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Abstract

Purinergic signalling plays important roles in somatosensory and nociceptive transmission in the dorsal horn of the spinal cord under
physiological and pathophysiological conditions. Physiologically, ATP mediates excitatory postsynaptic responses in nociceptive
transmission in the superficial dorsal horn, and in transmission of innocuous primary afferent inputs in the deep dorsal horn.
Additionally, extracellular conversion of ATP to adenosine mediates inhibitory postsynaptic responses from Pacinian corpuscle
afferents, and is implicated in analgesia caused by transcutaneous electrical nerve stimulation in humans. In terms of pathological pain,
P2X4 receptors de novo expressed on dorsal horn microglia are implicated in pain hypersensitivity following peripheral nerve injury.
There is evidence that involvement of such P2X4 receptors is sexually dimorphic, occurring in males but not in females. Thus, the roles
of purinergic signalling in physiological and pathological pain processing are complex and remain an ever-expanding field of research.
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Introduction

The story of the development of the purinergic signalling field
is intimately and forever linked to the somatosensory system
and primary sensory neurons. In the early 1950s, the search
was on for chemical substances that act as neurotransmitters in
the central nervous system (CNS). Invoking the so-called
Dale’s principle [1]—that neurons release the same neuro-
transmitter from all of their axonal endings—Pamela Holton
took advantage of the pseudo-unipolar topology of primary
sensory neurons with their long peripheral axons to infer about
what neurotransmitters might be released from the experimen-
tally inaccessible central terminals of these neurons in the
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spinal cord. According to this principle, one could deduce
the substances released from central endings by identifying
substances released from the peripheral endings. In pioneering
studies [2, 3], Holton used a preparation, the ear of the anaes-
thetized rabbit, and found that electrically stimulating the sen-
sory fibres in the ear caused efflux of adenosine 5'-triphos-
phate (ATP) into the venous effluent, along with a number of
other substances. These other substances were eliminated
from consideration because only ATP mimicked the physio-
logical response—vasodilation—that was produced by stim-
ulating the sensory fibres. She reasoned that ATP is the phys-
iological transmitter mediating the response in the periphery
and, by Dale’s principle, also the transmitter substance of the
central endings of those same sensory afferents [2, 3]. The
findings from Holton were critical for the young firebrand
Geoffrey Burnstock, whose developing ideas ultimately led
to the purinergic signalling hypothesis: that ATP can act as a
neurotransmitter molecule [4]. For decades, Burnstock would
regularly regale audiences, and anyone else who would listen,
concerning the pivotal importance of Holton’s work. No
doubt, Burnstock’s interest in sensory neurons, or as he
more-rightly called them ‘sensory-motor neurons’, flowed
from these early days and led to his lifelong interest in, and
influence on, the field of somatosensation and pain. In this
review, we will concentrate on purinergic signalling in the
sensory processing region of the CNS, the dorsal horn of the
spinal cord, with two foci: (i) physiological neurotransmission
in the healthy condition and (ii) signalling in pathological pain
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states. Purinergic signalling is also implicated in innocuous
and noxious sensory transduction in the periphery [5, 6].

Physiological roles for purinergic
neurotransmission in the spinal dorsal horn

Following on from Holton’s concept of ATP as a transmitter
from primary afferent neurons, Krnjevic and colleagues found
that ATP excites neurons in the cuneate nucleus [7], which
receives direct input from primary afferents. These observa-
tions provided evidence that ATP mimics the excitatory action
of primary afferents on central neurons, a criterion important
for identifying a neurotransmitter, reinforcing the concept
from Holton. Investigation of ATP and primary afferents
was largely dormant until demonstration by Jessell and Jahr
that applying ATP directly depolarizes dorsal horn neurons in
primary culture [8]. This finding sparked a series of studies
demonstrating excitatory effects in vivo of iontophoretically
applying ATP onto neurons in the superficial [9] and deep [10,
11] dorsal horn. The strongest evidence for ATP-mediating
excitatory synaptic transmission in the dorsal horn came from
MacDermott and colleagues [12]. They found excitatory post-
synaptic currents (EPSCs) in neurons in the substantia gelati-
nosa that were blocked by the P2X receptor inhibitor suramin,
but were resistant to antagonists of glutamate receptors or
other excitatory receptors. Pharmacological investigation im-
plicated P2X2, P2X4, and P2X6 receptors as potential post-
synaptic receptors mediating these EPSCs. As neurons in the
substantia gelatinosa and other parts of the superficial dorsal
horn receive synaptic inputs from nociceptive primary affer-
ent, the excitatory effects of ATP on these neurons gave rise to
the concept that ATP may be a transmitter of primary sensory
nociceptors in spinal cord.

During the time studies on effects of ATP in the dorsal horn
neurons were being done, abundant evidence was accumulat-
ing that primary afferent nociceptors are themselves excited
by ATP [6]. This excitation was found to be mediated by
P2X2 and P2X3, largely P2X2/3 heteroreceptors [13, 14].
While most studies focused on effects of ATP on the soma
of the primary afferents in the dorsal root ganglia, presynaptic
actions of ATP in the dorsal horn mediated by P2X2/3 recep-
tors supported the concept these receptors are trafficked to the
presynaptic terminals of primary afferent nociceptors [15].
Thus, in the dorsal horn, ATP may act in synaptic transmis-
sion presynaptically as well as postsynaptically. We would be
remiss to not mention evidence that P2X2/3 receptors are
trafficked to the peripheral terminals of primary sensory
nociceptors where they may be activated by ATP released
from damaged or inflammatory cells [16, 17]. Recently, new
roles have been proposed for ATP in transducing non-noxious
stimuli in the periphery. Stucky and colleagues found that
ATP released by keratinocytes may mediate innocuous
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mechanosensation [18], as well as cold and heat sensation
[19] through P2X4 receptors on primary afferents. It is con-
ceivable that these receptors may also be trafficked to the
central terminals of primary afferents, providing an additional
substrate for ATP to presynaptically affect synaptic transmis-
sion in the spinal dorsal horn.

While the most well-known physiological role of ATP in
the spinal dorsal horn is in nociceptive processing in the su-
perficial lamina, ATP does have a prominent effect of exciting
neurons in the deep dorsal horn that are driven by non-noxious
peripheral stimuli. In vivo, iontophoretically applied ATP in
the deep dorsal horn preferentially excites neurons that are
synaptically driven by innocuous mechanical stimuli, such
as light touch or vibration [10]. In contrast to strict excitation
of such non-nociceptive deep dorsal horn neurons, wide dy-
namic range (WDR) neurons—neurons driven by noxious as
well as innocuous stimuli—show excitation followed by pro-
found inhibition in response to iontophoretically applied ATP
[10]. Inhibition alone is produced by administering AMP,
which does not activate P2X receptors, and inhibition by
ATP or AMP is blocked by local applying adenosine receptor
blockers. The inhibition is produced postsynaptically through
activation of a K* conductance that appears to be mediated by
K-ATP channels. Thus, ATP causes excitation through acti-
vation of P2X receptors and inhibition through extracellular
degradation of ATP to adenosine which subsequently acti-
vates adenosine receptors [10, 11].

The pattern of excitation alone of non-nociceptive neu-
rons and a biphasic excitatory/inhibitory effect on WDR
neurons matches the actions of peripheral innocuous stim-
uli on deep dorsal horn neurons. Selectively activating
primary afferents from Pacinian corpuscles, by high-
frequency vibratory stimulation [20, 21], not only drives
deep dorsal horn neurons in this pattern but also produces
an inhibitory postsynaptic response in WDR neurons that
is blocked by adenosine receptor antagonists [22] and me-
diated by K-ATP channels [23]. Thus, it has been pro-
posed that release of ATP from Pacinian corpuscle affer-
ents, and conversion to adenosine, may mediate the phys-
iological synaptic actions of these afferents on WDR neu-
rons in the deep dorsal horn [11].

A prediction from the adenosine-mediated inhibition of
nociceptive responses by Pacinian corpuscle afferents is that
adenosine mediates the well-known analgesic effects of stim-
ulating these afferents, or other heavily myelinated primary
afferents, in humans. This prediction was tested by
Marchand and colleagues [24]. In a placebo-controlled,
double-blind study, they found that the analgesic effect pro-
duced by transcutaneous electrical nerve stimulation (TENS)
on heat-induced pain was significantly reduced by intravenous
administration of caffeine. This effect of caffeine is consistent
with the prediction that the analgesic effect of TENS is medi-
ated by adenosine.
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In addition to release of ATP from primary afferents, this
nucleotide may also be released from intrinsic neurons in the
dorsal horn. In a provocative study by Jo and Schlichter [25],
through an elegant series of experiments, they provided evi-
dence for ATP release from subset of dorsal horn neurons that
co-release GABA. The postsynaptic actions of these transmit-
ters were excitation and inhibition, respectively, which turned
on its head the idea that the sign of the action of all transmitters
released at a given synapse must be the same (i.e. excitation or
inhibition, but not both) [26].

Thus, there are multiple physiological roles for purinergic
signalling in somatosensory processing in the dorsal horn.
Through release from differing subtypes of primary sensory
afferents, ATP may mediate nociceptive and also non-
nociceptive synaptic excitation. Through extracellular conver-
sion of released ATP to adenosine, a second physiological role
for purinergic signalling is postsynaptic inhibition of nocicep-
tive processing, which is particularly evident in neurons in the
deep dorsal horn.

Purinergic signalling in the spinal dorsal horn
in pathological pain

Pathological pain is conceptualized as an alteration of the
physiological processes leading to amplification of transmis-
sion in nociceptive pathways in the periphery and in the cen-
tral nervous system [27], as well as perturbation of the local
inhibitory control that normally prevents inputs from innocu-
ous stimuli from driving transmission in these pathways [28].
Here we provide an overview on the role of P2X4 receptors in
pathological pain states focusing primarily on neuropathic
pain—a pathological condition caused by damage or lesion
to the peripheral or central nervous system, resulting in
hyperalgesia, allodynia, or spontaneous pain.

The role of P2X4 receptors in pain hypersensitivity caused
by peripheral nerve injury (PNI) was discovered by Tsuda et al.
[29]. Using intrathecal delivery of TNP-ATP (a broad inhibitor
of P2X1-4 receptors), they found that a decrease in PNI-
induced mechanical hypersensitivity. Conversely, PPADS (a
broad P2X receptor antagonist which excludes P2X4 receptors)
had no effect on mechanical hypersensitivity, suggesting that
the P2X4 receptor may be the critical P2X receptor subtype
mediating mechanical hypersensitivity after nerve injury, which
was confirmed with intrathecal delivery of antisense oligonu-
cleotides against P2X4 receptors. It was further found that PNI
induced upregulation of P2X4 receptor expression in the dorsal
horn of the spinal cord. Unexpectedly at the time, the P2X4
receptors were selectively expressed within microglia.

In the naive state, expression of P2rx4—the gene encoding
P2X4 receptors—in microglia is low. Following PNI, P2rx4
expression is turned on by a sequence of transcription factors
interferon regulatory factor (IRF) 8 and IRFS5 [30, 31]. It was

found that PNI upregulates IRF8 expression in microglia, but
not astrocytes or neurons, in the spinal cord [31]. Mice lacking
IRF8 display reduced mechanical hypersensitivity from PNI
and inhibition of IRF8 with small interfering RNA reversed
PNI-induced hypersensitivity. Furthermore, intrathecal injec-
tion of microglia which overexpress IRF8 is sufficient to in-
duce mechanical hypersensitivity [31]. IRFS8 acts through up-
regulating the transcription of /rf5, and by binding of IRF5
protein to sites in the promoter region of P2rx4, IRF5 drives
transcription of P2rx4 and ultimately de novo translation of
P2X4 receptors [30].

In pain hypersensitivity induced by PNI, extracellular ATP
has been found to be elevated in the spinal dorsal horn due to
increased exocytotic release of ATP and upregulated expres-
sion of the vesicular nucleotide transporter (VNUT) gene,
Slc17a9, whose protein is involved in storing nucleotides
within vesicles [32]. VNUT deletion from spinal dorsal horn
neurons in mice does not alter basal nociception but does
attenuate PNI-induced mechanical hypersensitivity [32, 33].
Altogether, these findings suggest that intrinsic neurons in
spinal dorsal horn are the source of ATP acting on microglial
P2X4 receptors, leading to hypersensitivity.

The molecular pathways by which newly expressed and
activated P2X4 receptors on microglia alter nociceptive pro-
cessing by neurons in the dorsal horn has been investigated
extensively. Multiple lines of converging evidence implicate
brain-derived neurotrophic factor (BDNF) as the mediator re-
leased microglia and acting on neurons in spinal lamina I
[34-37]. Most directly, cell-type specific deletion of BDNF
from microglia both prevents and reverses mechanical hyper-
sensitivity after PNI [38].

BDNF has been found to have two principal actions that drive
aberrant output of the lamina I projection neurons, which under
normal circumstances only provide nociceptive signals to the
brain [39]. First, BDNF causes downregulation of the
potassium-chloride cotransporter 2, KCC2, resulting in a
depolarizing shift in the anion reversal potential in lamina I dorsal
horn neurons by increasing intracellular CI', thereby weakening
GABA- or glycine-mediated inhibition, i.e., causing disinhibition
[35, 40]. Enhancing CI' extrusion or circumventing the disinhi-
bition by inhibiting efflux of HCO3 ™ reverses hypersensitivity
induced by PNI [41-43]. The second action of BDNF is to
enhance activation of the N-methyl-D-aspartate receptors
(NMDARSs) through increasing phosphorylation of the
GluN2B subunit, thereby potentiating synaptic NMDAR cur-
rents in lamina I neurons [44]. This enhanced GIuN2B function
is mediated by enhancing phosphorylation of Tyr1472 by the
tyrosine kinase Fyn [45] and by reducing dephosphorylation of
this residue through suppression of the tyrosine phosphatase
STEP61 activity [46].

A key insight into the microglial P2X4 receptor pain pathway
has come from the surprising finding that microglial P2X4
receptor-BDNF signalling drives pain hypersensitivity in males,
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Fig. 1 A unified schema for signalling in the superficial spinal dorsal
horn in pain hypersensitivity. Peripheral nerve injury drives de novo
expression of P2X4Rs in microglia, but only in males, leading to
release of BDNF and activation of its cognate receptor, TrkB, on
neurons in lamina I. Subsequent intracellular pathways in the neurons
downregulate KCC2 and upregulate the function of GluN2B-containing

but not in females [38]. Despite the lack of contribution of mi-
croglia to pain hypersensitivity in females, microglial proliferation
in the dorsal horn still occurs in females after PNI [38, 47]. While
PNI upregulates transcriptional factors /7/8 and /75 in both sexes,
P2rx4 upregulation only occurs in males [38]. IRF5 binding to the
P2rx4 promoter after PNI increases in males but not in females
[47]. Thus, in females, PNI does not result in increased expression
of P2X4 receptors by microglia which prevents expression of
BDNF and subsequent downstream signalling. Nevertheless,
PNI-induced downregulation of KCC2 occurs in both sexes and
enhancing chloride extrusion reverses PNI-induced mechanical
hypersensitivity in both sexes [43]. Inhibiting NMDAR also re-
verses mechanical hypersensitivity in both sexes [38]. ATP-
stimulated microglia cultured from male rats injected intrathecally
into both male and female rats induced mechanical hypersensitiv-
ity, while ATP-stimulated microglia cultured from female rats had
no effect when delivered to either male or female rats [47], dem-
onstrating that the sex-dependency of P2X4 receptor-mediated
pain occurs within the microglia. Taken together, these results
indicate that PNI-induced neuropathic pain hypersensitivity re-
sults from convergent mechanisms in the neurons despite the
sexually dimorphic signalling in the microglia (Fig. 1).

Conclusion

Purinergic signalling is an important pathway in physiological and
pathological sensory processing. Burnstock’s early contributions,
from the proposal of purinergic neurotransmission [4] to an early
unified purinergic hypothesis of pain [48], helped spark an ever-
expanding field of research. Under pathological conditions,
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NMDARs by activating Fyn and suppressing STEP61. In females,
although microglia proliferation occurs, P2X4R expression does not
increase. Nevertheless, KCC2 is downregulated and NMDAR is
enhanced in females by signalling molecules and pathways that remain
to be identified. Also shown is that BDNF may be released from primary
sensory neurons activated by peripheral inflammation

changes in ATP release and upregulation of purinergic receptors
play a role in pain hypersensitivity. Beyond neuron-neuron trans-
mission, purinergic signalling through microglial P2X4 receptors
initiate complex signalling cascades that contribute to hyperexcit-
ability of dorsal hom neurons and hypersensitivity to nociceptive
stimuli. While the intricacies of these pathways continue to be
dissected, it is evident that purinergic signalling is integral in sen-
sory and nociceptive processing.

Personal reminiscence from Mike Salter

To say that Geoff Burnstock was a giant in the field is an
understatement of gargantuan proportions—there would be
no purinergic field without Geoff and his unbridled passion,
originality, intuition, wit, resilience, and courage. His seem-
ingly limitless support for the concept of purinergic signalling
and pain sustained and drove the field on over several decades.
As one interested in pain mechanisms, as a medical student, I
seem to have been destined to study ATP and purinergic sig-
nalling. During my interview for a PhD position in the lab, Jim
Henry, who was then driving the field of substance P and pain,
asked me if [ knew anything about ATP as a neurotransmitter
because some ‘guy named Geoff Burnstock” was promoting
this idea. I did not—but all that changed a little over a year
later with a chance attendance at the 1983 Society for
Neuroscience meeting where I listened, spell bound, to work
showing that ATP depolarizes dorsal horn neurons in culture.
I immediately became a purine-ologist, a badge I proudly
wear to this day.
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