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Abstract P2X and P2Y nucleotide receptors are described on sensory neurons and
their peripheral and central terminals in dorsal root, nodose, trigeminal, petrosal,
retinal and enteric ganglia. Peripheral terminals are activated by ATP released from
local cells by mechanical deformation, hypoxia or various local agents in the
carotid body, lung, gut, bladder, inner ear, eye, nasal organ, taste buds, skin, muscle
and joints mediating reflex responses and nociception. Purinergic receptors on
fibres in the dorsal spinal cord and brain stem are involved in reflex control of
visceral and cardiovascular activity, as well as relaying nociceptive impulses to
pain centres. Purinergic mechanisms are enhanced in inflammatory conditions and
may be involved in migraine, pain, diseases of the special senses, bladder and gut,
and the possibility that they are also implicated in arthritis, respiratory disorders and
some central nervous system disorders is discussed. Finally, the development and
evolution of purinergic sensory mechanisms are considered.

Keywords Bladder, Brain stem, Carotid body, Ganglion, Gut

1 Introduction

Review articles have been published concerned with P2X and P2Y receptors
in sensory neurons (Burnstock 2000, 2007; Tsuda and Inoue 2006), purinergic
sensory-motor neurotransmission (Rubino and Burnstock 1996) and purine-mediated
signalling in pain (Burnstock and Wood 1996; Burnstock1996a,-b, 2001a, 2006;
McGaraughty and Jarvis 2006; Shieh et al. 2006; Inoue 2007).
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The first hint that ATP might be a neurotransmitter arose when it was proposed
that ATP released from sensory nerve collaterals during antidromic nerve stimula-
tion of the great auricular nerve caused vasodilatation of the rabbit ear artery
(Holton 1959). ATP was shown early to excite mammalian dorsal root ganglia
(DRG) neurons and some neurons in the dorsal horn of the spinal cord (Krishtal
et-al1983; Jahr and Jessell 1983). Extracellular ATP was reported early to produce
pain sensation in humans (Collier et al. 1966; Bleehen and Keele 1977) and to
participate in pain pathways in the spinal cord (Fyffe and Perl 1984; Salter and
Henry 1985).

Recent reviews about the current status of and pharmacological characteriza-
tion of subtypes of receptors for purines and pyrimidines are available, including
four subtypes of P1 (adenosine), seven subtypes of P2X ionotropic and eight
subtypes of P2Y metabotropic receptors (North 2002; Abbracchio et al. 2006). A
landmark discovery related to this chapter was the cloning of P2Xj3 receptors and
their localization on sensory nerves in 1995 (Lewis-et-al.1995;Chen et al. 1995a;
by. All P2X subtypes, except P2X, are found in sensory neurons, although the P2X;
receptor has the highest level of expression [in terms of both messenger RNA
(mRNA) and protein] and P2X,,; heteromultimers are particularly prominent in the
nodose ganglion. P2X; and P2X,/; receptors are expressed on isolectin B4 (IB,)
binding subpopulations of small nociceptive neurons (Bradbury et al. 1998). P2Y
receptors are also present on sensory neurons sometimes coexpressed with P2X3
receptors (Burnstock 2007). It has been suggested that while P2X; receptor activa-
tion leads to increased firing of DRG neurons and subsequently to increased release
of sensory transmitter from their central processes, P2Y receptor activation may
decrease the release of sensory transmitter onto spinal cord neurons and may
thereby partly counterbalance the excitatory effect of ATP.

2 Peripheral Sensory Ganglionic Neurons

There have been many reports characterizing the native P2X receptors in sensory
neurons, including those from DRG, trigeminal, nodose, petrosal and enteric gang-
lia (Burnstock 2000, 2007; Dunn et al. 2001). DRG and trigeminal ganglia contain
primary somatosensory neurons, receiving nociceptive, mechanical and proprio-
ceptive inputs. Nodose and petrosal ganglia, on the other hand, contain cell bodies
of afferents to visceral organs.

All P2X subtypes, except P2X, are found in sensory neurons, and most promi-
nent is the P2X5 receptor. P2Y, P2Y,, P2Y,4 and P2Y{ receptors have also been
described in sensory neurons (Burnstock and Knight 2004).

It has been shown that the sensory neurons have the machinery to form
purinergic synapses on each other when placed in short-term tissue culture (Zarei
et al. 2004). The resulting neurotransmitter release is calcium-dependent and uses
synaptotagmin-containing vesicles; the postsynaptic receptor involved is a P2X
subtype.
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2.1 Dorsal Root Ganglia

The P2X;5 receptor subunit that was first cloned using a complementary DNA
library from neonatal rat DRG neurons shows a selectively high level of expression
in a subset of sensory neurons, including those in DRG. In DRG, the level of P2X;
transcript is the highest, although mRNA transcripts of P2X_¢ have been detected.
In DRG, intensive P2X5; immunoreactivity is found predominantly in a subset of
small- and medium-diameter neurons, although it was absent from most large
neurons. The P2X; subunit is predominantly located in the non-peptidergic sub-
population of nociceptors that binds IB,4, and is greatly reduced by neonatal
capsaicin treatment. The P2X3 subunit is present in an approximately equal number
of neurons projecting to skin and viscera, but in very few of those innervating
skeletal muscle (Bradbury et al. 1998). P2X, receptor immunoreactivity is observed
in many small and large DRG neurons, although the level is lower than that of
P2X5. Some neurons show both P2X, and P2X; immunoreactivity, probably
indicating a P2X,,3 heteromultimer receptor. Variable levels of immunoreactivity
for P2X,, P2X,, P2X,, P2X5 and P2X4 receptors have also been detected in DRG
neurons.

Both transient and sustained responses to P2 receptor agonists occur in DRG
neurons (Dunn et al. 2001). The transient response in DRG neurons is activated by
ATP, a,B-methylene-ATP (a,3-meATP) and 2-methylthio-ATP (2-MeSATP). The
pharmacological evidence to date ,generally homomeric P2X; receptors. P2X
receptors on the cell bodies of the sensory neurons have been studied extensively
using voltage-clamp recordings from dissociated neurons of the DRG (Fig. la—c).
Rapid application of ATP evokes action potentials and under voltage clamp, a fast-
activating inward current (mediated by P2Xj; receptors), a sustained response
(mediated by P2X, receptors) and a rapid response, followed by slow responses
(mediated by P2X,/; receptors), as well as depolarization and an increase in
intracellular Ca** concentration. Rapid reduction of the excitatory action of ATP
on DRG neurons by GABA, probably via GABA, anionic receptors, and slow
inhibition of ATP currents via metabotropic GABAg receptors appear to be addi-
tional mechanisms of sensory information processing. Oxytocin and 17-oestradiol
attenuate ATP-activated currents in DRG neurons. In contrast, neurokinin B
potentiates ATP-activated currents in DRG neurons. Q-Conotoxin GVIA, known
as a selective blocker of N-type calcium channels, potently inhibits the currents
mediated by P2X receptors in rat DRG neurons. There are species differences in the
responses of DRG neurons to ATP. Transient responses are the predominant type
evoked by P2X agonists from DRG neurons of rat and mouse, with persistent and
biphasic types seen less frequently. In contrast, only sustained inward currents have
been reported on DRG neurons from bullfrog. It has been claimed recently that
release of ATP from neuronal cell bodies in DRG triggers neuron-satellite glial cell
communication via P2X; receptors (Zhang et al. 2007a;-b).

Neurons and glial cells differentially express P2Y receptor subtype mRNA in rat
DRG (Kobayashi et al. 2006). P2Y; and P2Y, receptor mRNA was expressed in
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Fig. 1 Dorsal root ganglion (DRG). (a—d) Whole-cell patch-clamp recordings of DRG neurons
from P2X27/ -, P2X37/ ~ and P2X2/PZX3DM*/ ~ mice in response to P2X agonists. (a) Wild-type
DRG neurons responded to ATP and o,f-methylene-ATP (o,f-meATP) with either rapidly
desensitizing (i) or sustained (ii) responses; a composite response having both rapidly and slowly
desensitizing components was also observed in some neurons (data not shown). All DRG neurons
examined responded to 100 uM GABA with a sustained inward current. (b) In PZX[/ ~ mice,
DRG neurons all responded to ATP and o,3-meATP with rapidly desensitizing transient
responses. (¢) In P2X; ™/~ mice, many DRG neurons failed to respond to either ATP or o,p-
meATP, but did respond to 100 uM GABA (7). Other P2X5 ™'~ neurons responded to ATP with a
sustained inward current, but failed to respond to a,3-meATP (ii). (d) In P2X2ﬂ32X3Db17/ ~ mice,
most DRG neurons failed to respond to ATP or o,3-meATP, but did respond to 100 uM GABA (i).
A small percentage of neurons in double knockout mice gave small, very low amplitude responses
to ATP (ii), but did not respond to o,3-meATP. (e-g) Colocalization (g) (yellow/orange) of P2Y,
receptor immunoreactivity (e) (green) with P2X3 receptor immunoreactivity (f) (red) in rat DRG.
Examples of double-labelled neurons, P2X5 receptor positive cells that are not double labelled and
P2Y, receptor positive cells that are not P2X;3 receptor immunoreactive are shown in g. (a—d
Reproduced from Cockayne et al. 2005, with permission from Blackwell Publishing; e—g repro-
duced from Ruan and Burnstock 2003, with permission from Springer-Verlag)

about 20% of neurons; Schwann cells expressed P2Y, mRNA and non-neuronal
satellite cells expressed P2Y |, and P2Y 4 mRNA. ATP and UTP produce slow and
sustained excitation of sensory neurons in DRG via P2Y, receptors. P2Y;, P2Y,,
P2Y, and P2Y¢ mRNA is expressed on neurons of rat DRG and receptor protein for
P2Y is localized on over 80% of mostly small neurons (Ruan and Burnstock 2003).
Double immunolabelling showed that 73—84% of P2X3 receptor positive neurons
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also stained for the P2Y receptor (Fig. le—g), while 25-35% also stained for the
P2Y, receptor. The findings of patch-clamp studies of cultured neurons from DRG
were consistent with both P2X3 and P2Y receptors being present in a subpopula-
tion of DRG neurons. Inhibition of N-type voltage-activated calcium channels in
DRG neurons by P2Y receptors has been proposed as a mechanism of ADP-induced
analgesia. P2Y, and P2Y, receptors were strongly expressed in DRG of the cat, as
were P2X; receptors (Ruan et al. 2005). However, there was low expression of
P2Y, receptors compared with more than 80% of P2Y | receptor positive neurons in
rat DRG. Green fluorescent protein studies have shown that there is ADP-induced
endocytosis and internalization of P2Y receptors in DRG neurons (Wang et al.
2006).

Adenosine 5'-O-(3-thiotriphosphate) enhances nerve growth factor (NGF)-
promoted neurite formation in DRG neurons, perhaps via its ability to increase
NGF-promoted TrkA activation (Arthur et al. 2005). NTPDase2 has been shown to
be present in satellite glial cells in DRG, consistent with evidence for a functional
role for ATP in satellite glial cells. Functional expression of P2X; receptors on non-
neuronal glial cells, but not on small-diameter neurons from rat DRG, has been
reported.

2.2 Nodose Ganglia

P2X, and P2X; receptors are expressed in rat nodose ganglia. ATP, o,3-meATP
and 2-MeSATP evoke sustained currents in rat nodose neurons. These responses
are inhibited by suramin, pyridoxal phosphate-6-azopheyl-2',4’-disulphonic acid
(PPADS), Cibacron blue and trinitrophenyl (FNP)-ATP, but not by diinosine
pentaphosphate. Therefore, the o,-meATP-sensitive persistent responses in no-
dose neurons resemble the recombinant P2X,; receptors. Neurons of the mouse
nodose ganglion give persistent responses to both ATP and o,3-meATP similar to
those seen in the rat and guinea pig. In P2X3 receptor-deficient mice, no nodose
neurons respond to o, B-meATP at concentrations up to 100 uM, while the response
to ATP is significantly reduced. The residual persistent responses to ATP have all
the characteristics of recombinant P2X, homomers. Thus, the pharmacological
evidence is consistent with the notion that both heteromeric P2X,,; and homomeric
P2X, receptors are present in significant amounts in nodose neurons, although the
proportions may vary from cell to cell (Cockayne et al. 2005). Subpopulations of rat
nodose neurons expressed P2X,,; and P2X,/; heteromultimers. Sensory neurons
from nodose ganglia express, in addition to P2X3 receptor mRNA, significant levels
of P2X,, P2X,, and P2X, receptor mRNAs, and some of these mRNAs are present
in the same cell.

P2Y, receptors have been demonstrated immunohistochemically in rat and
human nodose ganglia. Coexistence of functional P2Y receptors (acting via the
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inositol 1,4,5-trisphosphate pathway) and ryanodine receptors and their activation
by ATP have been demonstrated in vagal sensory neurons from the rabbit
nodose ganglion. Reverse transcription PCR (RT-PCR) has shown P2Y, P2Y,,
P2Y, and P2Y¢ receptor mRNA in rat nodose ganglia (Ruan and Burnstock 2003).
P2Y, receptor immunoreactivity was found in over 80% of the sensory neurons,
particularly small-diameter (neurofilament-negative) neurons, while P2Y, recep-
tors were expressed in more medium- and large-diameter neurons. About 80%
of the P2X5 receptor immunoreactive neurons also stained for P2Y, receptors,
while about 30% of the neurons showed colocalization of P2Y, with P2Xj3
receptors.

2.3 Trigeminal Ganglia

Most of the facial sensory innervation is provided by nerve fibres originating in the
trigeminal ganglion, comprising neurons that transduce mechanical, thermal and
chemical stimuli, probably including odorant molecules. In trigeminal ganglia,
P2X; receptor immunoreactivity is found in the cell bodies of both small and
large neurons. Lower levels of immunoreactivity to P2X,, P2X,, P2X, and P2X¢
receptors appear to be present in these neurons. Forty percent of P2X, and 64% of
P2X; receptor expressing cells were IB4-positive and 33% of P2X, and 31% of
P2X; receptor expressing cells were NF200-positive (Staikopoulos et al. 2007).
About 40% of cells expressing P2X, receptors also expressed P2Xj; receptors
and vice versa. Chronically applied NGF upregulated the function of P2Xj5 recep-
tors in trigeminal neurons without changing transient receptor potential vanilloid 1
(TRPV1) activity. IB4-positive neurons release ATP by faster exocytosis compared
with IB4-negative neurons which release neuropeptides, (Matsuka et al. 2007).
Whole-cell patch-clamp studies of trigeminal neurons showed ATP-activated
(both fast and slow) desensitizing currents in the majority of cells examined, but
outward or biphasic currents also occurred in a small number of cells (Gu et al.
2006). Different types of cells show different types of ATP-activated currents
related to different P2X subunit assemblies (Luo et al. 2006).

P2Y, and P2Y, receptor mRNA and protein are also expressed in rat trigeminal
ganglia, with many neurons showing colocalization with P2X5 receptors (Ruan and
Burnstock 2003). In particular, only a small percentage of IB4-binding neurons
express P2X3 receptors in trigeminal ganglia, whereas many peptidergic neurons
express P2X3 receptors.

Satellite glial cells in mouse trigeminal ganglia express P2Y receptors (possibly
the P2Y, subtype). Single-cell calcium imaging demonstrated that both P2Y and,
to a lesser extent, P2Y 46 12,13 receptors on satellite glial cells contribute to ATP-
induced calcium-dependent signalling in mixed neuron-glia primary cultures from
mouse trigeminal ganglia (Ceruti et al. 2006).
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2.4 Petrosal Ganglia

The petrosal ganglion provides sensory innervation of the carotid sinus and
carotid body through the carotid sinus nerve. Acetylcholine (ACh) and ATP act
as excitatory transmitters between cat glomus cells and petrosal ganglion neurons
(Alcayaga et al. 2007), but independently of each other. ATP activates rat, cat and
rabbit petrosal ganglia neurons in vitro via P2X receptors and evokes ventilatory
reflexes in situ, which are abolished after bilateral chemosensory denervation.
Dopamine inhibits ATP-induced responses of neurons of the cat petrosal ganglia.

2.5 Retinal Ganglia

Retinal ganglion cells on the eye receive information from both rods and cones and
early papers about purinergic transmission in the retina have been reviewed (Pintor
2000). P2X, receptors have been identified in retinal ganglion cells, particularly
within cone pathways (Puthussery and Fletcher 2006), while P2X3 receptors are
associated with both rod and cone bipolar cell axon terminals in the inner plexiform
layer (Puthussery and Fletcher 2007). Functional studies have also identified P2X/3
heteromultimeric receptors in cultured rat retinal ganglion cells. P2X, receptors are
also expressed on cholinergic amacrine cells of mouse retina and also GABAergic
amacrine cells.

It was proposed that ATP, coreleased with ACh from retinal neurons, modulates
light-evoked release of ACh by stimulating a glycinergic inhibitory feedback loop
(Neal and Cunningham 1994). RT-PCR at the single-cell level revealed expression
of P2X,, P2Xj3, P2X, and P2X;5 receptor mRNA in approximately one third of the
bipolar cells (Wheeler-Schilling et al. 2001), P2X receptors were identified on both
inner and outer retinal ganglion cell layers of the primate and rat, and electron
microscope analysis suggested that these receptors were localized in synapses.
Stimulation of P2X; receptors elevated Ca®* levels and killed retinal ganglion
cells (Zhang et al. 2005) and may be involved in retinal cholinergic neuron density
regulation.

P2X; receptors are present on Miiller cells. Miiller cells release ATP during Ca**
wave propagation. While the potent P2X; agonist 3’-O-(4-benzoyl)benzoyl ATP
killed retinal ganglion cells, this was prevented by the breakdown product, adeno-
sine, via Aj receptors (Zhang et al. 2006). Evidence has been presented for the
involvement of P2X; receptors in outer retinal processing: P2X, receptors are
expressed postsynaptically on horizontal cell processes as well as presynaptically
on photoreceptor synaptic terminals in both rat and marmoset retinas (Puthussery
et al. 20006).
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2.6 Intramural Enteric Sensory Neurons

Most of the data about enteric sensory transmission are based on studies of the
guinea pig ileum (Furness et al. 1998). The after hyperpolarization (AH) defined
neurons appear to be the enteric sensory neurons, which represent about 30% of the
neurons in the myenteric plexus. About 90% of Dogiel type II neurons in the
guinea pig ileum exhibit slow AHs and many express the calcium-binding protein
calbindin. These neurons are distinct from Dogiel type I, S neurons, which are
motor neurons or interneurons. The functional properties of Dogiel type II (AH)
sensory neurons have been reviewed recently (Blackshaw et al. 2007).

Several laboratories have studied purinergic signalling in the guinea pig myen-
teric and submucous neurons (Burnstock 2007). Exogenous and endogenous ATP,
released during increase in intraluminal pressure, inhibits intestinal peristalsis in
guinea pig. Exogenous ATP depresses peristalsis mostly probably-via suramin- and
PPADS-insensitive P2X, receptors, whereas endogenous purines probably act via
P2X, and/or P2X; and/or P2X,; receptors sensitive to both suramin and PPADS
initiate peristalsis (Bian et al. 2003). ATP plays a major role in excitatory neuro-
neuronal transmission in both ascending and descending reflex pathways to the
longitudinal and circular muscles of the guinea pig ileum triggered by mucosal
stimulation. Experiments with P2X, and P2Xj5 receptor knockout mice showed that
peristalsis is impaired in the small intestine. P2X; receptors are dominant on
neurons in the submucosal plexus of the rat ileum and distal colon and up to 70%
of the neurons express calbindin, a marker for enteric sensory neurons (Xiang and
Burnstock 2004a). P2X; receptor immunoreactivity has also been shown on sensory
neurons in the ~Auman myenteric plexus.

Intracellular recordings from myenteric and submucosal neurons in guinea pig
small intestine showed that ATP induced a transient depolarization of most AH-
type neurons (Bertrand and Bornstein 2002; Monro et al. 2004) (Fig. 2a, c, d). Fast
and slow depolarizations and Ca** responses of cultured guinea pig ileal submuco-
sal neurons to ATP were mediated by P2X and P2Y receptors respectively. Slow
excitatory postsynaptic potentials were mediated by P2Y receptors in neurons in
the submucosal plexus of guinea pig small intestine. ATP plays a major excitatory
role, probably largely via P2X, receptors, in rat myenteric neurons, whether
sensory neurons, motor neurons or interneurons. A P2Y receptor has been cloned
and characterized from guinea pig submucosa (Gao et al. 2006). About 40-60% of
P2X; receptor immunoreactive neurons were immunoreactive for P2Y, receptors in
the myenteric plexus and all P2X; receptor immunoreactive neurons expressed
P2Y, receptors in the submucosal plexus (Xiang and Burnstock 2006). About
28-35% of P2Y¢ receptor immunoreactive neurons coexist with nitric oxide
synthase (NOS), but not with calbindin, while all P2Y, receptor immunoreactive
neurons were immunopositive for calbindin and appear to be AH intrinsic primary
afferent neurons.
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Fig. 2 Enteric sensory neurons. (a) Illustration of the experimental arrangement and the relation
of the epithelium and the after hyperpolarization (Dogiel type II) sensory nerve terminals. LM
longitudinal muscle, MP myenteric plexus, CM circular muscle, SMP submucosal plexus, EP/
epithelium. Note that the intracellular recording electrode (RECORD) is impaling myenteric AH
neurons [intrinsic primary afferent neurons (/PAN) at the open circle]. ATP and other agonists
were applied to the mucosa and to the cell body of AH neurons via short-duration
pressure ejection. Enterochromaffin cells (EC Cell) are present in about 1% of the total population
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3 Peripheral Sensory Nerve Terminals

Sensory nerve terminals express purinoceptors and respond to ATP in many situa-
tions (Burnstock 2000, 2007). However, it has been shown that ATP sensitivity is
not necessarily restricted to the terminals; increased axonal excitability to ATP and/
or adenosine of unmyelinated fibres in rat vagus, sural and dorsal root nerves as well
as human sural nerve has been described. During purinergic mechanosensory
transduction, the ATP released from local epithelial cells acts on P2X3, P2X,;
and P2Y, receptors on sensory nerve endings (see Sect. 5). In addition, released
ATP is rapidly broken down by ectoenzymes to ADP (to act on P2Y, P2Y, and
P2Y 5 receptors) or adenosine (to act on P1 receptors).

Since the seminal studies of Lewis in the 1920s, it has been well established that
transmitters released following the passage of antidromic impulses down sensory
nerve collaterals during “axon reflex” activity produce vasodilatation of skin
vessels. The early work of Holton (1959) showing ATP release during antidromic
stimulation of sensory collaterals, taken together with the evidence for glutamate in
primary afferent sensory neurons, suggests that ATP and glutamate may be cotrans-
mitters in these nerves. We know now that “axon reflex” activity is widespread in
autonomic effector systems and forms an important physiological component of
autonomic control (Maggi and Meli 1988; Rubino and Burnstock 1996). Calcitonin
gene related peptide (CGRP) and substance P (SP) are well established as coexist-
ing in sensory-motor nerves and, in some subpopulations, ATP is also likely to be a

Fig. 2 (continued) of epithelial cells. (b) Representative voltage trace from AH neurons during
application of ATP to the mucosa; dotted lines in b and ¢ indicate resting membrane potential. A
brief application (100 ms; at the filled triangle) of ATP (2 mM) elicited a train of 12 action
potentials that showed a slowing in frequency during the 1.1-s duration of the discharge. (c)
Representative voltage recording from an intrinsic sensory neuron in the myenteric plexus. ATP
was applied to the cell body and evoked a short latency depolarization — tetrodotoxin was present
to block sodium-dependent action potentials. During superfusion with pyridoxal phosphate-6-
azopheyl-2',4’-disulphonic acid (60 pM), the ATP-evoked depolarization was blocked, whereas in
the presence of suramin (100 uM), it was potentiated. (d) Effect of ATP and o,-meATP in AH
neurons from P2X;** and P2X5 '~ mice. Top panels: Representative responses caused by ATP
and o,B-meATP. ATP depolarized AH neurons from both types of mice. o,f-meATP caused
depolarization of AH neurons in tissues from P2X5"* but not P2X5 ™/~ mice. Bottom panel: Pooled
data from experiments illustrated in the top panels. (¢) Morphology of intraganglionic laminar
endings (IGLEs) revealed by P2X, receptor immunoreactivity in a group of three to four IGLEs at
the surface of a myenteric ganglion in the duodenum. The axons that lead to the IGLEs also have
P2X, receptor immunoreactivity (arrowheads). The IGLEs consist of clumps of axon dilatations,
varying from small swellings (arrows) to large lamellae, one of which is indicated by an asterisk.
Scale bar 50 pm. (f) P2X; receptor immunoreactivity in extrinsic vagal nerve fibres in the
developing rat stomach with short branches at the ends at embryonic day 12. Scale bar 250 pm.
(g) P2X; receptor immunoreactive neurons and IGLEs in myenteric plexus of rat stomach at
postnatal day 60. Scale bar 30 pm. (a, b Reproduced from Bertrand and Bornstein 2002, with
permission from the Society of Neuroscience; ¢ reproduced from Bertrand 2003, with permission
from Sage Publications; ¢d) reproduced from Bian et al. 2003, with permission from Blackwell
Publishing; ¢e) reproduced from Castelucci et al. 2003, with permission from Springer-Verlag;
(f, g) reproduced from Xiang and Burnstock 2004b, with permission from Springer-Verlag)
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cotransmitter (Burnstock 1993). Concurrent release of ATP and SP from guinea pig
trigeminal ganglionic neurons in vivo has been described (Matsuka et al. 2001).

3.1 Carotid Body

The ventilatory response to decreased oxygen tension in the arterial blood is
initiated by excitation of specialized oxygen-sensitive chemoreceptor cells in the
carotid body that release neurotransmitter to activate endings of the sinus nerve
afferent fibres. ATP and adenosine were shown early on to excite nerve endings in
the carotid bifurcation (Lahiri et al. 2007).

Large amounts of adenine nucleotides are localized in glomus cells, stored
within specific granules together with catecholamines and proteins, and there is
evidence of ATP release from carotid chemoreceptor cells. Corelease of ATP and
ACh from type I glomus chemoreceptor cells is a likely mechanism for chemosen-
sory signalling in the carotid body in vivo (Nurse 2005; Zapata 2007). The ATP
released during hypoxic and mechanical stimulation was shown to act on P2X,/3
receptors on nerve fibres arising from the petrosal ganglion (Reyes et al. 2007).
Immunoreactivity for P2X, and P2X3 receptor subunits has been localized on rat
carotid body afferent terminals surrounding clusters of glomus cells. P2X, and
P2X,,; receptor deficiency resulted in a dramatic reduction in the responses of the
carotid sinus nerve to hypoxia in an in vitro mouse carotid body-sinus nerve
preparation (Rong et al. 2003) (Fig. 3). ATP mimicked the afferent discharge and
PPADS blocked the hypoxia-induced discharge. ATP induces a rise in intracellular
Ca”* concentration in rat carotid body cultured glomus cells. Evidence that this
mechanism is involved in hypercapnia as well as in hypoxia came from CO,/pH
chemosensory signalling in co-cultures of rat carotid body and petrosal neurons
(Zhang and Nurse 2004). In fresh tissue slices of rat carotid body, low glucose
stimulated ATP secretion (Zhang et al. 2007a--b). ATP, acting on P2X, receptors,
contributed to modified chemoreceptor activity after chronic hypoxia, indicating
a role for purinergic mechanisms in the adaptation of the carotid body in a chronic
low-O, environment (He et al. 2006).

3.2 Lung

Pulmonary neuroepithelial bodies (NEBs) and more recently subepithelial receptor-
like endings associated with smooth muscle (SMARs) have been shown to serve
as sensory organs in the lung (Brouns et al. 2006). P2X3; and P2X,; receptors are
expressed on a subpopulation of vagal sensory fibres that supply NEBs and SMARs
with, their origin in the nodose ganglia (Fig. 4a). Sensory afferent fibres within
the respiratory tract, which are sensitive to ATP, probably largely via P2X,;
receptors, have been implicated in vagal reflex activity (Taylor-Clark and
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Fig. 3 Carotid body. (a) Representative recording of the afferent nerve responses to hypoxia in
the isolated carotid body sinus nerve preparation taken from a wild-type mouse. Typical traces of
changes in PO, and raw nerve activity. (b) Effects of ATP on carotid sinus nerve activity in wild-
type mice and in P2X, (P2X, /"), P2X; (P2X3 /"), and P2X, and P2X; (P2X,/P2X;°"/7)-
deficient mice. (¢) Hypothetical model of ATP involvement in the carotid body. P2X receptors
containing the P2X, subunit play a pivotal role in transmitting information about arterial PO, and
PCO, levels. A decrease in PO, or an increase in PCO,/H" activates glomus cells, which release
ATP as the main transmitter to stimulate afferent terminals of the sinus nerve via interaction with
P2X receptors that contain the P2X, subunit, with or without the P2X3 subunit. (a Reproduced,
from Rong et al. 2003, with permission from the Society of Neuroscience; (b) courtesy of Weifang
Rong; ¢ reproduced from Spyer et al. 2004, with permission from Blackwell Publishing)
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Fig.4 Lung. (a) The main innervation of airway smooth muscle and of the sensory innervation of
complex neuroendothelial body (NEB) receptors in rat airways. Nerve fibre populations are
colour-coded. The central part of the scheme shows airway smooth muscle that receives laminar
nerve terminals (SMAR; green) immunopositive for P2X3 receptors that intercalate between the
smooth muscle cells and nerve terminals from postganglionic parasympathetic neurons located
in an airway ganglion (bottom; cholinergic neurons purple). The top centre part of the scheme
represents a pulmonary NEB (yellow) and its extensive interactions with sensory nerve terminals.
The top left part shows the myelinated vagal nodose afferent fibres immunopositive for P2X3
receptors (red) and sensory fibres (/ight blue) that innervate the NEB but do not express P2X5
receptors; C-fibre afferents that originate from the vagal jugular ganglion (orange) innervate
the non-endocrine epithelium of large-diameter airways. The top right part represents dorsal
root C-fibre afferents (dark blue) that innervate NEB but do not express P2X; receptors. ¢
diameter. (b) Representative inward ionic currents obtained with whole-cell patch recordings
of nodose neurons retrogradely labelled from the lung. All neurons responded to ATP with a
rapid inward current. (¢) Representative extracellular recording of action potential discharge from
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Undem 2006) (Fig. 4b, c), as well as in the cough and bradypneic reflexes (see Sect.
6.7). Quinacrine staining of NEBs indicates the presence of high concentrations of
ATP in their secretory vesicles and it has been suggested that ATP is released in
response to both mechanical stimulation during high-pressure ventilation and
during hypoxia (Rich et al. 20035). NEBs are oxygen sensors especially in early
development, before the carotid system has matured (Brouns et al. 2003).

Vagal C-fibres innervating the pulmonary system are derived from cell bodies
situated in two distinct vagal sensory ganglia: the jugular (superior) ganglion
neurons project fibres to the extrapulmonary airways (larynx, trachea, bronchus)
and the lung parenchymal tissue, while the nodose (inferior) neurons innervate
primarily structures within the lungs. Nerve terminals in the lungs from both jugular
and nodose ganglia responded to capsaicin and bradykinin, but only the nodose
C-fibres responded to o,3-meATP. In a study of bronchopulmonary afferent nerve
activity of a mouse isolated perfused nerve-lung preparation it was found that
C-fibres could be subdivided into two groups: fibres that conduct action potentials
at less than 0.7 ms™' and are responsive to capsaicin, bradykinin and ATP; and
fibres that conduct action potentials on an average of 0.9 ms™' and respond
vigorously to ATP, but not to capsaicin or bradykinin (Kollarik et al. 2003). Both
the TRPV1 receptor and P2X receptors mediate the sensory transduction of pulmo-
nary reactive oxygen species, especially HO, and OH, by capsaicin-sensitive vagal
lung afferent fibres.

The visceral pleura of the airways is often considered to be insensitive to painful
stimuli and to lack sensory innervation. However, a recent paper has identified
P2X; receptors on sensory fibres supplying the pleura, which appear to be myelin-
ated and have a spinal origin (Pintelon et al. 2007).

3.3 Gut

ATP and o,B-meATP activate submucosal terminals of intrinsic sensory neurons in
the guinea pig intestine (Bertrand and Bornstein 2002), supporting the hypothesis of
Burnstock (2001a) that ATP released from mucosal epithelial cells has a dual action
on P2X; and/or P2X,3 receptors in the subepithelial sensory nerve fibres. ATP acts
on the terminals of low-threshold intrinsic enteric sensory neurons to initiate or
modulate intestinal reflexes and acts on the terminals of high-threshold extrinsic
sensory fibres to initiate pain (see Sects. 5.3, 6.1). Thirty-two percent of retrogradely
labelled cells in the mouse DRG at levels T8-L1 and L6-S1, supplying sensory nerve
fibres to the mouse distal colon, were immunoreactive for P2X5 receptors (Robinson

Fig. 4 (continued) a nodose C-fibre ending with a receptive field within the right lung caused by
tracheal infusion of ATP (10 uM). (a Modified from Adriaensen et al. 2006, and reproduced with
permission from The American Physiological Society; (b) Reproduced from Undem et al. 2004,
with permission from Blackwell Publishing; ¢ reproduced from Taylor-Clark and Undem 2006,
with permission from The American Physiological Society)
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et al. 2004). Extrinsic and possibly intrinsic sensory nerves associated with mucosal
epithelial cells appear to be sensitive to pH, probably via P2X, and P2X, 3 receptors
(Holzer 2007).

Intraganglionic laminar nerve endings (IGLEs) are specialized mechanosensory
endings of vagal afferent nerves in the rat stomach, arising from the nodose gangli-
on; they express P2X, and P2X5 receptors and are probably involved in physiologi-
cal reflex activity, especially in early postnatal development (Castelucci et al. 2003;
Xiang and Burnstock 2004b) (Fig. 2e—g). o,p-meATP caused concentration-
dependent excitation of IGLEs of vagal tension receptors in the guinea pig oesophagus,
but evidence was presented against chemical transmission being involved in the
mechanotransduction mechanism (Zagorodnyuk et al. 2003). A subpopulation of
nodose vagal afferent nociceptive nerves sensitive to P2X; receptor agonists was
later identified and shown to be different from the non-nociceptive vagal nerve
mechanoreceptors (Yu et al. 2005).

3.4 Urinary Bladder

In the absence of P2X; receptors in mouse knockouts, the bladder is hyperactive
(Cockayne et al. 2000; Vlaskovska et al. 2001). It has been claimed that subur-
othelial myofibroblast cells isolated from human and guinea pig bladder that are
distinct from epithelial cells provide an intermediate regulatory step between
urothelial ATP release and afferent excitation involved in the sensation of bladder
fullness (Wu et al. 2004). The majority of lumbosacral neurons (93%) supplying
the bladder were sensitive to o,3-meATP, compared with 50% of thoracolumbar
neurons (Dang et al. 2004). Almost all sensory neurons in lumbosacral DRG
innervating the bladder coexpress P2X, ASIC, and TRPV1 receptors, but not
those in the thoracolumbar DRG neurons supplying the bladder, indicating that
pelvic and hypogastric afferent pathways to the bladder are structurally and func-
tionally distinct.

3.5 Inner Ear

The inner ear encompasses three organs: the cochlea, responsible for hearing; the
vestibule, sensitive to gravity and acceleration; and the endolymphatic sac, devoid
of sensory function. A role for ATP as a cotransmitter generating intracellular Ca**
currents in cochlea inner hair cells was first proposed in 1990 (Housley et al. 2006).
Later, various P2X and P2Y receptor subtypes were shown to be expressed in other
cell types in the cochlea, including outer hair cells, Henson cells and Deiters cells in
the organ of Corti. Physiological studies suggested that ATP acts as a neurotrans-
mitter, but probably not as part of the efferent system as previously supposed, but
rather as a cotransmitter with glutamate in auditory afferent nerves activated by
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glutamate released from hair cells and acting postsynaptically on the spiral ganglion
neuron afferent dendrites (Housley et al. 2006). There are about 50,000 primary
afferent neurons in the human cochlear and about half express P2X, (or P2X,
variants) and probably P2Xj; receptors. ATP is released from K*-depolarized organ
of Corti in a Ca**-dependent manner and an increase in ATP levels in the endo-
lymph has been demonstrated during sound exposure. The P2 receptor antagonist
PPADS attenuated the effects of a moderately intense sound on cochlea mechanics.
Nitric oxide enhances the ATP-induced intracellular Ca®* increase in outer
hair cells (Shen et al. 2006). P2Y, and/or P2Y, receptors mediate intercellular
calcium wave propagation in supporting and epithelial cells in the organ of Corti
(Piazza et al. 2007). Spiral ganglion neurons, located in the cochlear, convey to the
brain stem the acoustic information arising from the mechanoelectrical transduction
of the inner hair cells, express P2X receptors and are responsive to ATP (Dulon
et al. 2006). P2X receptor signalling inhibits brain derived neurotrophic factor,
mediated spiral ganglion neuron development in the neonatal rat cochlea, when
synaptic reorganization is occurring in the cochlea (Greenwood et al. 2007).

3.6 Eye

Amacrine cells and the pigment epithelial cells themselves have been shown to
release ATP as well as retinal astrocytes and inner retinal amacrine-like neurons
(Burnstock 2007). ATP is also released from antidromically stimulated sensory
nerve endings in the ciliary body (Maul and Sears 1979).

3.7 Nasal Organ

There are three types of epithelial cells in the nasal mucosa: non-keratinized,
stratified squamous epithelium, respiratory epithelium and olfactory epithelium.
Primary olfactory neurons lie in the olfactory epithelium and function to detect
odiferous substances, sending information to the olfactory cortex. P2X, receptors
are localized on different subpopulations of primary olfactory neurons located both
in the olfactory epithelium and in vomeronasal organs, and on sensory fibres arising
from the trigeminal ganglion (Gayle and Burnstock 2005).

Odorant recognition is mediated by olfactory receptors predominantly situated
on the microvilli of olfactory receptor neurons in the nasal organ. Nucleotides act
via purinoceptors on olfactory neurons as well as sustentacular supporting cells
(Hegg et al. 2003). ATP released from olfactory epithelium modulates odour
sensitivity and nociception. The majority of nasal trigeminal neurons lacked
P2X3 receptor5mediated currents, but showed P2X,-mediated responses when
stimulated by ATP (Damann et al. 2006).
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Fig. 5 Tongue. Distribution of P2X; receptor immunoreactivity in circumvallate papillae in rat
tongue. Scale bar 200 pm. (Courtesy of Atossa Alavi)

3.8 Taste Buds

Taste bud cells and associated sensory nerve fibres express P2 receptors, including
P2X, and P2Xj receptor subunits (Bo et al. 1999) (Fig. 5) and P2Y, receptors
(Kataoka et al. 2004). ATP is the key transmitter acting via P2X, and P2Xj
receptors on taste receptor cells detecting chemicals in the oral cavity
(Finger et al. 2005). These authors showed that genetic elimination of P2X, and
P2X; receptors abolished responses of the taste nerves, although the nerves
remained responsive to touching, temperature and menthol and reduced responses
to sweeteners, glutamate and bitter substances. They also showed that a bitter
mixture containing denatonium and quinine stimulated release of ATP from the
taste epithelium. Type A (but not type B and C) taste cells, defined electrophysio-
logically, which appear to be identical to type II cells, defined morphologically,
have been shown to release ATP via connexin or pannexin hemichannels to activate
P2X; receptors on sensory nerve endings (Romanov et al. 2007 Huang-et-al-—2007).
Dystonin disruption, produced in mutant mice, resulted in a decrease in the number
of vagal and glossopharyngeal sensory neurons, and in the number of taste buds
as well as in the number of P2X; receptor labelled neurons and their peripheral
endings in taste bud epithelium (Ichikawa et al. 2006). Other papers present data
that suggest that P2Y, and P2Y, receptors also play a role in mediating taste cell
responses to ATP and UTP (Bystrova et al. 2006). NTPDase2 has been shown to
have a dominant presence on type 1 cells in mouse taste papillae (Bartel et al. 2006).
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3.9 Skin, Muscle and Joints

It has been suggested that ATP receptors on keratinocytes might play a role in a
variety of skin sensations (Denda et al. 2007). Ca** waves in human epidermal
keratinocytes mediated by extracellular ATP, produce intracellular Ca** concen-
tration elevation in DRG neurons, suggesting a dynamic cross talk between skin
and sensory neurons mediated by extracellular ATP (Koizumi et al. 2004). ATP
inhibits the heat response of the C-fibre polymodal receptor on a rat skin-nerve
preparation at low concentrations, but facilitates it at high concentrations (Yajima
et al. 2005).

P2 receptors on the endings of thin fibre muscle afferents play a role in evoking
both the metabolic and the mechanoreceptor components of the exercise pressor
reflex. PPADS attenuated the pressor response to contraction of the triceps muscle.
ATP has been shown to be an effective stimulant of group I'V receptors in mechani-
cally sensitive muscle afferents (Kindig et al. 2007). Arterial injection of o,f3-
meATP in the blood supply of the triceps surae muscle evoked a pressor response
that was a reflex localized to the cat hind limb and was reduced by P2X receptor
blockade.

Sensory nerve fibres arising from the trigeminal ganglion supplying the
temporomandibular joint have abundant receptors that respond to capsaicin, protons,
heat and ATP; retrograde tracing revealed 25, 41 and 52% of neurons supplying this
joint exhibited TRPV1 and P2Xj; receptors, respectively (Ichikawa et al. 2004).

3.10 Heart

An ATP-triggered vagal reflex has been described leading to suppression of sinus
mode automaticity and atrioventricular nodal conduction (Pelleg and Hurt 1990).
This is probably mediated by P2X,/; receptors located on vagal sensory nerve
terminals in the left ventricle and lung (McQueen et al. 1998). This supports the
hypothesis that ATP released from ischaemic myocytes is a mediator of atropine-
sensitive bradyarrhythmias associated with left ventricular myocardial infarction
(Xu et al. 2005).

4 Central Sensory Nerves

While the main areas of the central nervous system (CNS) concerned with control
of autonomic function involving sensory nerves are the spinal cord, brain stem and
hypothalamus (Burnstock 2007), the prefrontal cortex is implicated in the integration
of sensory, limbic and autonomic information (Groenewegen and Uylings 2000). It
seems likely that P1, P2X and P2Y receptors are involved in neurotransmission and
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neuromodulation of sensory pathways in the somatic, visual, olfactory, auditory and
gustatory cortex (North and Verkhratsky 2006).

4.1 Spinal Cord

Spinal circuits, spinal afferent influx as well as descending influences from brain
stem and hypothalamus work together in the integrative activities of the preganglionic
sympathetic neurons, which regulate the activity on many organs. There was early
identification of dense areas of acid phosphatase and 5'-nucleotidase activity in
the substantia gelatinosa of the spinal cords of rats and mice and the possible
implication for purinergic transmission was raised (Burnstock 2007).

P2X receptors mediate sensory synaptic transmission between primary afferent
fibres and spinal dorsal horn neurons (Li et al. 1998). ATP-evoked increases in
intracellular calcium were demonstrated in both neurons and glia of the dorsal
spinal cord. ATP was shown to inhibit slow depolarization via P2Y receptors in
substantia gelatinosa neurons. A recent study has identified P2Y, and P2Y, receptor
mRNA in subpopulations of dorsal horn neurons (Kobayashi et al. 2006). P2X;
immunoreactivity is present on the axon terminals of DRG neurons that extend
across the entire mediolateral extent of inner lamina II of the dorsal horn. The
immunolabelled nerve profiles in lamina II for P2X; receptors are located largely
on terminals with ultrastructural characteristics of sensory afferent terminals
(Llewellyn-Smith and Burnstock 1998). In contrast, although P2X, immunoreac-
tivity is most prominent in lamina II, it is also seen in deeper layers, and only rarely
overlaps with P2X3 immunoreactivity. A TNP-ATP-resistant P2X ionic current has
been reported on the central terminals of capsaicin-insensitive Ad-afferent fibres
that play a role modulating sensory transmission to lamina V nerves. At central
terminals of primary afferent neurons, ATP has been shown to act both presynapti-
cally facilitating glutamate release (Nakatsuka and Gu 2006) and postsynaptically
(Fyffe and Perl 1984). P2X receptors are also expressed on glycinergic presynaptic
nerve terminals.

ATP has been shown to be released from dorsal spinal cord synaptosomes.
Morphine and capsaicin release purines from capsaicin-sensitive primary afferent
nerve terminals in the spinal cord. In addition to acting as a fast excitatory synaptic
transmitter, ATP facilitates excitatory transmission by increasing glutamate release
and enhancing inhibitory neurotransmission mediated by both GABA and glycine.
A different P2X receptor subtype (perhaps P2X 5 or P2X, ) was involved in long-
lasting modulation in lamina V (Nakatsuka et al. 2003). The authors concluded that
differential modulation of sensory inputs into different sensory regions by P2X
receptor subtypes represents an important mechanism of sensory processing in the
spinal cord dorsal horn. Blockade of P2X receptors in the dorsal horn with PPADS
attenuates the cardiovascular “exercise pressor reflex” to activation of muscle
afferents, while stimulation of P2X receptors enhances the reflex response (Gao
et al. 2005).
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4.2 Nucleus Tractus Solitarius

The nucleus tractus solitarius (NTS) (particularly neurons in the caudal NTS)
is a central relay station for relaying viscerosensory information to respiratory,
cardiovascular and digestive neuronal networks. Extracellular purines have been
claimed to be the primary mediators signalling emergency changes in the internal
environment in the CNS. Stimulation of P2X receptors in the NTS evokes
hypotension with decreases in both cardiac output and total peripheral resistance
(Kitchen et al. 2001). Injection of adenosine into the NTS produced dose-related
decreases in heart rate and systolic and diastolic blood pressures. NTS Aja
receptor activation elicits hind limb vasodilatation. ATP and f,y-methylene-ATP
(B,y-meATP) produced dose-related potent vasodepressor and bradycardic effects,
suggesting that P2 as well as P1 receptors were involved. Hindquarter vasodilata-
tion during defence reactions is mediated by P2X receptors in the NTS (Korim et al.
2007). Patch-clamp studies of neurons dissociated from rat NTS revealed P2
receptor;mediated responses and microinjection of P2 receptor agonists into the
subpostremal NTS in anaesthetized rats produced reduction of arterial blood pres-
sure probably via a P2X; or a P2Xj receptor subtype, since ao,B-meATP was
particularly potent. The actions of ATP and adenosine in the NTS may be function-
ally linked to selectively coordinate the regulation of regional vasomotor tone.

Microinjections into the caudal NTS of anaesthetized spontaneously breathing
cats showed that o,3-meATP elicited a distinct pattern of cardiorespiratory re-
sponse, namely dose-related decrease in tidal volume and respiratory minute
volume; at higher doses a pronounced apnoea was produced. This suggested that
a P2X receptor was present, perhaps involved in the processing of sensation from
pulmonary receptors related to the Breuer—Hering and pulmonary C-fibre reflexes.
Impaired arterial baroreflex regulation of heart rate after blockade of P2 receptors in
the NTS has been reported. Microinjection of ATP into caudal NTS of awake rats
produces respiratory responses (Antunes et al. 2005) and purinergic mechanisms
are probably involved in the sympathoexcitatory component of the chemoreflex
(Braga et al. 2007). It has been suggested that there is a sensory afferent selective
role of P2 receptors in the NTS for mediating the cardiac component of the
peripheral chemoreceptor reflex (Paton et al. 2002). Activation of NTS A, receptors
differentially inhibits baroreflex pathways controlling regional sympathetic outputs
(Scislo et al. 2007).

The immunohistochemical distribution of P2X receptor subtypes in the NTS of
the rat and colocalization of P2X, and P2X5 immunoreactivity has been described
in the NTS. At the electron microscope level, P2X; receptor positive boutons have
been shown to synapse on dendrites and cell bodies and have complex synaptic
relationships with other axon terminals and dendrites (Llewellyn-Smith and Burn-
stock 1998). P2X, receptors have been localized presynaptically in vagal afferent
fibres in rat NTS. A whole-cell patch-clamp study of neurons in the caudal NTS led
to the conclusion that ATP activates presynaptic P1(A) receptors after breakdown
to adenosine, reducing evoked release of glutamate from the primary afferent nerve
terminals. Purinergic and vanilloid receptor activation releases glutamate from
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separate cranial afferent terminals in the NTS corresponding to myelinated and
unmyelinated pathways in the NTS.

4.3 Ventrolateral Medulla

The ventrolateral medulla (VLM) contains a network of respiratory neurons that are
responsible for the generation and shaping of respiratory rhythm; it also functions
as a chemoreceptive area mediating the ventilating response to hypercapnia. Evi-
dence has been presented that ATP acting on P2X, receptors expressed in VLM
neurons influences these functions (Gourine et al. 2003). Recent studies suggest that
P2X receptors on neurons in the raphe nucleus are also involved in respiratory
regulation (Cao and Song 2007). It has also been shown in neonatal rats that
respiratory rhythm generating networks in the pre-Botzinger complex are very
sensitive to P2Y; receptor activation and suggest a role for P2Y, receptors in
respiratory motor control, particularly in the excitation of rhythm that occurs during
hypoxia (Lorier et al. 2007).

Evidence has been presented to suggest that CO,-evoked changes in respiration
are mediated, at least in part, by P2X receptors in the retrofacial area of the VLM
(Gourine 2005). CO,—P2X-mediated actions were observed only in inspiratory
neurons that have purinoceptors with pH sensitivity (characteristic of the P2X,
receptor subtype) that could account for the actions of CO, in modifying ventilatory
activity. During hypoxia, release of ATP in the VLM plays an important role in the
hypoxic ventilatory response in rats. Adenosine acts as a neuromodulator of a
variety of cardiorespiratory reflexes.

Intrathecal application of P2X receptor agonists and antagonists indicates that
P2X; or P2X,;; receptors on the trigeminal primary afferent terminals in the
medullary dorsal horn (trigeminal subnucleus caudalis) enhance trigeminal sensory
transmission (Jennings et al. 2006).

4.4 Sensory Nuclei

P1(A;) adenosine receptor agonists presynaptically inhibit both GABAergic and
glutamatergic synaptic transmission in periaqueductal grey neurons and adenosine
suppresses excitatory glutamatergic inputs to rat hypoglossal motoneurons (Burn-
stock 2007). This is evidence for multiple P2X and P2Y subtypes in the rat medial
vestibular nucleus.

P2X receptors are expressed in the medial nucleus of the trapezoid body of the
auditory brain stem, where they act to facilitate transmitter release in the superior
olivary complex (Watano et al. 2004). Although ATP potentiates release at both
excitatory and inhibitory synapses, it does so via different P2X receptor subtypes
expressed at different locations: P2X5 receptors on cell bodies or axons of excitatory
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pathways and P2X; receptors on the presynaptic terminals of inhibitory pathways.
A rather than P2X receptors have been implicated during high-frequency gluta-
matergic synaptic transmission in the calyx of Held (Wong et al. 2006). P2
receptors modulate excitability, but do not mediate pH sensitivity of respiratory
chemoreceptors in the retrotrapezoid nucleus on the ventral surface of the brain
stem (Mulkey et al. 2006).

4.5 Trigeminal Mesencephalic Nucleus

Although the trigeminal mesencephalic nucleus (MNV) is located in the CNS, it
contains cell bodies of primary afferent neurons that relay proprioceptive informa-
tion exclusively. The MNV is known to contain mRNA for P2X,, P2X,, P2X5 and
P2X¢ subtypes. With in situ hybridization studies, higher levels of mRNA for P2X5
were found in this nucleus than in any other brain area. ATP-gated ion channels
(P2X receptors) were described in rat trigeminal MNV proprioceptive neurons from
whole-cell and outside-out patch-clamp recording, possibly mediated by P2X;
receptor homomultimers and P2X,,5 heteromultimers (Patel et al. 2001).

4.6 Locus Coeruleus

There were early reports of modulation of neuronal activities in the locus coeruleus
(LC) by adenosine. The first report of the action (depolarization) of ATP on P2
receptors on neurons in LC was by Harms et al. (1992). o,f-Methylene ADP was
later shown to increase the firing rate of rat LC neurons. P2Y receptors are also
present on LC neurons (Frohlich et al. 1996). Intracellular recordings from slices of
rat LC led to the suggestion that ATP may be released either as the sole transmitter
from purinergic neurons terminating in the LC or as a cotransmitter with noradren-
aline from recurrent axon collaterals or dendrites of the LC neurons themselves
(Poelchen et al. 2001). Microinjection of ATP or o,3-meATP into LC (and peria-
queductal grey matter) led to changes in bladder function and arterial blood
pressure (Rocha et al. 2001).

4.7 Area Postrema

Injection of adenosine into the area postrema (AP) produced decreased heart rate
and systolic and diastolic blood pressure. Dense areas of P2X, receptor immunore-
activity were demonstrated in the rat AP and excitatory effects of ATP in rat AP
neurons have been demonstrated (Sorimachi et al. 2006).
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4.8 Hpypothalamus

ATP and o,3-meATP excite neurosecretory vasopressin cells in the supraoptic
nucleus (SON), an effect blocked by suramin. Suramin also blocked excitation
produced by vagus nerve stimulation. There is evidence for cotransmitter release of
ATP with neradrenaling at synapses in the hypothalamus stimulating vasopressin
and oxytocin release (Song and Sladek 2006). ATP and the oy-adrenoceptor agonist
phenylephrine evoke synergistic stimulation of vasopressin and oxytocin release
from the hypothalamoneurohypophyseal systems and the authors speculate that
this allows for a sustained elevation of vasopressin release in response to extended
stimuli such as severe haemorrhage, chronic hypotension or congestive heart failure.
Excitatory effects of ATP via P2X receptors in acutely dissociated ventromedial
hypothalamic neurons have been described. A role for adenosine A; receptors in
mediating cardiovascular changes evoked during stimulation of the hypothalamic
defence area has been postulated.

Purinergic regulation of stimulus-secretion coupling in the neurohypophysis has
been reported. Ultrastructural localization of both P2X, and P2X¢ receptor immu-
noreactivity at both pre- and postsynaptic sites in the rat hypothalamoneurohypo-
physeal system has been described (Loesch and Burnstock 2001). From a study of
the expression of P2X receptor subtypes in the SON using RT-PCR, in situ
hybridization, Ca®* imaging and whole-cell patch-clamp techniques, it was con-
cluded that P2X5 and P2X, receptors were predominant, but that P2X; receptors
were also present. A reeent-study has shown that P2Xs receptors are expressed on
neurons containing vasopressin and NOS in the rat hypothalamus (Xiang et al.
2006). P2Y as well as P2X receptors mediate increases in intracellular calcium in
supraoptic neurons produced by ATP (Song et al. 2007).

It has been suggested that ATP, cosecreted with vasopressin and oxytocin, may
play a key role in the regulation of stimulus-secretion coupling in the neurohypoph-
ysis by acting through P2X; receptors increasing AVP release, and after breakdown
to adenosine, acting via P1(A;) receptors (inhibiting N-type Ca”" channels) to
decrease neuropeptide release. Evidence for the involvement of purinergic signal-
ling in hypothalamus and brain stem nuclei in body temperature regulation has been
presented (Gourine et al. 2002). Early studies of the roles of adenosine in the
hypothalamus have been reviewed (Burnstock 2003). Adenosine deaminase con-
taining neurons in the posterior hypothalamus innervate mesencephalic primary
sensory neurons, perhaps indicating purinergic control of jaw movements.

ATP injected into the paraventricular nucleus stimulates release of AVP, result-
ing in antidiuretic action through renal AVP (V,) receptors, and ATP (but not ADP,
AMP or adenosine) injected into the SON also decreased urine outflow (Mori et al.
1994). Stimulation of the hypothalamic defence area produces autonomic responses
that include papillary dilatation, pilorection, tachypnoea, tachycardia and a marked
pressor response. Luteinizing hormone releasing hormone (LHRH) is released from
the hypothalamus in pulses at hourly intervals, which is essential for the mainte-
nance of normal reproductive function. Studies of an in vivo culture preparation of
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LHRH neurons show that ATP stimulates LHRH release, probably via P2X, and
P2X, receptor subtypes, and may be involved in synchronization of the Ca**
oscillations that appear to underlie the pulsatile release of LHRH (Terasawa et al.
2005). The authors also speculate that glial cells expressing P2Y; and P2Y,
receptors may also participate in this process. P2X;_g receptor subunits are present
on paraventricular nucleus neurons projecting to the rostral ventrolateral medulla in
the rat, suggesting a role for ATP on the paraventricular nucleus in the regulation of
sympathetic nerve activity.

S Purinergic Mechanosensory Transduction

A hypothesis was proposed that purinergic mechanosensory transduction occurred
in visceral tubes and sacs, including ureter, bladder and gut, where ATP released
from epithelial cells during distension acted on P2X3; homomeric and P2X,;
heteromeric receptors on subepithelial sensory nerves initiating impulses in both
local sensory pathways and pathways to pain centres in the CNS (Burnstock 1999)
(Fig. 6b). Subsequent studies of bladder, ureter and gut have produced evidence in
support of this hypothesis as presented in the following sections.

5.1 Urinary Bladder

Mice lacking the P2X; receptor exhibited reduced inflammatory pain and
marked urinary bladder hyporeflexia with reduced voiding frequency and increased
voiding volume, suggesting that P2X; receptors are involved in mechanosensory
transduction underlying both physiological voiding reflexes and inflammatory pain
(Cockayne et al. 2000). A later study from this group, using P2X, knockout mice
and P2X,/P2X; double knockout mice, revealed a role for the P2X, subtype too in
mediating the sensory effect of ATP (Cockayne et al. 2005). In a systematic study
of purinergic mechanosensory transduction in the mouse urinary bladder, ATP was
shown to be released from urothelial cells during distension and discharge initiated
in pelvic sensory nerves, was mimicked by ATP and o,3-meATP and was attenu-
ated by P2X; antagonists as well as in P2X5 knockout mice (Fig. 6a); P2X;
receptors were localized on suburothelial sensory nerve fibres (Vlaskovska et al.
2001). Single-unit analysis of sensory fibres in the mouse urinary bladder revealed
both low- and high-threshold fibres sensitive to ATP contributing to physiological
(non-nociceptive) and nociceptive mechanosensory transduction, respectively. The
amilorode-sensitive mechanosensitive channels, including epithelial Na* channels,
expressed in the rat bladder epithelium might be involved in the mechanosensory
transduction mechanisms by controlling stretch-evoked ATP release (Du et al.
2007). TRPV1 receptors participate in normal bladder function and are essential
for normal mechanically evoked purinergic signalling by ATP released from the
urothelium. Purinergic agonists increase the excitability of afferent fibres to distension.
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Fig. 6 Urinary bladder. (a) Comparison of the firing rate in sensory nerves during distension
of the bladder in wild-type mice (left) and P2X; receptor deficient mice (P2X577) (right).
(b) Hypothesis for purinergic mechanosensory transduction in tubes (e.g. ureter, vagina, salivary
and bile ducts, and 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 P2X5
and P2X,,; receptors on subepithelial sensory nerves to convey sensory/nociceptive information to
the CNS. (c) Purinergic mechanosensory transduction in the gut. It is proposed that ATP released
from mucosal epithelial cells during moderate distension acts preferentially on P2X3 and/or P2X,/3
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 P2X3
and/or P2X,/; receptors on high-threshold extrinsic sensory nerve fibres (labelled with isolectin
B4) that send messages via the DRG to pain centres in the CNS. (a Courtesy of Weifang Rong;
¢b) Reproduced from Burnstock 1999, with permission from Blackwell Publishing; ¢ reproduced
from Burnstock 2001a, with permission from John Wiley and Sons)
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Bladder sensory DRG neurons, projecting via pelvic nerves, express predominantly
P2X,,; heteromultimer receptors. Stretch induces release of both ACh and ATP
from urothelial cells of the human bladder.

ATP given intravesically stimulates the micturition reflex in awake, freely
moving rats, probably by stimulating suburothelial C-fibres (Pandita and Andersson
2002). The findings of studies of resiniferatoxin desensitization of capsaicin-sensitive
afferents on detrusor overactivity induced by intravesical ATP in conscious rats
support the view that ATP has a role in mechanosensory transduction and that
ATP-induced facilitation of the micturition reflex is mediated, at least partly, by
nerves other than capsaicin-sensitive afferents (Brady et al. 2004). ATP has also been
shown to induce a dose-dependent hypereflexia in conscious and anaesthetized mice,
largely via capsaicin-sensitive C-fibres; these effects were dose-dependently inhib-
ited by PPADS and TNP-ATP (Hu et al. 2004). P2X; and P2X; receptors play a
fundamental role in the micturition reflex in female urethane-anaesthetized rats;
P2X; receptor blockade by phenol red raised the pressure and volume thresholds for
the reflex, while P2X, receptor blockade diminished motor activity associated with
voiding (King et al. 2004).

It has been claimed that suburothelial myofibroblast cells isolated from human
and guinea pig bladder that are distinct from epithelial cells provide an intermediate
regulatory step between urothelial ATP release and afferent excitation involved in
the sensation of bladder fullness (Wu et al. 2004). The roles of ATP released from
urothelial cells and suburothelial myofibroblasts on various bladder functions have
been considered at length in several reviews (e.g. Birder 2006) and evidence gas
been presented that urothelial-released ATP may alter afferent nerve excitability
(de Groat 2006).

5.2 Ureter

The ureteric colic induced by the passage of a kidney stone causes severe pain.
Distension of the ureter resulted in substantial ATP release from the urothelium in a
pressure-dependent manner (Knight et al. 2002). Cell damage was shown not to
occur during distension with scanning electron microscopy, and after removal of
the urothelium there was no ATP release during distension. Evidence was presented
that the release of ATP from urothelial cells was vesicular. Immunostaining of
P2X; receptors in sensory nerves in the subepithelial region was reported. Multi-
fibre recordings from ureter afferent nerves were made using a guinea pig prepara-
tion perfused in vitro (Rong and Burnstock 2004). Distension of the ureter resulted
in a rapid, followed by maintained, increase in afferent nerve discharge. The rapid
increase was mimicked by intraluminal application of ATP or o,f-meATP, and
TNP-ATP attenuated these nerve responses to distension; the maintained increase
was partly due to adenosine.
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5.3 Gut

A hypothesis was proposed suggesting that purinergic mechanosensory transduction
in the gut initiated both physiological reflex modulation of peristalsis via intrinsic
sensory fibres and nociception via extrinsic sensory fibres (Burnstock 2001a) (Fig. 6¢).
Evidence in support of this hypothesis was obtained from a rat pelvic sensory nerve
colorectal preparation (Wynn et al. 2003). Distension of the colorectum led to
pressure-dependent increase in release of ATP from mucosal epithelial cells and
also evoked pelvic nerve excitation. This excitation was mimicked by application
of ATP and o,f-meATP and was attenuated by the selective P2X5 and P2X,/3
antagonist TNP-ATP and by PPADS. The sensory discharge was potentiated by
ARL-67156, an ATPase inhibitor. Single-fibre analysis showed that high-threshold
fibres were particularly affected by o,f-meATP. Lumbar splanchnic and sacral
pelvic nerves convey different mechanosensory information from the colon to
the spinal cord. Forty percent of lumbar splanchnic nerve afferents responded to
o,B-meATP compared with only 7% of pelvic nerve afferents (Brierley et al. 2005).
The P2Xj3 receptor subtype predominates in AH-type neurons and probably
participates in mechanosensory transduction (Raybould et al. 2004).

Purinergic mechanosensory transduction has also been implicated in reflex
control of secretion, whereby ATP released from mucosal epithelial cells acts on
P2Y, receptors on enterochromaffin cells to release 5-hydroxytryptamine, which
leads to regulation of secretion either directly or via intrinsic reflex activity (Cooke
et al. 2003; Xue et al. 2007).

5.4 Uterus

It has been hypothesized that tissue stress or damage in the uterine cervix during
late pregnancy and parturition leads to ATP release and sensory signalling via P2X
receptors (Papka et al. 2005). In support of this proposal, these authors have shown
P2X; receptor immunoreactivity in axons in the cervix, in small and medium-sized
neurons in L6-S1 DRG and in lamina II of the L6-S1 spinal cord segments and
increases in P2X3 receptor expression between pregnancy day 10 and parturition
(day 22/23) in the rat cervix, although not in DRG or spinal cord.

5.5 Tooth Pulp

P2X; and P2X,,; receptors on sensory afferents in tooth pulp appear to mediate
nociception (Alavi et al. 2001; Renton et al. 2003), perhaps from ATP released by
mechanical distension or inflammation of odontoblasts. Mustard oil application to
the tooth pulp in anaesthetized rats produced long-lasting central sensitization,
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reflected by increases in neuronal mechanoreceptive field size; TNP-ATP reversi-
bly attenuated the mustard oil sensitization for more than 15 min (Hu et al. 2002).
P2X; receptor expression is transiently upregulated and anterogradely transported
in trigeminal sensory neurons after orthodontic tooth movement (Cao et al. 2006).

5.6 Tongue

P2X; receptors are abundantly present on sensory nerve terminals in the tongue (see
Sect. 3.8), and ATP and o,B-meATP have been shown to excite trigeminal lingual
nerve terminals in an in vitro preparation of intra-arterially perfused raf, mimicking
nociceptive responses to noxious mechanical stimulation and high temperature
(Rong et al. 2000). A purinergic mechanosensory transduction mechanism for the
initiation of pain has been considered.

5.7 Skin and Joints

Skin cell damage causes action-potential firing and inward currents in sensory
nerve fibres, which was eliminated by enzymatic degradation of ATP or blockade
of P2X receptors, indicating release of cytosolic ATP (Cook and McCleskey 2002).

ATP has been shown to be a stimulant of articular nociceptors in the knee joint
via P2X; receptors (Dowd et al. 1998) and also to some extent in lumbar interver-
tebral disc, but not as prominently as in the skin (Aoki et al. 2003). P2Y, receptor
mRNA is expressed in both cultured normal and osteoarthritic chondrocytes taken
from human knee joints and ATP was shown to be released by mechanical stimula-
tion (Millward-Sadler et al. 2004).

6 Purinergic Sensory Pathology
6.1 Pain

There is much current interest in the involvement of purinergic signalling in pain
and recent reviews are available (Burnstock 2006, 2007; McGaraughty and Jarvis
2006; Shieh et al. 2006; Inoue 2007).

There were early hints that ATP might be involved in pain, including the
demonstration of pain produced by injection of ATP into human skin blisters and
ATP participation in pain pathways in the spinal cord (see Sect. 1). P2X3 ionotropic
receptors were cloned in 1995 and shown to be localized predominantly on small
nociceptive sensory neurons in DRG together with P2X,,; heteromultimer receptors.
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Later, Burnstock (1996b) put forward a unifying purinergic hypothesis for the
initiation of pain by ATP on nociceptive afferent nerves. It was suggested that
ATP released as a cotransmitter with neradrenaling, and neuropeptide Y from
sympathetic nerve terminal varicosities might be involved in causalgia and reflex
sympathetic dystrophy (see also Ren et al. 2006); that ATP released from vascular
endothelial cells of microvessels during reactive hyperaemia is associated with
pain in migraine, angina and ischaemia; and that ATP released from tumour cells
(which contain very high levels), damaged during abrasive activity, reaches P2X3
receptors on nociceptive sensory nerves. This was followed by an increasing
number of papers expanding on this concept. Immunohistochemical studies have
shown that the nociceptive fibres expressing P2X;3 receptors arose largely from
the population of small neurons that were labelled with the lectin IB,4. IB4-positive
fibres expressing P2X3 and P2X,,3 receptors are C-fibres, but the smaller population
of CGRP-positive fibres expressing P2X5 and P2X,/3 receptors appear to be Ad-
fibres. The central projections of these neurons were shown to be in inner lamina IT
of the dorsal horn and peripheral projections were demonstrated to skin, tooth pulp,
tongue and subepithelial regions of visceral organs. A schematic illustrating the
initiation of nociception on primary afferent fibres in the periphery and purinergic
relay pathways in the spinal cord was presented by Burnstock and Wood (1996)
(Fig. 7). The decreased sensitivity to noxious stimuli associated with the loss of IB,4-
binding neurons expressing P2X5 receptors indicates that these sensory neurons are
essential for the signalling of acute pain. However, persistent pain during inflam-
mation may also involve sensitization and/or spread of P2X3 or P2X, 5 receptors. In
a study of the behavioural effects of intraplantar injections of ATP in freely moving
rats, evidence was presented that ATP was more effective in exciting nociceptors in
inflamed compared with normal skin (Hamilton et al. 2001). Cannabinoids appear
to inhibit nociceptive responses produced by P2X receptors (Krishtal et al. 2006).
Locally released ATP can sensitize large mechanosensitive afferent endings via P2
receptors, leading to increased nociceptive responses to pressure or touch; it has
been suggested that such a mechanism, together with central changes in the dorsal
horn, may contribute to touch-evoked pain. Enhanced expression of glial cell line
derived neurotrophic factor (GDNF) in the skin can change the mechanical sensi-
tivity of IB4-positive nociceptive afferents expressing P2X3 and P2X,/; receptors.
Treatment with oxidized ATP, a selective inhibitor of P2X receptors, reduced the
hyperalgesia produced by complete Freund’s adjuvant and carrageenan-induced
inflammation in rats. Data have been presented to support a pathogenic role for
keratinocyte-derived ATP in irritant dermatitis. Pain related to the musculoskeletal
system (myofascial pain) is very common and ATP has been claimed to excite or
sensitize myofascial nociceptors (Makowska et al. 2006).

The search is on for selective P2Xj3; and P2X,,; receptor antagonists that
are orally bioavailable and do not degrade in vivo for the treatment of pain
(Burnstock 2006; Gever et al. 2006). Suramin, PPADS and reactive blue 2 have
been used as non-selective antagonists at P2X3 and P2X, 3 receptors on nociceptive
sensory nerve endings. PPADS has the advantage that it associates and dissociates
approximately 100-10,000 times more slowly than other known antagonists. The
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Fig. 7 Hypothetical schematic of the roles of purine nucleotides and nucleosides in pain path-
ways. At sensory nerve terminals in the periphery, P2X35 and P2X,3 receptors have been identified
as the principal P2X purinoceptors present, although recent studies have also shown expression of
P2Y, and possibly P2Y, receptors on a subpopulation of P2X5 receptor immunopositive fibres.
Other known P2X purinoceptor subtypes (1-7) are also expressed at low levels in dorsal root
ganglia. Although less potent than ATP, adenosine also appears to act on sensory terminals,
probably directly via P1(A,) purinoceptors; however, it also acts synergistically (broken black
line) to potentiate P2X,/; receptor activation, which also may be true for 5-hydroxytryptamine,
capsaicin and protons. At synapses in sensory pathways in the CNS, ATP appears to act postsyn-
aptically via P2X,, P2X, and/or P2X¢ purinoceptor subtypes, perhaps as heteromultimers, and
after breakdown to adenosine it acts as a prejunctional inhibitor of transmission via P1(A;)
purinoceptors. P2X5 receptors on the central projections of primary afferent neurons in lamina II
of the dorsal horn mediate facilitation of glutamate and probably also ATP release. Sources of ATP
acting on P2X3 and P2X,/; receptors on sensory terminals include sympathetic nerves as well as
endothelial, Merkel and tumour cells. Yellow dots molecules of ATP, red dots molecules of
adenosine. (Modified from Burnstock and Wood 1996, and reproduced with permission from the
American Physiological Society)

TNP-substituted nucleotide TNP-ATP is a very potent antagonist at both P2X3 and
P2X,/3 receptors. A-317491 (synthesized by Abbott Laboratories) and compound
RO3 (synthesized by Roche Palo Alto) are both effective P2X; and P2X,,; antago-
nists, the latter being orally bioavailable and stable in vivo. Antagonism of P2X;
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and P2Xj; receptors by phenol red has been reported and tetramethylpyrazine, a
traditional Chinese medicine, used as an analgesic for dysmenorrhoea, was claimed
to block P2X; receptor signalling. Antisense oligonucleotides have been used to
downregulate the P2X3 receptor, and in models of neuropathic (partial sciatic nerve
ligation) and inflammatory (complete Freund’s adjuvant) pain, inhibition of the
development of mechanical hyperalgesia as well as significant reversal of established
hyperalgesia were observed within 2 days of treatment (Stone and Vulchanova 2003).
Combined antisense and RNA interference mediated treatment for specific inhibition
of the recombinant rat P2X5 receptor appears to be promising for pain therapy
(Hemmings-Mieszczak et al. 2003). P2X; double-stranded short interfering RNA
(siRNA) relieves chronic neuropathic pain and opens up new avenues for therapeu-
tic pain strategies in man (Dorn et al. 2004).

P2Y receptors are also present on nociceptive sensory nerves and these are
involved in modulation of pain transmission (Gerevich et al. 2007). With use of a
mouse skin-sensory nerve preparation, evidence was presented that P2Y, receptors
in the terminals of capsaicin-sensitive cutaneous sensory neurons mediate nocicep-
tive transmission and further that P2Y signalling may contribute to mechanotrans-
duction in low-threshold AB-fibres (Stucky et al. 2004). P2Y receptors appear to
potentiate pain induced by chemical or physical stimuli via capsaicin-sensitive
TRPV1 channels and it has been proposed that the functional interaction between
P2Y, receptors and TRPV1 channels in nociceptors could underlie ATP-induced
inflammatory pain (Ma and Quirion 2007). ATP-induced hyperalgesia was abol-
ished in mice lacking TRPV1 receptors. A hypothesis that purinergic mechanosen-
sory transduction occurs in visceral organs initiating nociception was discussed in
Sect. 5.

Changes in central purinergic pathways that occur in chronic neuropathic pain
have attracted considerable attention in recent years and have been well reviewed.
There is purinoceptor involvement in nociceptive pathways in the spinal cord. For
example, intrathecally administered P2 receptor antagonists, suramin and PPADS,
produced antinociceptive effects in rats. ATP-activated P2X receptors in lamina II of
the rat spinal cord play a role in transmitting or modulating nociceptive information.
o,B-meATP-induced thermal hyperalgesia may be mediated by spinal P2X5 recep-
tors, perhaps by evoking glutamate release. Spinal endogenous ATP may play a role
in capsaicin-induced neurogenic pain via P2X3 or P2X,/3 receptors and formalin-
induced inflammatory pain via different P2X and/or P2Y receptors. Of the six
lamina regions in the dorsal horn of the spinal cord, inner lamina II and lamina I
are the major sensory regions involved in nociceptive transmission, as well as
lamina V. Central terminals of nociceptive afferents coexpress ionotropic glutamate
and P2Xj5 receptors. Glial cells contribute to the o,f-meATP-induced long-term
potentiation in the dorsal horn, which might be part of a cellular mechanism for the
induction of persistent pain (Ikeda et al. 2007). An inhibitory role of supraspinal
P2X,,3 receptors on nociception in rats has been described (Fukui et al. 2006).

There are three potential sources of ATP release during sensory transmission in
the spinal cord. ATP may be released from the central terminals of primary afferent
neurons. ATP may be also released from astrocytes and/or postsynaptic dorsal horn
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neurons. The presence of P2X; mRNA-labelled neurons in the DRG increased
3 days after peripheral injury. P2X; receptors on DRG neurons increase their
activity after inflammation and contribute to the hypersensitivity to mechanical
stimulation. Evidence has been presented for increased release of ATP from DRG
neurons on the side of the injury after induction of painful peripheral neuropathy by
sciatic nerve entrapment; however, sensitization of P2X3 receptors rather than a
change in ATP release appears to be responsible for the neuropathic pain behaviour.
For neuropathic pain, the tactile allodynia that follows peripheral nerve injury is
reduced by A-134974, a novel adenosine kinase inhibitor acting at spinal sites.
PPADS, TNP-ATP and apyrase attenuate central sensitization in nociceptive neu-
rons in medullary dorsal horn, which suggests that release of ATP plays a key role
in the central sensitization induced by injury or inflammation of peripheral tissues.
Upregulated homomeric P2X3 and heteromeric P2X,/; receptors augmented ther-
mal hyperalgesia and mechanical allodynia, respectively, at the spinal level in the
acute stage of chronic constriction injury; at the chronic stage (after 40 days),
thermal hyperalgesia disappeared, but mechanical allodynia persisted. A-317491,
a potent and selective antagonist of P2X3; and P2X,/; receptors, reduces chronic
inflammatory and neuropathic pain in the rat, but not acute, inflammatory or
visceral pain. When A-317491 and also Compound A (US patent reference 2005/
0209260A1) were administered spinally to animals after chronic nerve constriction
injury, there was a reduction in sensory fibre responses, unmasking a central role for
these P2X receptors and suggesting a potential role of their antagonists in the
modulation of neuropathic pain (Sharp et al. 2006). Endogenous ATP acting on
P2X receptors appears to be necessary for the induction of the postoperative pain
characterized by mechanical allodynia. Suramin inhibits spinal cord microglia
activation and long-term hyperalgesia induced by inflammation produced by for-
malin injection. Endogenous opioid mechanisms partially mediate spinal P2X5/
P2X, 3 receptoryelated antinociception in rat models of inflammatory and chemo-
genic pain, but not neuropathic pain (Chen et al. 2006).

Analgesic effects with intrathecal administration of P2Y receptor agonists UTP
and UDP in a normal and neuropathic pain rat model have been reported, suggest-
ing that P2Y, (and/or P2Y,) and P2Y receptors produce inhibitory effects in spinal
pain transmission. It has been suggested that, while P2X5 receptor activation leads
to increased firing of DRG neurons and subsequently to increased release of sensory
transmitter from their central processes, P2Y receptor activation may decrease the
release of sensory transmitter onto spinal cord neurons and may thereby partly
counterbalance the algogenic effect of ATP. P2Y, receptor expression is upregu-
lated in rat DRG neurons following transection of sciatic nerves and has been
implicated in the mechanisms underlying neuropathic pain.

P2X; receptor activation of cultured astrocytes from rat brain increases the
release of cysteinyl leukotrienes, which are potent lipid mediators of inflammation,
further supporting a role for extracellular ATP as an integral component of the
inflammatory brain pain response.

The roles of P2X, and P2X; receptors on microglia (immune cells) in neuro-
pathic and inflammatory pain has attracted strong interest in the past few years
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(Farber and Kettenmann 2006; Trang et al. 2006; Hughes et al. 2007). P2X, and
P2X; knockout mice share a common pain-reduced phenotype, but apparently via
different mechanisms (Chessell et al. 2006). Recently developed selective P2X5
receptor antagonists, compound 15d (Nelson et al. 2006), A-740003 (Honore et al.
2006) and A-438079 (McGaraughty et al. 2007), reduce chronic inflammatory and
neuropathic pain. After spinal cord injury, an increased number of lumbar microglia
expressing the P2X, receptor in the spinal cord of rats with allodynia and
hyperalgesia have been reported. Pharmacological blockade of P2X, receptors or
intraspinal administration of P2X, antisense oligodeoxynucleotide reversed tactile
allodynia caused by peripheral nerve injury without affecting acute pain behaviours
in naive animals (Tsuda et al. 2003).

Purinergic mechanisms are beginning to be explored in relation to cancer pain. It
was suggested that the unusually high levels of ATP contained in tumour cells may
be released by mechanical rupture to activate P2X5 receptors on nearby nociceptive
sensory nerve fibres. There is increased expression of P2X5 receptors on CGRP
immunoreactive epidermal sensory nerve fibres in a bone cancer pain model
(Gilchrist et al. 2005) and in other cancers that involve mechanically sensitive
tumours. For example, in bone tumours, destruction reduces the mechanical
strength of the bone and antagonists that block the mechanically gated channels
and/or ATP receptors in the richly innervated periosteum might reduce movement-
associated pain. The hyperalgesia associated with tumours appears to be linked to
increase in expression of P2X; receptors in nociceptive sensory neurons expressing
CGRP by analogy with that described for increased P2X; receptor expression in a
model of inflammatory colitis. Increased expression of P2X3 receptors was also
reported associated with thermal and mechanical hyperalgesia in a rat model of
squamous cell carcinoma of the lower gingival (Nagamine et al. 2006).

6.2 Migraine

ATP has been implicated in the pathogenesis of pain during migraine via stimula-
tion of primary afferent nerve terminals located in the cerebral microvasculature
(Burnstock 1981, 1989; Fumagalli et al. 2006). P2X5 receptors are expressed on
primary afferent nerve terminals supplying cerebral vessels arising from trigeminal,
nodose and spinal ganglia. Thus, P2X3 receptor antagonists may be candidates for
antimigraine drug development (Waeber and Moskowitz 2003). CGRP is expressed
in human trigeminal neurons and is released during migraine attacks; a recent study
shows that the algogenic action of CGRP is linked to sensitization of trigeminal
P2X3 nociceptive receptors, suggesting that trigeminal P2X3 receptors may be a
potential target for the early phase of migraine attack. There is also evidence
that migraine is a chronic sympathetic nervous system disorder, with which there
is an increase in release of sympathetic cotransmitters, including ATP, which may
contribute to the initial vasospasm. ATP may contribute to pain in migraine by
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sensitizing nociceptors against acidosis via P2Y, receptor supported release of
endogenous prostaglandin (Zimmermann et al. 2002). It has been suggested that
there is an interaction of P2Y receptors on trigeminal sensory terminals with P2X;
receptors after sensitization of trigeminal neurons with algogenic stimuli (e.g. NGF,
brain-derived-neurotrophicfactor, or bradykinin) and that this may help identify
new targets for the development of novel antimigraine drugs. It was shown recently
that the majority of trigeminal primary afferent neurons innervating the dura mater
express P2X, and/or P2X;3 receptors, suggesting that purines may be involved in
nociceptive processing in migraine (Goadsby 2005).

6.3 Diseases of Special Senses

6.3.1 Eye

Purinergic signalling is widespread in the eye and novel therapeutic strategies
are being developed for glaucoma, dry eye and retinal detachment. ATP, acting
via both P2X and P2Y receptors, modulates retinal neurotransmission, affecting
retinal blood flow and intraocular pressure. The ATP analogue B,y-meATP is more
effective in reducing intraocular pressure (40%) than are muscarinic agonists such
as pilocarpine (25%) and B-adrenoceptor blockers (30%), raising the potential for
the use of purinergic agents in glaucoma (Pintor et al. 2003). It was shown recently
that rapid elevation of intraocular pressure leads to release of ATP that results in
retinal ganglion cell injury and consequent visual defects (Resta et al. 2007).

6.3.2 Ear

ATP may regulate hearing sensitivity and thus may be useful in the treatment of
Méniere’s disease, tinnitus and sensorineural deafness (Housley et al. 2006).
Sustained loud noise alters the response of outer hair cells in the inner ear to ATP
and produces an upregulation of P2X, receptors, particularly at the site of outer hair
cell sound transduction (Chen et al. 1995a;b), although with a longer time course of
noise exposure up to 24 days, downregulation of P2X and P2Y receptor subtypes
has been reported (Sziics et al. 2006). P2X, expression is also increased in spiral
ganglion neurons, indicating that extracellular ATP acts as a modulator of auditory
neurotransmission that is adaptive and dependent on the noise level (Wang et al.
2003). Excessive noise can irreversibly damage hair cell stereocilia, leading to
deafness. Data have been presented showing that release of ATP from damaged hair
cells is required for Ca®* wave propagation through the support cells of the organ of
Corti, involving P2Y receptors, and this may constitute the fundamental mechanism
to signal the occurrence of hair cell damage (Gale et al. 2004). Noise-induced
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upregulation of NTPDase3 in the rat cochlear has been reported and its potential
neuroprotective effect discussed (Vlajkovic et al. 2006).

6.3.3 Nasal Organs

Purinergic receptors have been described in the nasal mucosa, including the ex-
pression of P2X3 receptors on olfactory neurons. Enhanced sensitivity to odours in
the presence of P2 receptor antagonists suggests that low-level endogenous ATP
normally reduces odour responsiveness. It appears that the induction of heat-shock
proteins by noxious odour damage can be prevented by the in vivo administration of
P2 receptor antagonists (Hegg and Lucero 2006). The predominantly suppressive
effect of ATP in odour responses could play a role in the reduced odour sensitivity
that occurs during acute exposure to noxious fumes and may be a novel neuropro-
tective mechanism. Purinergic receptors appear to play an integral role in signalling
acute damage in the olfactory epithelium by airborne pollutants. Damaged cells
release ATP, thereby activating purinergic receptors on neighbouring sustentacular
cells, olfactory receptor neurons and basal cells.

6.4 Bladder Diseases

Purinergic signalling plays a role in afferent sensation from the bladder (see Sect. 3).
Purinergic agonists acting on P2Xj5 receptors in the bladder can sensitize bladder
afferent nerves and these effects mimic the sensitizing effect of cystitis induced by
cyclophosphamide (Nazif et al. 2007). Thus, P2X3 receptors are a potential target
for pharmacological manipulation in the treatment of both pain and detrusor
instability. Subsensitivity of P2X3 and P2X,; receptors, but not vanilloid receptors,
has been shown in L6—S1 DRG in the rat model of cyclophosphamide cystitis
(Borvendeg et al. 2003). Release of ATP from urothelial cells with hypoosmotic
mechanical stimulation was increased by over 600% in inflamed bladder from
cyclophosphamide-treated animals; botulinum toxin inhibited this release (Smith
et al. 2005). Botulinum neurotoxin type A is effective in the treatment of intractable
detrusor overactivity; decreased levels of sensory receptors P2X; and/or TRPVI
may contribute to its clinical effect (Apostolidis et al. 2005; Atiemo et al. 2005).
It is believed that the predominant sensory afferents involved in detecting
bladder volume changes are the Ad pelvic nerve afferents which convey informa-
tion about the state of bladder fullness to spinal and supraspinal centres coordinat-
ing the micturition reflex (Andersson and Wein 2004). In contrast, the normally
silent pelvic afferent C-fibres are thought to assume a prominent role under
pathophysiological conditions, where they become hyperexcitable and convey
information about noxious, inflammatory or painful stimuli, and evoke reflex
contractions mainly through a localized spinal reflex. In the absence of P2X;
receptors in mice knockouts, the bladder exhibits hyporeflexia, characterized by
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decreased voiding frequency and increased bladder capacity, but normal bladder
pressures (Cockayne et al. 2000). The recently developed P2X3 and P2X,/; antago-
nist RO3, which is orally bioavailable and metabolically stable, is being explored as
a therapeutic agent for urinary tract dysfunction (Ford et al. 2006). The P2X;
receptor is largely expressed in the 1B, small nociceptive capsaicin-sensitive nerves
in the DRG, so it is interesting that IB4-conjugated saporin, a cytotoxin that destroys
neurons binding IB,4, when administered intrathecally at the level of L6-S1 spinal
cord, reduced bladder overactivity induced by ATP infusion. Voiding dysfunction
involves P2Xj5 receptors in conscious chronic spinal cord injured rats, which raises
the possibility that P2X3 receptor antagonists might be useful for the treatment of
neurogenic bladder dysfunction. Chronic spinal cord injury results in a dramatic
increase in muscarinic receptor,gvoked release of ATP from primary afferents in the
lumbosacral spinal cord and from the bladder (Salas et al. 2007).

Stretch-activated ATP release from bladder epithelial cells from patients with
interstitial cystitis is significantly greater than from healthy cells and also in animal
models of interstitial cystitis (Birder et al. 2004). The P2X; receptor subunit was
upregulated during stretch of cultured urothelial cells from patients with interstitial
cystitis. P2X, and P2Xj receptor expression has been demonstrated on human
bladder urothelial cells (as well as on afferent nerve terminals); the expression
was greater in cells from interstitial cystitis bladder (Tempest et al. 2004).

Reduction of P2X5 and P2Xs5 receptors in human detrusor from adults with urge
incontinence has been claimed (Moore et al. 2001). Overdistension of the bladder
is caused by urinary retention, but it has also been used as a method for treating
unstable bladder or interstitial cystitis, possibly damaging sensory nerve fibres.
However, micturition problems often reoccur after overdistension treatment.

Recent reviews of management of detrusor dysfunction highlight the growing
potential of therapeutic strategies related to purinergic sensory signalling (Ford
et al. 2006; Ruggieri 2006).

6.5 Gut Disorders

The excitability of visceral afferent nerves is enhanced following injury, ischaemia
and during inflammation, for example in irritable bowel syndrome (IBS). Under
these conditions, substances are released from various sources that often act
synergistically to cause sensitization of afferent nerves to mechanical or chemical
stimuli. Receptors to these substances (including ATP) represent potential targets
for drug treatment aimed at attenuating the inappropriate visceral sensation and
subsequent reflex activities that underlie abnormal bowel function and visceral pain
(Holzer 2004). o,,f-meATP was shown to stimulate mechanosensitive mucosal and
tension receptors in mouse stomach and oesophagus, leading to activity in vagal
afferent nerves. The sensitizing effects of P2X; receptor agonists on mechanosen-
sory function are induced in oesophagitis. P2X3 purinergic signalling enhancement
in an animal model of colonic inflammation has been described, owing, at least in
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part, to the appearance of P2X; receptor expression in a greater number of CGRP-
labelled small nociceptive neurons in the DRG (Wynn et al. 2004). P2X; receptor
expression is increased in the enteric plexuses in human IBS, suggesting a potential
role in dysmotility and pain and the possibility that P2X receptors are potential
targets for the drug treatment of IBS has been raised (Galligan 2004). It has also
been suggested that agonists acting on P2X receptors on intrinsic enteric neurons
may enhance gastrointestinal propulsion and secretion and that these drugs might
be useful for treating constipation-predominant IBS, while P2X antagonists might
be useful for treating diarrhoea-predominant IBS. The peripheral sensitization of
P2X; receptors on vagal and spinal afferents in the stomach may contribute to
dyspeptic symptoms and the development of visceral hyperalgesia (Dang et al.
2005). Enhanced activity in purinergic pathways occurs in postoperative ileus, but
is reversed by orphanin FQ.

6.6 Arthritis

It was recognized early that the nervous system may contribute to the functional
changes associated with rheumatoid arthritis. A role for purinergic signalling in
rheumatic diseases has been considered (Green et al. 1991; Dowd et al. 1998; Seino
et al. 2006). Quinacrine (Atabrine), a drug that binds strongly to ATP, has been
used for the treatment of rheumatoid arthritis patients for many years. One of its
mechanisms of action is to decrease levels of prostaglandin E, and cyclooxygenase-
2, which are known to be produced following occupation of P2Y receptors by ATP.
The articular fluid removed from arthritic joints contains high levels of ATP.
Purinergic regulation of bradykinin-induced plasma extravasation and adjuvant-
induced arthritis has been reported. ATP and UTP activate calcium-mobilizing
P2Y, or P2Y, receptors and act synergistically with interleukin-1 to stimulate
prostaglandin E, release from human rheumatoid synovial cells (Loredo and
Benton 1998). Spinal P1 receptor activation has been claimed to inhibit inflamma-
tion and joint destruction in rat adjuvant-induced arthritis (Chan et al. 2007). When
monoarthritis was induced by injection of complete Freund’s adjuvant into the
unilateral temporomandibular joint of the rat, the pain produced was associated
with an increase in P2X; receptor positive small neurons in the trigeminal ganglion
(Shinoda et al. 2005). Activation of P2X receptors in the rat temporomandibular
joint induces nociception and blockage by PPADS decreases carrageenan-induced
inflammatory hyperalgesia (Oliveira et al. 2005).

Evidence is accumulating to suggest that blockers of P2X; receptors may have
a future as anti-inflammatory drugs (Ferrari et al. 2006). Oxidized ATP inhibits
inflammatory pain in arthritic rats by inhibition of the P2X; receptor for ATP
localized in nerve terminals (Dell’ Antonio et al. 2002). The P2X; receptor antago-
nist AZD9056 has been reported to be in phase II clinical trials for rheumatoid
arthritis (Okuse 2007).
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6.7 Respiratory Diseases

Vagal afferent purinergic signalling may be involved in the hyperactivity associated
with asthma and chronic obstructive pulmonary disease (Adriaensen and Timmer-
mans 2004). The need to support the failing lung (acute respiratory distress syn-
drome) with mechanical ventilation is potentially life-saving but, unfortunately,
alveolar overdistension and pulmonary shear stress may cause lung injury (ventilator-
induced lung injury), increasing bronchoalveolar lavage leading to lung oedema. It
has been suggested that ventilator-induced lung injury may involve stretch-associated
release of ATP from neuroepithelial cell bodies and activation of sensory nerves and
reflex responses (Rich et al. 2003). P2X receptors are involved in the reactive
oxygen species evoked bradypneic reflex in anaesthetized rats (Ruan et al. 2006).
Acid-sensitive vagal sensory pathways involved in the cough reflex may involve
P2X, receptors (Kamei et al. 2005; Kollarik et al. 2007). P2X and GABA,
receptors play an important role in CO, chemoreception and are involved in
mediation of the ventilatory response to hypercapnia (Gourine 2005).

6.8 Central Disorders

Purinergic signalling appears to play a significant role in the regulation of body
temperature during fever by central hypothalamic and brain stem nuclei (Gourine
et al. 2004). Mice lacking the P2X; receptor subunit exhibit enhanced avoidance of
both hot and cold thermal extremes (Shimizu et al. 2005). Evaluation of the roles of
purinergic signalling in processing of the sympathoexcitatory component of the
chemoreflex at the NTS level may illuminate the mechanisms underlying the
sympathetic overactivity observed in pathophysiological conditions such as hyper-
tension, obstructive sleep apnoea, and heart failure.

Although ethanol is probably the oldest and most widely used psychoactive
drug, the cellular mechanisms by which it affects the nervous system have been
poorly understood, although some insights in relation to purinergic P2 receptor
signalling have emerged in recent years. Ethanol inhibits P2X receptor mediated
responses of DRG neurons by an allosteric mechanism (Li et al. 1998). Ethanol
differentially affects ATP-gated P2X3 and P2X, receptor subtypes expressed in
Xenopus oocytes (Davies et al. 2005).

7 Development of Purinergic Sensory Signalling

There are a limited number of studies of the roles of purinergic sensory signalling in
both embryonic and postnatal development and in regeneration (Burnstock 2001b,
2007; Zimmermann 2006). An immunohistochemical study revealed intense labelling
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of P2X; receptors in the embryonic and postnatal (postnatal days 7 and 14; Fig. 8a),
but not adult, rat brain. The staining was restricted to the hindbrain at embryonic
day 16, in particular the mesencephalic trigeminal nucleus, the superior and inferior
olive, the intermediate reticular zone, the spinal trigeminal tract and the prepositus
hypoglossal nucleus. P2X5 receptors first appeared in the hindbrain neural tube and
sensory ganglia in embryonic day 11-11.5 embryos; at embryonic day 14.5 they
appeared in the optic tract, NTS mesencephalic trigeminal nucleus, but P2X;
immunoreactivity was downregulated in early postnatal brain stem. The P2Xj
receptor was coexpressed with the P2X, receptor in neurons in NTS and sensory
ganglia (Cheung and Burnstock 2002). o,B-meATP is ineffective on glycinergic
presynaptic nerve terminals projecting to rat substantia gelatinosa neurons at
postnatal days 10-12, and is strongly active at postnatal days 28-30, perhaps
contributing to the fine control of the pain signal in spinal cord dorsal horn neurons.
In rat superficial dorsal horn, excitatory synapses mediated by both glutamate and
ATP are functional from the first postnatal days. Distinct subtypes of P2X receptors
have been shown to be functionally expressed at pre- and postsynaptic sites in
lamina V neurons in rat dorsal spinal cord and it was suggested that purinergic
signalling in deep dorsal horn neurons is more important during postnatal develop-
ment (Shiokawa et al. 2006).

P2X; receptors are expressed in the trigeminal ganglia of zebrafish from a very
early stage of development, most likely in neural.crest-derived trigeminal cells
rather than in placode-derived cells (Norton et al. 2000) (Fig. 8c). P2X; receptors
were also expressed in the spinal sensory Rohan—Beard cells and in the putative
lateral line ganglion in the early development of zebrafish. ATP-gated currents
activated via P2X, and P2X; receptors in cultured embryonic rat DRG neurons
show heterogeneity of time courses comparable to that seen in different adult
subpopulations of dissociated adult DRG neurons (Labrakakis et al. 2000). Activa-
tion of P2X receptors on cultured embryonic DRG neurons results in the release of
SP. Immunostaining of P2X; receptors was found in most neurons in embryonic
mouse trigeminal ganglia and DRG, in contrast to adult ganglia, which express
P2X; receptors only on small-diameter neurons (Ruan et al. 2004) (Fig. 8b). Nearly
all sensory neurons in mouse DRG, trigeminal and nodose ganglia expressed P2X;
receptors at embryonic day 14, but after birth there was a gradual decline to about
50% of neurons showing positive staining. IB4-positive neurons in sensory ganglia
did not appear until birth; the numbers increased to about 50% by postnatal day 14,
when they were mostly colocalized with P2X; receptors. Responses to ATP have
been described in ciliary neurons acutely dissociated from embryonic chick ciliary
ganglia taken at day 14. ATP augments peptide release from neurons in embryonic
DRG through activation of P2Y receptors. IB4-binding DRG neurons (that express
P2X; receptors) switch from NGF to GDNF dependence in early postnatal life.

While there are many studies of purinergic signalling in the retina of adult
mammals, there are only a few reports about embryonic retina (Burnstock 2001b,
2007). Spontaneous waves of excitation in the developing mammalian retina are
believed to play an important role in activity-dependent visual development of
retinogeniculate connectivity. The earliest age at which spontaneous waves were
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P7 P14 adult

Fig. 8 Development of sensory nerves. (a) P2X; immunoreactivity in embryonic rat embryos.
i P2X; immunoreactivity in an embryonic day 12.5 rat embryo. Transverse sections at the first
branchial arch levels showing P2X; immunoreactivity (arrow) in the trigeminal ganglion. Note the
expression of P2X3; in the primitive spinal trigeminal tract between the trigeminal ganglion and the
neural tube (NV¢). ii P2X5 immunoreactivity in an embryonic day 14.5 rat embryo. Coronal section
at the pontine level showing the genu of the facial nerve (g7n) stained strongly with P2X5 receptor



1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326

BookID 152647_Canning_ChapID 10_Proof# 1 - 27/3/09
G. Burnstock

detected in rabbit retina was embryonic day 22 and the involvement of purinergic
receptor activation in these waves was suggested. Suramin blocked the wave.
Adenosine has also been implicated in chick retinal development; A; receptors
may have different functions in the embryonic retina as compared with mature
chick retina. Studies of embryonic chick neural retina have shown that the ATP-
induced rise in intracellular Ca®* is mediated by P2Y, or P2Y, receptors and
that there is a dramatic decline of the ATP-induced rise in intracellular Ca** just
before synaptogenesis. Suramin and reactive blue 2 almost completely block these
responses. Injection of reactive blue 2 into early embryonic chicks produced severe
effects in embryogenesis. ATP increased [*H]thymidine incorporation in retinal
cultures from embryonic day 3 and suramin and PPADS inhibited these activities.
It was suggested that the change in Ca”* signalling mediated by P2Y, or P2Y,
receptors during development may underlie the differentiation of neuroepithelial
cells or undifferentiated progenitor cells into neurons. ATP acting on P2 receptors
is involved in the regulation of retinal progenitor cell proliferation at early embry-
onic stages, perhaps in collaboration with growth factors. ATP, probably via P2Y,
receptors, stimulates proliferation of both bipolar and Miiller cells in early devel-
oping chick retina at embryonic days 6-8. RT-PCR studies of P2X; mRNA in
postnatal rats (postnatal days 23-210) showed positive identification in the retina.
Changes in P2Y, receptor expression during development of rat cochlea outer
sulcus cells have been described recently (Lee et al. 2007).

The perinatal development of nerves expressing P2X; receptors in the myenteric
plexus of the rat stomach has been examined (Xiang and Burnstock 2004b). P2X;
receptor immunoreactive nerves in the embryonic rat stomach are of both extrinsic
and intrinsic origin. The extrinsic sensory nerve fibres first express P2X; receptors
as early as embryonic day 12 and extend rapidly on to the whole stomach by
embryonic day 14. In contrast, the intrinsic enteric neuron cell bodies showing
P2X; immunoreactivity did not appear until birth (postnatal day 1), reached peak
numbers by postnatal day 14, then decreased in maturing animals. IGLEs and
intramuscular arrays expressing P2X;3 receptors were first seen postnatally at
postnatal day 1 and postnatal day 7, respectively (Xiang and Burnstock 2004b).
P2X5 receptor immunoreactive neurons in the gastric myenteric plexus expressed
calbindin only in the early postnatal days, while 14-21% of neurons from postnatal

Fig. 8 (continued) antibody. iii P2X3 immunoreactivity in a neural-crest-derived nodose ganglion
of an embryonic day 18.5 rat embryo. iv P2X5 immunoreactivity in an embryonic day 18.5 rat
embryo. Transverse section showing strong P2X3 receptor staining in the taste bud of the tongue
(Tog). Scale bar ini 200 pum, in ii—iv 100 pm. (b) Percentage of P2X;-immunoreactive nerve cell
bodies in sensory ganglia of mouse in embryonic and postnatal development. Note statistical
significance indicated by asterisks relates to postnatal ages 7 days, 14 days and adult as compared
with embryonic days 14, 16 and 18. ***p < 0.001. ¢ Early expression of P2X; receptors in putative
central and peripheral neural cells in a 24-h zebrafish embryo in which expression in the putative
trigeminal ganglia cells has condensed to two spots (arrows) and in which expression in dorsal
Rohon-Beard neurons is prominent. (a Reproduced from Cheung and Burnstock 2002, with
permission from Wiley—Liss; ¢b) reproduced from Ruan et al. (2004), with permission from
Springer-Verlag:(c) reproduced from Norton et al. 2000, with permission from Elsevier)
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day 1 to postnatal day 60 increasingly expressed calretinin. About 20% of P2X;
positive neurons coexpressed NOS throughout perinatal development.

Vagal sensory nerve terminals in rat lung express P2X; receptors from the first
moment that they make contact with NEBs a few days before birth (Brouns et al.
2003). This is consistent with the important function of NEBs as oxygen sensors
perinatally before the carotid body O,-sensory system is fully developed at about
2 weeks after birth.

During embryonic development of the rat inner ear, P2X, receptor mRNA
expression was present in the precursors of the cells bordering the cochlear endo-
lymphatic compartment at embryonic day 12, as well as in spinal and vestibular
ganglia (Housley et al. 2006). Both inner and outer hair cells did not exhibit P2X,
receptor mRNA until after postnatal day 10 through postnatal day 12, concomitant
with the onset of hearing. These data are consistent with roles for the P2X, receptor
both in the process of labyrinthine development and in the regulation of auditory
and vestibular sensory transduction. P2X; receptors provide the signal transduction
pathway for development of afferent and efferent innervation of the sensory hair
cells and purinergic influence on cochlea morphogenesis. P2X; receptor expression
has been characterized in the mouse cochlea from embryonic day 16 using confocal
immunofluorescence. From embryonic day 18 to postnatal day 6, spiral ganglion
neuron cell bodies and peripheral neurites projecting to the inner and outer hair cells
were labelled for P2X5 receptor protein, but diminished around postnatal day 6, and
were no longer detected at the onset of hearing (around postnatal day 11). These
data suggest a role for P2X3 receptormediated purinergic signalling in cochlea
synaptic reorganization and establishment of neurotransmission that occurs just
prior to the onset of hearing function (Huang et al. 2006).

Merkel cells appear in the epidermis of the planum nasale of rat fetuses from the
16th day of intrauterine development and sensory nerve fibres form close associa-
tion with them by day 20. This is of interest since it is known that Merkel cells
contain high levels of peptide-bound ATP and are in close association with sensory
fibres expressing P2X; receptors (Burnstock and Wood 1996).

Studies of purinergic signalling in stem cells are beginning; the preliminary
reports are encouraging and hopefully this will develop into a major new area of
purinergic research (see, e.g., Mishra et al. 2006; Lin et al. 2007).

8 Evolution of Purinergic Sensory Mechanisms

Nucleosides and nucleotides are part of a primitive signalling system with potent
actions in both invertebrates and lower vertebrates (Burnstock 1996a, 2007). For
example, in the leech, ATP and ADP potently activated “noxious” and touch
neurons. AMP was found to be the most potent chemoattractant of octopus, initiat-
ing a locomotor response; the suckers in the arms carry sensory organs with
chemoreceptors that direct the arms towards a meal. There is considerable informa-
tion about the effects of ATP and adenosine in crustaceans in the early literature,
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particularly by Carr and colleagues, which has been reviewed. The olfactory organs
of the spiny lobsters Panulirus argus and Panulirus interruptus have different
populations of purinergic chemoreceptors that are excited by AMP, ADP or ATP
(Fig. 9a), via receptors that show similarities to P2 receptors described in verte-
brates. These receptors reside on chemosensitive neurons that are contained within
aesthetasc sensilla on the lateral filaments of the antennules. 5'-AMP odorant
receptor sites have been localized ultrastructurally, utilizing 5'-AMP-biotin, along
the entire dendritic region, including the transitional zone between inner and outer
dendritic segments, the region that also contains 5’-ectonuclotidase and phospha-
tase. Since these receptors are more sensitive to the slowly degradable analogues of
ATP, o,-meATP and B,y-meATP, they appear to be comparable to mammalian
P2X; and P2X; receptors. Ectonucleotidases dephosphorylate adenine nucleotides
to yield a nucleoside, which is internalized by an uptake system. Activation of
olfactory and gustatory P2 receptors in lobsters induces a feeding behavioural
response. ATP is an ideal stimulus for such animals that feed on wounded or
recently killed animals, since ATP occurs at high concentrations in fresh animal
flesh but decays rapidly as cells die. Since predators such as lobsters often inhabit
crevices and only emerge to feed at night, foraging is directed principally by
chemical stimuli, rather than visual or mechanical stimuli. ATP is detected in
prey organisms, such as mussels and oysters, which contain high concentrations
of nucleotides that are released when the animal dies. Olfactory purinoceptors have
also been identified in the shrimp and blue crab. In lobsters and other decapod
crustaceans, the sites of olfaction and gustation are anatomically distinct, the former
in the antennules, the latter on the walking legs, maxillipeds and mouthparts. The
sensilla on the walking legs of the spiny lobster have also been shown to possess
ATP- and AMP-sensitive cells as well as enzymes that dephosphorylate purine
nucleotides.

ATP released from mammalian erythrocytes stimulates the gorging responses in
a variety of blood-feeding insects such as mosquitoes, black fly, horsefly, stable fly,
tsetse fly and haematophagous ticks. Electrophysiological methods have been used
to demonstrate that the apical sensilla of the labrum of mosquito express the ATP
receptors involved in blood feeding (Fig. 9b). Novobiocin, which blocks ATP
access to its binding site, inhibits the gorging response. The EDs, of ATP for tsetse
fly females is 13 nM, while for males it is 140 nM; this level of sensitivity for
detecting ATP is the highest recorded for an insect. Other chemosensory P2
receptors have been identified that are involved in the recognition of a blood
meal in haematophagous insects. These represent a heterogeneous group. Many
blood-feeding insects recognize ATP and related compounds as phagostimulants.
In mosquitoes and tsetse flies, ATP is found to be more potent than ADP at
stimulating feeding, while AMP is a very poor phagostimulant, indicating an
ATP-selective P2 receptor. A similar ATP-selective receptor mediates the phagos-
timulatory response of insect larvae, suggesting that this response is not limited to
the adult form. o,-meATP and B,y-meATP are less potent than ATP as phagosti-
mulants in the tsetse fly, raising the possibility that a P2Y receptor maybe involved.
A similar order of potency was found for the bug Rhodnius, while the potency order
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Fig. 9 Invertebrate sensory mechanisms. (a) Comparisons of response characteristics of AMP-
sensitive and ATP-sensitive sensory nerves in the antennule of the spiny lobster. i response of
AMP-best cells to the compounds indicated. ii series of action potentials produced by an AMP-best
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was ADP > ATP > f,y-meATP > AMP for the mosquito. ADP was also found to
be the most potent phagostimulant of the horsefly. ADP-selective receptors, namely,
P2Y,, P2Y, and P2Y 3, have been identified in mammals. It is fascinating that
apyrase (ATP diphosphohydrolase) has been reported to have exceptionally high
activity in the salivary glands or saliva of blood-sucking insects, including the bug
Rhodnius, tsetse fly, mosquito and sandfly. In all cases, since ADP induces platelet
aggregation, breakdown of ADP by apyrase leads to enhanced haemorrhage and
more effective blood sucking.

Taste chemosensilla sensitive to nucleotides have been identified in some non-
haematophagous insects. ATP was first reported to be a feeding stimulant in a flea
and tick. In the omnivorous common blowfly, ATP does not have a direct stimula-
tory action, but rather modulates the responses of the labilla sensilla; it reduces the
responses to NaCl and fructose, but enhances responses to sucrose and glucose.
Adenosine stimulates feeding in the African army worm; this larva of an owlmoth
exclusively feeds on grasses. There are multiple nucleotide receptor sites in the
labellar taste receptor cells of the flesh fly: ATP, ADP and AMP stimulate the sugar
receptor cells, while the salt receptor cells only responded to GDP and to a lesser
extent IDP and UDP. ATP receptors cloned in the platyhelminth Schistosoma
mansoni and the protozoan Dictyostelium show surprisingly close similarity to
mammalian P2X receptors (Agboh et al. 2004; Ludlow and Ennion 2006; Fountain
et al. 2007).

9 Concluding Comments

This review has covered a wide spectrum of information about the roles of
purinergic signalling in the physiological and pathophysiological processes of
sensory nerves and mechanosensory transduction.

The last 10 years has been a period of rapid progress in identifying the numerous
types of purinergic receptors and in understanding their relationships, pharmaco-
logical properties and intracellular transduction mechanisms. This progress has
facilitated new appreciation of the wide spectrum of neural activities involving
purinergic signalling, including the roles of ATP, ADP and adenosine in sensory
signalling in both the peripheral nervous system and the CNS.

Fig. 9 (continued) cell to the concentration of AMP indicated. iii response of ATP-best cells to the
compounds indicated. iv series of action potentials produced by an ATP-best cell to the concen-
trations of ATP indicated. Note the differences in time scale in ii and iv. (b) Values for the
phagostimulant (gorging) response of the mosquito Aedes aegypti produced by different nucleo-
tides dissolved in the control (150 mmol 17! NaCl with 10 mmol 1~! NaHCO3). There were also no
feeding responses to GTP and ITP. 2d ADP 2'-deoxy ADP, 2d ATP 2'-deoxy ATP, 2'3'dd ATP
2'3’-dideoxy ATP. (a Reproduced from Trapido-Rosenthal et al. 1989, with permission from
Taylor and Francis; b reproduced from Werner-Reiss et al. 1999, with permission from Elsevier)
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The chemistry of ATP in the extracellular environment is dynamic and complex,
and more must be learned about the extracellular biochemistry and enzymes that
regulate the synthesis and degradation of ATP outside the cell. The activity of
ectonucleotidases in subcellular domains and how these enzymes change during
development, disease and physiological state are still to be resolved. The develop-
ment of selective inhibitors for the different subtypes of ectonucleotidases would be
a valuable step forward.

While it is now clear that many different cell types release ATP, often acting on
P2 receptors on sensory nerve terminals, we still await a clear understanding of the
mechanisms that underlie ATP transport. Until recently, it was usually assumed that
the source of extracellular ATP acting on purinoceptors was damaged or dying
cells, but it is now recognized that the ATP release from healthy cells by mechani-
cal distortion, hypoxia and various agents is a physiological mechanism (Bodin and
Burnstock 2001; Lazarowski et al. 2003; Schwiebert et al. 2003). There is an active
debate, however, about the precise transport mechanism(s) involved. There is
compelling evidence for exocytotic vesicular release of ATP from nerves, but
for ATP release from non-neuronal cells, various transport mechanisms have
been proposed, including ATP binding cassette transporters, connexin or pannexin
hemichannels or possibly plasmalemmal voltage-dependent anion channels, as well
as vesicular release. Perhaps surprisingly, evidence was presented that the release
of ATP from urothelial cells during purinergic mechanosensory transduction in the
bladder and ureter (as well as from endothelial cells) is vesicular, since monensin
and brefeldin A, which interfere with vesicular formation and trafficking, inhibited
distension-evoked ATP release, but gadolinium, a stretch-activated channel inhibitor,
and glibenclamide, an inhibitor of two members of the ATP binding cassette protein
family, did not (Knight et al. 2002). Hopefully, when the ATP transport mechan-
isms become clearer, agents will be developed that will be able to enhance or inhibit
ATP release, another useful way forward as a therapeutic strategy.

There are an increasing number of explorations of the therapeutic potential of
purinergic signalling in various diseases of the nervous system and hopefully this
will expand even further. Advances still depend on the serious endeavours of
medicinal chemists to produce receptor subtype selective, small, orally bioavailable
agonists and antagonists that survive degradation in vivo. However, other approaches
are promising, including the development of agents that control the expression of
receptors that inhibit ATP breakdown by selective inhibition of the known ectonu-
cleotidases and agents that can be used to regulate ATP transport.

Knockout mice are available for a number of P1, P2X and P2Y receptor
subtypes, but there are gaps that need to be filled and transgenic models that
overexpress receptors, as well as antisense oligonucleotides, are also needed. The
siRNA technique is only just beginning to be explored for purinergic signalling.

To conclude, while studies of purinergic sensory neurosignalling are moving
forward rapidly and we are clearly on the steep slope of the growth curve, the field
is still in its infancy and much new knowledge will hopefully emerge in the coming
years.
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