural studies,
introduced the term ‘purines’ (purum uricum)
(Fischer 1907); this was one of the reasons for
his Nobel Prize in 1902. The term ‘pyrimidines’
was introduced by (Pinner 1885). An arduous
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task of determining the sugar part of nucleosides
(and nucleotides) followed and was finally
solved by Phoebus Aaron Levene (Levene and
Jacobs 1908; Levene and Tipson 1931).

In 1927, Gustav Embden and Margarete
Zimmermann described adenosine monophos-
phate in skeletal muscle (Embden and Zimmer-
mann 1927). Adenosine 50-triphosphate (ATP)
was discovered in 1929, independently by Karl
Lohmann in Germany and by Cyrus Hartwell
Fiske and Yellagaprada SubbaRow in the USA
(Fiske and SubbaRow 1929; Lohmann 1929).
Lohman (1898–1978) was in those days working
as the assistant of Otto Meyrhoff in Berlin; Fiske
(1890–1978) was an associate professor in
Harvard Medical School in Boston, and Sub-
baRow (1896–1948) was Fiske’s PhD student
(Fig. 2.1). Lohman’s publication appeared

several months earlier (in August 1929) than the
paper by Fiske and SubbaRow (which was
published in October 1929), and yet the latter
had obtained the first evidence for ATP probably
as early as 1926. It all came to a climax in
August 1929, during the thirteenth Physiological
Congress in Boston when Lohman and Fiske
discussed the priority matters. Whether Fiske
briefed Otto Meyerhof, who was Lohmann’s
director, about his discovery (and then Meyer-
hof pushed Lohman’s publication) or not,
remains a matter of doubt (the dramatic history
of ATP discovery is described in detail in
Maruyama 1991). In the following decade, the
role of ATP in cell energetics was firmly
established and the concept of the ‘high-energy
phosphate bond’ was introduced by Fritz Lip-
man (Lipman 1941).

Fig. 2.1 Discoverers of purinergic signalling

8 2 Early History of Purinergic Signalling



2.2 Early Studies
of the Extracellular Effects
of Purines

Adenine was identified in blood in 1914, most
probably in the form of the adenosine 50-mono-
phosphate, AMP (Bass 1914), and slightly later it
was suggested that it has inhibitory effects on
cardiovascular system (Freund 1920). At about
the same time, Thannhauser and Bommes (1914)
claimed that, unlike adenosine, adenine injected
subcutaneously in man was not toxic. In 1926, IG
Farben in Germany started to isolate potential
cardio-stimulant substances from the heart and
developed an extract that contained mostly AMP.

The role of purines as extracellular signalling
molecules was experimentally discovered by
Alan Drury and Albert Szent-Györgyi von Na-
gyra-Polt (Drury and Szent-Györgyi 1929) when
they found that crude extracts from several dif-
ferent tissues (heart muscle, brain, kidney and
spleen) from bullock and sheep, when injected
intravenously, exerted profound pharmacologi-
cal effects, including a negative chronotropic
effect (up to a complete cardiac arrest—Fig. 2.2)
on the guinea pig, rabbit, cat and dog heart: it
further produced dilatation of coronary blood
vessels that resulted in profound hypotensive
actions, and inhibited spontaneous activity of
intestinal smooth muscle. The active constitu-
ent in their extracts was identified as adenylic
acid (adenosine-50-monophosphate, 50-AMP).
Further, they showed that intravenous injection

of both adenosine and adenylic acid fully mim-
icked effects of heart extracts causing sinus
bradycardia and heart block, and that they were
approximately equiactive. In addition, Drury and
Szent-Györgyi also found that the purines could
normalise supraventricular tachyarrhythmia.

This seminal discovery prompted further
work on the IG Farben preparation, called La-
carnol, which was already available. Many
studies followed, confirming that purine
nucleosides and nucleotides acted as potent
vasodilators of coronary (Bennett and Drury
1931; Lindner and Rigler 1931; Wedd 1931;
Wedd and Drury 1934; Winbury et al. 1953;
Wolf and Berne 1956); renal (Houck et al. 1948)
and pulmonary vessels (Gaddum and Holtz
1933), and produce blood pressure changes if
administered systemically (Gillespie 1934; Em-
melin and Feldberg 1948; Folkow 1949; Davies
et al. 1951; Duff et al. 1954). There were also
early reports using the IG Farben extract of
physiological effects in humans. The first was
largely positive and suggested therapeutic use-
fulness (Rothman 1930), but later reports in man
found little therapeutic benefit, perhaps because
the patients treated had chronic atrial fibrillation
which is not amenable to normalisation by
adenosine (Honey et al. 1930). At the same time,
the depressing effects of purines on heart muscle
were demonstrated on perfused frog heart
(Lindner and Rigler 1931; Ostern and Parnas
1932; Loewi 1949). When studying the guinea
pig heart, Drury (1936) noted that ATP was
more effective than adenosine at producing heart

Fig. 2.2 The first experimental recording of the action
of purines-enriched tissue extract on heartbeat. The
electrocardiogram shows the influence of intravenous
injection of 1 c.c. of extract from heart muscle. Injection

commenced 3 s. before and terminated at point ‘I’ (also
marked by an arrow). Time marker = 1 s. (Figure is
reproduced from Drury and Szent-Györgyi 1929, with
permission from Wiley.)
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block. During the war there was much interest in
traumatic shock, and one hypothesis is particu-
larly relevant, namely that crushed tissues,
especially muscle, would release ATP and other
adenylates and then they would contribute to
vasodilatation (Green 1943; Bielschowsky and
Green 1944). Harry Norman Green and Harry
Berrington Stoner, who during World War II
were employed for studying the role of ATP in
wound shock, published a book on the Biologi-
cal Actions of Adenine Nucleotides in 1950
(Green and Stoner 1950), in which they corre-
lated activity of the nucleotides with the length
of the phosphate chain, and came to the con-
clusion that adenosine was the least active and
ATP the most active of the purine compounds.
The hypothesis that circulating adenine com-
pounds were responsible for the rapid decrease
in blood pressure was refuted by cross-transfu-
sion experiments (Green and Stoner 1950) and,
particularly, by the careful measurements of
adenine levels made by Herman Kalckar using
his new enzymatic detection methods; it
appeared that adenine levels were many times
too low to mediate vasodilatation (Kalckar
1947a; Kalckar and Lowry 1947). These results
also demonstrated the very rapid degradation of
adenine compounds in blood.

Extracellular effects of purines were also
identified in non-cardiovascular preparations,
including adenosine- and ATP-induced con-
traction of the uterus (Deuticke 1932; Watts
1953) and intestine (Gillespie 1934; Ewing et al.
1949; Mihich et al. 1954). From the very early
studies it had already became apparent that the
presence of additional phosphates conferred
differences in activity, although these differences
were not to be resolved until purinoceptors were
discovered more than half a century later. In
retrospect, a major problem in the interpretation
of the early data was the impurity of the com-
pounds available (Gillespie 1934) as well as the
extremely rapid metabolism of extracellular
adenine nucleotides and nucleosides (Kalckar
and Lowry 1947).

Studies of the actions of purine nucleosides
and nucleotides were continued in the 1960s on
a variety of tissues. In the guinea pig taenia coli,

exogenously applied adenylate compounds were
shown to suppress spontaneous electrical activ-
ity and hyperpolarise the membrane (Axelsson
et al. 1965; Axelsson and Holmberg 1969). In
these experiments adenosine 50-diphosphate
(ADP), AMP and adenosine were found to be
much less effective than ATP (Axelsson and
Holmberg 1969). Purines were shown to alter
systemic blood pressure (Flesher et al. 1960;
Gordon and Hesse 1961; Rowe et al. 1962;
Haddy and Scott 1968) and change the tone of
isolated arteries from the mesentery, kidney and
skeletal muscle (Hashimoto and Kumukura
1965; Scott et al. 1965; Walter and Bassenge
1968). Further experiments confirmed the effects
of purines on heart rhythm; in particular it was
demonstrated that ATP, ADP, AMP and aden-
osine all have strong negative chronotorpic
effects when acting on the whole heart or
directly on the sinoatrial node (Angelakos and
Glassman 1965; James 1965; Stafford 1966). At
the same time, ATP-induced stimulation of
insulin secretion was also demonstrated (Rodri-
guez Candela and Garcia-Fernandez 1963).

The effects of administration of purines in
humans was widely explored in the 1930 and
1940s, especially in geriatric patients with car-
diovascular disorders. In 1934, (Richards 1934)
found that, in striking contrast to animals,
injection of adenosine and AMP invariably
induced tachycardia and did not affect blood
pressure. During this time, clinical studies were
initiated for the use of adenosine to treat cardiac
arrhythmias (Honey et al. 1930). However, large
boluses of adenosine triggered heart arrest and
the short half-life of adenosine further con-
founded attempts to utilise this nucleoside as an
antihypertensive agent (Honey 1930; Jezer et al.
1933). In other studies, the effect of ATP on the
heart was found to be dose-dependent; although
small doses of ATP produced transient tachy-
cardia, its usual effect was to slow the heart
and to produce AV block, probably follow-
ing breakdown to adenosine (Stoner and Green
1945; Wayne et al. 1949; Johnson and
McKinnon 1956; Hollander and Webb 1957).
An extensive review was published by Boettge
et al. (1957), describing the physiological
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significance, pharmacological action and thera-
peutic use of adenylyl compounds in man.

An important and influential hypothesis was
developed by Berne (1963) and Gerlach et al.
(1963), who elaborated on the earlier proposal
by Lindner and Rigler (1931). This hypothesis
postulated that adenosine was the physiological
mediator of the coronary vasodilatation associ-
ated with myocardial hypoxia; intracellular ATP
in myocardial cells was suggested to be degra-
ded to adenosine that then left the cells and
induced vasodilatation of the coronary resistance
vessels acting through adenosine receptors. This
suggestion was based largely on the observation
that adenosine and its degradation products were
found in the effluent from isolated perfused cat
hearts and in the coronary sinus blood of dog
hearts, following severe coronary hypoxia, and
on the correspondence between the levels of
measured adenosine (Olsson and Pearson 1990).
This hypothesis was later questioned for the
following reasons: (i) ATP is more potent than
adenosine in inducing coronary vasodilatation
(Winbury et al. 1953; Wolf and Berne 1956;
Walter and Bassenge 1968; Moir and Downs
1972); (ii) methylxanthines block adenosine-
induced coronary vasodilatation, but have very
little effect on that produced by ischaemia or
ATP (Eikens and Wilcken 1973; Olsson et al.
1978); and (iii) an increased level of ATP in the
effluent from perfused hypoxic hearts was
detected by a sensitive and specific assay system
(Paddle and Burnstock 1974). An alternative
hypothesis has been put forward [see (Burnstock
1982, 1993a)], namely that hypoxia and shear
stress induced the release of ATP from endo-
thelial cells that regulate coronary vascular
resistance by acting on endothelial ATP recep-
tors, resulting in the release of nitric oxide (NO)
and subsequent vasodilatation, whereas adeno-
sine controls the longer-lasting component of
reactive hyperaemia. This is not the appropriate
place to critically assess the current data on
coronary vasodilatation, but a comparative study
shows that several factors, including adenosine
receptors, NO and KATP channels contribute,
and may act synergistically (Tune et al. 2004).

2.3 Early Studies of the Effects
of Purines on the Nervous
System

In 1947 Buchtal, Engback, Sten-Knudsen and
Thomasen reported to the Physiological Society
(Buhthal et al. 1947) that arterial injection of
ATP to the cervical segments of the spinal cord
of cats resulted in tetanus-like contractions of
muscles of the upper extremities. The authors
attributed this action to the direct excitation of
anterior horn cells of the spinal cord. This initial
finding of central effects of ATP was soon to be
corroborated by ‘an incidental observation made
in decerebrated cats when adenosine triphos-
phate (ATP) was injected into the artery sup-
plying a leg muscle, the tibialis anticus,
(Emmelin and Feldberg 1948). The ATP injec-
tion led to a ‘complex symptomathology’ which
involved bradycardia, obstruction of the pul-
monary circulation, peristalsis, micturition,
vomiting, defaecation and generalised muscular
contraction. This broad response, was, at least in
part, mediated by nervous centres. Subsequently,
several reports appeared which demonstrated
that injections of ATP into the ventricles or into
the brain resulted in ataxia, sleepiness and motor
weakness, and triggered electrophysiological or
biochemical responses (Babskii and Malkiman
1950; Feldberg and Sherwod 1954; Galindo
et al. 1967; Shneour and Hansen 1971).

There was early recognition for a physiolog-
ical role for ATP at the neuromuscular junction.
Buchthal and Folkow (1948) found that acetyl-
choline (ACh)-evoked contraction of skeletal
muscle fibres was potentiated by exposure to
ATP. The first indication that ATP might act as a
neurotransmitter in the peripheral nervous sys-
tem arose when Holton and Holton (1954) pro-
posed that ATP released from sensory nerves
during antidromic nerve stimulation of the great
auricular nerve caused vasodilatation in the
rabbit ear artery. Some years later Pamela Hol-
ton, using the firefly luminescence method for
ATP detection (Strehler and Totter 1952, 1954),
found that electrical stimulation of great
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auricular nerves of rabbits resulted in transient
elevation of extracellular ATP (see the original
trace in Chap. 4). She then concluded that ‘when
noradrenaline is liberated from sympathetic
nerve endings ATP may also be liberated into
the tissue spaces’ (Holton 1959), thus providing
the first hint for the concept of purinergic co-
transmission (Burnstock 1976).

Subsequently, the presynaptic modulation of
ACh release from the neuromuscular junction by
purines was reported by Ginsborg and Hirst
(1972) and Ribeiro and Walker (1975). ATP was
found in vesicular fractions of synaptosomes of
neuromuscular junctions (Dowdall et al. 1974)
and ATP release following electrical stimulation
of the presynaptic nerve was identified (Zim-
mermann 1978). It was also demonstrated that
ATP increased ACh sensitivity of both rat dia-
phragm and the frog skeletal muscle endplate
(Ewald 1976; Akasu et al. 1981).

ATP effects on physiological activity in the
autonomic ganglia was initially reported in 1948
when Feldberg and Hebb (1948) demonstrated
that intra-arterial ATP injection excited neurons
in the cat superior cervical ganglia (SCG).
Subsequent experiments performed in de Groat’s
laboratory demonstrated that in rat SCG and in
the cat vesical parasympathetic ganglia, purines
suppressed synaptic transmission through aden-
osine receptors; at the same time high concen-
trations of ATP excited the postganglionic
neurons (Theobald and De Groat 1977). The
earliest intracellular recordings of the action of
ATP on neurons were obtained in frog sympa-
thetic ganglia where ATP produced a depolar-
isation through a reduction in K+ conductance
(Siggins et al. 1977; Akasu et al. 1983).

The initial discoveries of peripheral puriner-
gic transmission (Burnstock 1972) stimulated an
increase in the interest in purinergic mechanisms
in the central nervous systems (CNS). In the
early 1970s, Pull and McIlwain (1972a, b, 1973)
described the release of adenine nucleotides and
their derivatives from superfused guinea pig
neocortex that had been electrically stimulated
in vitro. Subsequently, Heller and McIlwain
(1973) showed release of labelled nucleotides
from isolated superior colliculus and lateral

geniculate body incubated in [14C]adenine and
stimulated through an incoming optic tract, but
not from preparations of piriform cortex stimu-
lated through the lateral olfactory tract. McIl-
wain and his colleagues discussed their results in
terms of a neurohumoral role for adenine
derivatives in the brain.

Another major stimulus to the interest in
purines in the CNS was the finding from Ted
Rall’s group that the accumulation of cyclic
AMP (cAMP) was not increased by theophylline,
despite its being an inhibitor of phosphodiester-
ase inhibitor and therefore able to reduce cAMP
breakdown. The finding was resolved when it
became apparent that theophylline antagonised
the effects of endogenous (and exogenous)
adenosine, which provided a major stimulus for
cAMP production in brain slices (Sattin and Rall
1970). These results were soon confirmed and
extended in a series of papers from John Daly0s
laboratory, which also provided an explanation
for an earlier finding that electrical field stimu-
lation caused an increase in cAMP in the stim-
ulated slice (Kakiuchi et al. 1969).

These in vitro experiments were soon exten-
ded to the intact cerebral cortex (Sulakhe and
Phillis 1975). It was shown that iontophoretic
application of adenosine and several adenine
nucleotides depressed the excitability of cerebral
cortical neurons, including identified Betz cells;
cAMP, adenine and inosine were less effective,
whereas ATP caused an initial excitation fol-
lowed by a depression (Phillis et al. 1974; 1975).
Adenosine and ATP also depressed firing in
cerebellar Purkinje cells (Kostopoulos et al.
1975). ATP was shown to activate units of the
emetic chemoreceptor trigger zone of the area
postrema of cat brain (Borison et al. 1975).
Premature arousal of squirrels from periods of
hibernation was evoked by adenosine nucleo-
tides, but not by other purine nucleotides, and it
was suggested that this effect was due to their
direct action on central neurons (Twente et al.
1970). The infusion of cAMP into the hypo-
thalamus of fowl induced behavioural and elec-
trophysiological sleep, whereas dibutyryl cAMP
produced arousal (Marley and Nistico 1972).
Local or systemic administration of adenosine in
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normal animals produced EEG and behavioural
alterations of the hypnogenic type (Haulica et al.
1973).

Two groups demonstrated that low concen-
trations of adenosine caused a rise in the levels of
cAMP in slices of guinea pig cerebral cortex
(Shimizu et al. 1969; Sattin and Rall 1970; Shi-
mizu and Daly 1970) and that this rise was an-
tagonised by the methylxanthines, theophylline
and caffeine (Sattin and Rall 1970). Other
investigators showed that adenosine and 2-chlo-
roadenosine stimulated cAMP production in
membrane fractions of human platelets (Mills
and Smith 1971) and that this action was antag-
onised by aminophylline (Haslam and Lynham
1972). Subsequently, adenosine was shown to
stimulate adenylate cyclase in a variety of mem-
brane preparations, including those from adipo-
cytes (Fain et al. 1972), turkey erythrocytes
(Sevilla et al. 1977), liver (Londos and Wolff 1977)
and a glioma cell line (Clark and Seney 1976).

At the same time Cornford and Oldendorf
(1975) described two independent transport sys-
tems across the rat blood–brain barrier, one for
adenine and the other for adenosine, guanosine,
inosine and uridine, thus showing that purine
homeostasis in the brain parenchyma is tightly
controlled. High levels of 50-nucleotidase were
demonstrated histochemically in the substantia
gelatinosa of mouse spinal cord (Suran 1974).

Observations of mentally ill patients sug-
gested that purines may play a role in the cog-
nitive and emotional functions of the human
brain. Thus, adenine nucleotides have been
implicated in depressive illness (Abdulla and
McFarlane 1972; Hansen 1972). Abdullah and
McFarlane (1972) suggested the indirect effects
of adenine nucleotides on prostaglandin bio-
synthesis that mediated development of depres-
sion. Blood levels of ATP and/or adenosine and
urinary cAMP excretion were found to be sig-
nificantly elevated in patients diagnosed with
schizophrenia or in psychotic and neurotic
depression (Abdulla and Hamadah 1970; Paul
et al. 1970; Brown et al. 1972; Hansen and
Dimitrakoudi 1974), however these results were
not reproduced in the study of Jenner et al.
(1975). Inherited disorders of purine metabolism

in the brain have been related to psychomotor
retardation, athetosis and self-mutilation (Lesch-
Nyhan syndrome) (Lesch and Nyhan 1964;
Rosenbloom et al. 1967; Seegmiller et al. 1967;
Berman et al. 1969). Adenine therapy has been
used for Lesch-Nyhan syndrome (Schulman
et al. 1971) and therapeutic effects of ATP in the
treatment of nerve deafness were also claimed
(Ohsawa et al. 1961).

2.4 Early Studies of Peripheral
Effects of Purines

The first experiments demonstrating that ADP
causes aggregation of blood platelets were per-
formed almost 50 years ago. Initially, it was
found that a small molecule derived from red
blood cells stimulated platelet adhesion (Hellem
1960). Subsequently, the same compound was
found to induce platelet aggregation (Ollgaard
1961) and was finally identified as ADP (Gaar-
der et al. 1961; Born 1962). Later, adenosine
was found to inhibit ADP-induced platelet
aggregation (Born and Cross 1963); a similar
inhibitory potency was found for ATP
(Macfarlane and Mills 1975); adenosine tetra-
phosphate (Harrison and Brossmer 1976) and b,
c-methylene ATP (b,c-meATP) (Born and Foulks
1977). For full reviews of developments in this
field, see e.g. (Haslam and Cusack 1981; Gachet
and Cazenave 1991; Hourani and Cusack 1991).

ATP has been known to induce the release of
histamine from mast cells for some time (Dia-
mant and Kruger 1967; Sugiyama 1971). Since
close apposition of autonomic and sensory nerve
varicosities with mast cells has been described
(Heine and Forster 1975; Wiesner-Menzel et al.
1981; Newson et al. 1983; Bienenstock et al.
1991), it seems likely that ATP released as a
neural cotransmitter is involved in the physio-
logical control of histamine release from mast
cells. Adenosine has been shown to modulate
ADP-induced release of histamine (Marquardt
et al. 1978; Lohse et al. 1987). The receptor for
ATP on mast cells was studied in depth by
Cockcroft and Gomperts (1980) and was desig-
nated a P2Z-purinoceptor by Gordon (1986).
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About 15 years later, this P2Z receptor was
cloned and found to belong to the ATP-gated
P2X receptor family and designated P2X7

(Surprenant et al. 1996).

2.5 Early Comparative Studies

Comparative studies of the actions of purines in
invertebrates and lower vertebrates were scanty
before 1972. Exceptions include: the depolaris-
ing actions of ATP on amoeba (Nachmias 1968),
the ATP-mediated increase of ciliary beat and
locomotion in paramecium (Organ et al. 1968),
adenosine actions on the oyster heart (Aikawa
and Ishida 1966) and the initiation of feeding
behaviour in blood sucking insects by ATP
(Galun 1966, 1967). Reviews of the develop-
ments concerned with the comparative physiol-
ogy and evolution of purinergic actions in the
animal kingdom are available (Burnstock 1975a,
1979b, 1996b; Burnstock and Verkhratsky 2009;
Fountain and Burnstock 2009).

2.6 Discovery of Purinergic
Transmission

The brilliant pioneers of chemical neurotrans-
mission, including Langley, Elliot, Loewi, von
Euler and Dale, focused on ACh and noradren-
aline (NA), and it was not until 1970 that non-
adrenergic, non-cholinergic (NANC) neuro-
transmission was recognised and ATP proposed
as a neurotransmitter (see Burnstock 1972).
Later ‘Dale’s Principle’ which, erroneously,
came to present the view that one nerve only
utilised one transmitter was challenged (Burn-
stock 1976) and it is now clear that ATP is a
cotransmitter in most, if not all, nerves in the
peripheral nervous system (PNS) and CNS
(Burnstock 2004a, 2007, 2009).

2.6.1 Non-Adrenergic,
Non-Cholinergic (NANC) Nerves

The ATP tale begun on one day in the early
1960s, when one of the authors of this book

(GB), together with his students Max Bennett
and Graham Campbell, decided to stimulate the
nerves supplying the smooth muscle of the gui-
nea pig taenia coli in the presence of atropine
and bretylium to block cholinergic and adrener-
gic neurotransmission and expected to see
depolarisation and contraction in response to
direct stimulation of the muscle. However, to
their surprise the responses to single stimuli were
rapid hyperpolarisations and relaxation (Burn-
stock et al. 1963). This was a moment of
excitement (Burnstock 2004b) for them because
they felt that they were on to something impor-
tant. Interpretation of their results was discussed
internationally for a while and that tetrodotoxin
(from the puffer fish) had just been shown to
block nerve conduction, but not smooth muscle
activity. Tetrodotoxin abolished the hyperpolar-
isations, so they were identified as inhibitory
junction potentials in response to NANC neu-
rotransmission (Fig. 2.3; Burnstock et al. 1964).
Later it was shown that they were present in
intrinsic enteric neurons controlled by vagal or
sacral parasympathetic nerves (Burnstock et al.
1966). A comparable demonstration of NANC
mechanical responses was made by Martinson
and colleagues in the stomach upon stimulation
of the vagus nerve (Martinson and Muren 1963;
Martinson 1965). By the end of the 1960s, evi-
dence had accumulated for NANC nerves in the
respiratory, cardiovascular and urinogenital
systems as well as in the gastrointestinal tract
(Burnstock 1969). Hughes and Vane (1967,
1970) also demonstrated the presence of a
NANC inhibitory innervation of the rabbit portal
vein. The existence of NANC neurotransmission
is now firmly established in a wide range of
peripheral and central nerves and fuller accounts
of the development of this concept and the
people involved are available [see (Burnstock
1981, 2006a, c) for comprehensive reviews].

2.6.2 ATP as a Principal Transmitter

The next step was to try to identify the trans-
mitter released during NANC inhibitory trans-
mission in the gut and by NANC excitatory
transmission in the urinary bladder. From the
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work of Jack Eccles and others, several criteria
were shown to be needed to be satisfied to
establish a neurotransmitter: synthesis and stor-
age in nerve terminals; release by a Ca2+-
dependent mechanism; mimicry of the nerve-
mediated responses by the exogenously applied
transmitter; inactivation by ectoenzymes and/or
neuronal uptake and parallel block or potentia-
tion of responses to stimulation by nerves and
exogenously applied transmitter. Many different
substances were considered in the late 1960s,
including amino acids, monoamines, neuropep-
tides, but none satisfied the criteria. There was,
in fact, even an early recognition of atropine-
resistant responses of the gastrointestinal tract to
parasympathetic nerve stimulation (Langley
1898; McSwiney and Robson 1929; Ambache
1951; Paton and Vane 1963). As for the gas-
trointestinal tract, at the end of the nineteenth
century, it was demonstrated that the excitatory
response of the mammalian urinary bladder to
parasympathetic nerve stimulation was only
partially antagonised by antimuscarinic agents
(Langley and Anderson 1895). It was postulated
that the atropine-resistant response was due to
the release of a non-cholinergic excitatory
transmitter (Henderson and Roepke 1934; Che-
sher and James 1966; Ambache and Zar 1970).
However, it was also postulated that atropine
was unable to block the subjunctional receptors
at which the endogenous ACh acts (Dale and
Gaddum 1930) or that it was displaced from
these receptors by the high local concentration
of ACh released upon parasympathetic stimula-
tion (Hukovic et al. 1965).

However, hints in the literature, including the
above-mentioned seminal paper by Drury and
Szent-Györgyi (1929) showing powerful extra-
cellular actions of purines on heart and blood
vessels, papers by Feldberg showing extracel-
lular actions of ATP on autonomic ganglia
(Feldberg and Hebb 1948) and a paper by
Pamela Holton in 1959, which showed release of
ATP during antidromic stimulation of sensory
nerves supplying the rabbit ear artery (Holton
1959) led Burnstock and his colleagues to try
ATP and to their surprise it beautifully satisfied
all the criteria needed to establish it as a

transmitter involved in NANC neurotransmis-
sion (Fig. 2.4; Burnstock et al. 1970; 1978). An
early study, before ATP was identified as the
principal transmitter mediated by NANC nerves,
was inspired by Loewi’s experiments establish-
ing ACh as a neurotransmitter (Loewi 1921). In
this study, Burnstock (unpublished experiments
carried out by Burnstock and Smythe in 1966)
showed that stimulation of NANC nerves to the
taenia coli in a top chamber produced the typical
nerve-mediated response (fast relaxation, fol-
lowed by rebound contraction), while the per-
fusate produced a slower relaxation (without
rebound contraction) when reaching a lower

Fig. 2.3 Non-adrenergic, non-cholinergic (NANC) neu-
rotransmission. a Sucrose gap records from smooth
muscle of guinea pig taenia coli showing hyperpolarisa-
tions in response to different stimulation frequencies (1, 3
and 5 Hz) of intrinsic nerves in the presence of atropine
and guanethidine. b Sucrose gap recording of membrane
potential changes in smooth muscle of guinea pig taenia
coli in the presence of atropine (0.3 lM) and guaneth-
idine (4 lM). Transmural field stimulation (0.5 ms,
0.033 Hz, 8 V) evoked transient hyperpolarisations,
which were followed by rebound depolarisations. Tetro-
dotoxin (TTX, 3 lM) added to the superfusing Kreb’s
solution (applied at arrow) rapidly abolished the response
to transmural field stimulation establishing these as
inhibitory junction potentials in response to NANC
neurotransmission. (Figure is reproduced with permission
from Burnstock 1986a)
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