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Abstract
P2X3 monomeric receptors (P2X3Rs) and P2X2/3 heteromeric receptors (P2X2/3Rs) in primary sensory neurons and microglial
P2X4 monomeric receptors (P2X4Rs) in the spinal dorsal horn (SDH) play important roles in neuropathic pain. In particular,
P2X4R in the spinal microglia during peripheral nerve injury (PNI), experimental autoimmune neuritis, and herpes models are
useful to explore the potential strategies for developing new drugs to treat neuropathic pain. Recently, novel P2X4 antagonists,
NP-1815-PX and NC-2600, were developed, which demonstrated potent and specific inhibition against rodent and human
P2X4Rs. The phase I study of NC-2600 has been completed, and no serious side effects were reported. The roles played by
purinergic receptors in evoking neuropathic pain provide crucial insights into the pathogenesis of neuropathic pain.
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Introduction

Acute nociceptive pain has physiological significance as a
warning system under normal conditions. The primary
sensory neurons in the dorsal root ganglion (DRG) are
pseudo-monopolar cells having one short axonal process
that is divided into two directions. One of them is distrib-
uted peripherally as a peripheral branch receiving inputs
through receptors. The other branch becomes the dorsal
root of the spinal cord and transmits impulses from the
peripheral receptors to the spinal cord. The primary sen-
sory neurons of DRG are composed of several types of
neurons with or without myelin sheaths. Among them,
Aδ-fibers, with myelin sheaths, and C-fibers, without
sheath, conduct pain-related spikes to spinal dorsal horn
(SDH) neurons. Painful stimuli evoke action potentials in
the distal ends of the C-fibers or Aδ-fibers of DRG neu-
rons, and these signals are conducted to the central ends
of these DRG neurons and transmitted to the secondary
sensory neurons in the SDH. When these signals finally

reach the sensory cortex, pain sensation occurs. Evidence
suggest that ionotropic P2XRs play important roles in
pain signaling under normal conditions [1].

Touch stimuli evoke action potentials in the Aβ-fibers of
DRG neurons, and these signals are transmitted to the sensory
cortex, resulting in touch sensation. These action potentials
can also be partially transmitted to the inhibitory interneurons
in the SDH, resulting in the release of the inhibitory neuro-
transmitters, γ-aminobutyric acid (GABA), and glycine.
GABA evokes the hyperpolarization of secondary neurons,
which inhibits pain signaling. Thus, light touch stimuli do
not cause pain sensations but, instead, inhibit pain signaling
under normal conditions (Fig.1). However, under pathological
condition light touch stimuli can cause painful sensations.
Among pathological pain types, neuropathic pain is one of
the most important because no fundamental drugs have been
identified that can inhibit this pain. Neuropathic pain often
develops when the nerves become damaged by trauma, due
to accidents, surgical operations, diabetes, or infections, even
after the tissue damage has healed [2–4]. The most character-
istic symptom of neuropathic pain is tactile allodynia (an ab-
normal hypersensitivity to innocuous stimuli). Evidence has
indicated that functional alterations in primary sensory neu-
rons and in the SDH play very important roles in the patho-
genesis of neuropathic pain after peripheral nerve injury (PNI)
[2–4]. An increasing body of evidence has suggested that
P2X3Rs and P2X2/3Rs in primary sensory neurons [5–9]
and P2X4Rs in the SDH [10] have important roles in neuro-
pathic pain, as described below.
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The role of P2X3 or P2X2/3Rs in primary
sensory neurons for evoking neuropathic
pain

Although the messenger RNA (mRNA) and protein for all
P2XRs, except for P2X7R, have reportedly been detected in
primary sensory neurons [11], electrophysiological studies
showed that homomeric P2X3R and heteromeric P2X2R
and P2X3R (P2X2/3R) are the predominant functional
P2XRs in these neurons [12, 13].

Cytosolic phospholipase A2 (cPLA2) is a key enzyme for
the generation of arachidonic acid and subsequent lipid medi-
ators [14, 15]. Spinal nerve injuries increase the level of phos-
phorylated cPLA2 (phospho-cPLA2) levels, which represents
the active form [16] of cPLA2. In DRG neurons, phospho-
cPLA2 localizes in the vicinity of plasma membrane [17],
which is not a major target of cPLA2 [18, 19]. The number
of DRG neurons displaying redistributed phospho-cPLA2

progressively increases after PNI, and the time-course of this
increase is correlated well with the strength of tactile allodynia
[17]. A selective inhibitor for cPLA2 can suppress both the
number of DRG neurons with redistributed phospho-cPLA2
and allodynia after PNI.

Recent evidence has indicated that P2XRs in DRG neurons
are involved in the development of neuropathic pain [20–22]
and that ATP causes an increase in intracellular Ca2+ levels in
DRG neurons [23]. Extracellular ATP has also been shown to

cause increase the level of phospho-cPLA2 in cultured DRG
neurons [17]. Treatment with αβ-methylene ATP
(αβmeATP), a P2X1R and P2X3R agonist [24], increases
the level of phospho-cPLA2. ATP-induced cPLA2 phosphor-
ylation can be prevented by A-317491, a potent and selective
P2X3R and P2X2/3R antagonist [25], and the ATP- and
αβmeATP-mediated increases in cPLA2 can be inhibited by
a cPLA2α inhibitor [17]. In an in vivo experiment, A-317491
significantly decreased the number of DRG neurons
displaying the redistribution of phospho-cPLA2 and inhibited
tactile allodynia after PNI [17]. These data indicated that tac-
tile allodynia after PNI depends on the unique activation of
cPLA2, through the stimulation of P2X3Rs and P2X2/3Rs, in
damaged DRG neurons.

Determining which lipid mediators are associated with the
development of tactile allodynia through the downstream ac-
tivation of signal cascades following cPLA2 activation is the
next step. One potential candidate is the platelet-activating
factor (PAF) because the pharmacological blockade of PAF
receptors (PAFRs) has been shown to reduce tactile allodynia
after PNI [26]. PAFR mRNA expression is increased in DRG
macrophages ipsilateral to PNI. Mice lacking PAFRs show a
reduction of tactile allodynia after PNI, and a marked suppres-
sion of upregulation of tumor necrosis factor α (TNFα) and
interleukin-1β (IL-1β) in the injured DRG [26]. TNFα and
IL-1β are well-known pro-inflammatory cytokines associated
with pain hypersensitivity [27, 28]. Moreover, a single
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Fig. 1 Pain signaling under
normal conditions
Painful stimuli evoke action
potentials in the distal ends of C-
fibers or Aδ-fibers of DRG neu-
rons, and these signals are con-
ducted to the central ends of these
DRG neurons and transmitted to
the secondary sensory neurons in
the SDH. These signals finally
reach to the sensory cortex
resulting in pain sensation.
Touch stimuli evoke action poten-
tials in Aβ-fibers of DRG neu-
rons, and these signals are trans-
mitted to the sensory cortex,
resulting in touch sensation.
These action potentials can also
be partially transmitted to the in-
hibitory interneurons in the SDH,
resulting in the release of the in-
hibitory neurotransmitters, γ-
aminobutyric acid (GABA), and
glycine. GABA evokes the hyper-
polarization of secondary neu-
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injection of PAF causes tactile allodynia, in a dose-dependent
manner, and an increase in the expression of mRNAs for
TNFα and IL-1β [26]. These results indicate that the
PAF/PAFR system may play an important role in the
production of TNFα and IL-1β in the DRG and tactile
allodynia following PNI (Fig.2).

The role of P2X4Rs in activated DH microglia
in neuropathic pain

PNI causes tactile allodynia in rats and mice in which the DH
microglia have been activated. Activated microglia over-
express P2X4Rs exclusively in the DH after PNI, and
P2X4R knockout animals do not show tactile allodynia after
PNI [29, 30]. Tactile allodynia after PNI can also be inhibited
by a P2X4R blocker [29].These results indicated that tactile
allodynia after PNI depends on microglial P2X4R activity.

ATP stimulates microglial P2X4Rs resulting in the
synthesis and release of brain-derived neurotrophic fac-
tor (BDNF) from activated microglia [30, 31]. BDNF
binds to transmembrane tyrosine kinase B (TrkB) in
secondary sensory neurons, triggering the downregula-
tion of the KCC2 potassium-chloride transporter,

resulting in the increased concentration of intracellular
chloride ions [Cl−]i, and causing a depolarizing shift in
the anion reversal potential (Eanion) [32]. PNI or the
injection of ATP stimulated microglia into the DH of
animal models causes a similar shift of the Eanion and
tactile allodynia [32].

Extracellular ATP in the SDH stimulates microglia,
which play essential roles in neuropathic pain after
PNI. However, which cells release ATP within the spi-
nal cord remains unknown. Recently, the vesicular nu-
cleotide transporter (VNUT) in DH neurons has been
identified as a key molecule associated with ATP re-
lease and neuropathic pain [33]. The extracellular ATP
contents ([ATP]e) of the DH, VNUT expression, and
pain hypersensitivity all increase after PNI in wild-type
mice, while the [ATP]e increase and tactile allodynia
are prevented in VNUT-deficient mice [33]. The in-
crease of spinal [ATP]e and tactile allodynia are
inhibited only in mice with the specific deletion of
VNUT in DH neurons, not in mice with the specific
deletion of VNUT in primary sensory neurons, microg-
lia, or astrocytes after PNI [33]. DH neurons can be
classified as inhibitory and excitatory neurons. Recent
findings have shown that inhibitory interneurons may
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Fig. 2 Schema of the proposed
mechanism for the P2X3R- and
P2X2/3Rs-involved PAF/PAFR
system-mediated tactile allodynia
after PNI
In DRG neurons, ATP stimulates
P2X3Rs and P2X2/3Rs to in-
crease internal concentration of
Ca2+ after PNI, leading activation
of Ca2+/calmodulin-dependent
protein kinase II (CaMKII) which
p h o s p h o r y l a t e s c P LA 2 .
P h o s p h o r y l a t e d c P L A 2

(phospho-cPLA2) localizes in the
vicinity of plasma membrane to
cut out lyso-PAF from the cell
membrane, which in turn converts
into PAF by the lyso-PAF-
acetyltransferase (LPCAT2). In
macrophages, stimulation of
PAFR by PAF may lead to pro-
duce and r e l e a s e o f p ro -
inflammatory cytokines, TNFα
and IL-1β. These cytokines may
increase the excitability of DRG
neurons that link to PNI-induced
tactile allodynia
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be crucial for the release of ATP because the increase
of spinal [ATP]e could be suppressed in mice lacking
VNUT in inhibitory neurons, which corresponds with
the suppression of tactile allodynia after PNI [10].
Thus, the VNUT-dependent release of ATP from DH
inhibitory neurons may be important for evoking tactile
allodynia in neuropathic pain.

By combining the above data, the following hypoth-
esis has been developed. Under pathological condition,
touch stimulation causes ATP and GABA release from
the inhibitory interneurons of the DH. Released ATP
stimulates microglial P2X4Rs, resulting in BDNF secre-
tion, which acts on secondary neurons to increase
[Cl−]i.. Furthermore, released GABA affects the Cl−

channels of secondary neurons, leading to increased
Cl− outflow, which depolarize these neurons to evoke
action potentials that reach the cortex, causing innocu-
ous touch stimuli to be mistakenly recognized as pain;
this hypothesis describes a potential mechanism for
allodynia (Fig.3).

Clinical significance of P2XRs in pain

These results have indicated that microglial P2X4Rs play cen-
tral roles in the pathogenesis of tactile allodynia associated
with neuropathic pain [10]. P2X4R antagonists may serve as
therapeutic agents against neuropathic pain in humans. Herpes
zoster, which is characterized by clustered blisters, strong
pain, and tactile allodynia, is caused by the reactivation of
the varicella-zoster virus in the sensory ganglia [34]. Recent
studies have shown that herpes simplex virus type 1 (HSV-1)
inoculated into mouse skin caused DRG neuron damage,
allodynia, and the activation of spinal microglia [35–37].
The expression of P2X4R mRNA in HSV-1 inoculated mice
increased progressively in microglia [38]. A novel and selec-
tive P2X4R antagonist, NP-1815-PX, was able to inhibit tac-
tile allodynia in a model of herpetic pain [38]. These results
indicated that P2X4Rs in the spinal microglia play important
roles in the allodynia associated with herpetic pain and that
P2X4R antagonists may represent good candidates for thera-
peutic agents against herpetic neuropathic pain.
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Fig.3 A hypothesis of the mechanism of allodynia involving microglial
P2X4Rs PNI
activates spinal microglia to overexpress P2X4Rs. In this pathological
condition, touch stimuli (1) cause ATP and GABA release (2) from in-
hibitory interneurons of the DH. Released ATP stimulates (3) microglial
P2X4Rs to secrete BDNF (4) which acts on secondary neurons to

increase [Cl−]i(6). Furthermore, released GABA affects the Cl− channels
of secondary neurons (7), leading to increase Cl− outflow (8), resulting in
depolarizing these neurons to evoke action potentials (9). These spikes
reach the cortex and evoke pain (10). In this way, innocuous touch stimuli
are mistakenly recognized as pain

44 Purinergic Signalling (2021) 17:41–47



Guillain–Barré Syndrome (GBS) is an acute inflammatory de-
myelinating disorder, in which the immune system attacks por-
tions of the peripheral nervous system. Neuropathic pain develops
in many GBS patients. The autoimmune experimental neuritis
method of immunization using a peptide derived from peripheral
nerve myelin has been used to generate an animal model of GBS.
In this model, the number of microglial cells and P2X4R expres-
sion levels continuously increase, in parallel with the clinical score
[39, 40]. The time-course of tactile allodynia in this model is
similar to those observed for microglial activation and P2X4R
expression. Paroxetine, an antidepressantwith P2X4Rantagonistic
effects [41], inhibits this allodynia. These results indicated
that P2X4Rs in spinal microglia play a primary role in
evoking allodynia in a rat model of GBS and that a
P2X4R antagonist might represent a therapeutic agent
against neuropathic pain associated with GBS [39].

Recently, gefapixant, a selective P2X3 and P2X2/3 receptor
antagonist, was reported to inhibit the pain of rat models of
hypersensitivity and neuropathic sensation [42], and reduce
cough reflex sensitivity of patients with chronic cough in a phase
II study [43]. In the phase II study, dysgeusia was the most
frequent adverse event that can be easily inferred from the report
that P2X3 is involved in the transmission of taste signaling [44].
Since homomeric P2X4R is thought not to be involved in the
taste signaling, it is speculated that P2X4R antagonists may not
evoke dysgeusia if they are used as anti-pain drugs in human.

Conclusions

An increasing body of evidence has suggested that P2X3Rs
and P2X2/3Rs in primary sensory neurons and microglial

P2X4Rs in the SDH play important roles in neuropathic pain.
In particular, P2X4Rs in the spinal microglia are active after
PNI in autoimmune experimental neuritis and herpes animal
models, which may indicate potential strategies for develop-
ing new drugs against neuropathic pain. Spinal microglia also
express other purinergic receptors, including P2X7R,
P2Y12R, and P2Y6R, which show interesting functions relat-
ed to neuropathic pain. The roles played by purinergic recep-
tors in microglia and DRG neurons for the evocation of neu-
ropathic pain provide crucial insights into the pathogenesis of
allodynia and suggest potential strategies for the development
of novel neuropathic pain treatments.

In memory of Geoffrey Burnstock (Fig.4)

In 2003, when the Japan Purine Club was officially launched,
at the 8th Japan Purine Meeting, Geoff was very pleased and
participated in the Tokyo meeting to support us. While I was
preparing the 2012 International Purine Meeting which was to
be held in Fukuoka Japan, a very strong earthquake hit our
country, in 2011, and a nuclear power plant suffered cata-
strophic damage. Although many researchers around the
world wondered whether the meeting could be held in
Fukuoka, Geoff strongly encouraged me to keep the meeting
in Fukuoka. Geoff had visited Fukuoka many times and he
was familiar with the charming character of Fukuoka. I wrote
a welcome message indicating that Fukuoka is located
1075 km from the Fukushima Power Plant, a distance similar
to that between the Chernobyl Nuclear Power Plant and
Prague or Vienna, and further than the distance between
London and Milan (940 km). This description seemed to

Geoff with Japanese Yukata 
at 2009 Fukuoka Purine

2009 Fukuoka Purine
2012 Int‘l Purine Meeting in Fukuoka

Fig. 4 Photos in memories with
Geoffrey Burnstock
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succeed in calming the anxieties of many people, and the
meeting was attended by approximately 200 participants from
overseas. At a social gathering, we rented a tour boat in
Fukuoka Bay, and Prof. Fusao Kato’s piano performance on
the boat was enjoyed by everyone. The meeting was success
due to Geoff’s powerful support.

In purinergic signaling field, I feel as though we are sailing
a ship that has lost its compass. That should not be the case, so
we have to fill the large hole left in Geoff’s absence and
continue to develop research in this area.

Geoff, thank you very much for your continued support.
Please rest peacefully in heaven while watching and
protecting us.
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