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Chronic pain is a highly prevalent debilitating condition for which treatment options remain limited for many patients. Ionotropic
ATP signalling through excitatory and calcium-permeable P2X receptor channels is now rightfully considered as a critical player in
pathological pain generation and maintenance; therefore, their selective targeting represents a therapeutic opportunity with
promising yet untapped potential. Recent advances in the structural, functional and pharmacological characterization of rodent
and human ATP-gated P2X receptor channels have shed brighter light on the role of specific subtypes in the pathophysiology of
chronic inflammatory, neuropathic or cancer pain. Here, we will review the contribution of P2X3, P2X4 and P2X7 receptors to
chronic pain and discuss the opportunities and challenges associated with the pharmacological manipulation of their function.
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Introduction
Initially discovered as the main chemical energy currency
in eukaryotic cells, ATP is now fully recognized as an im-
portant extracellular signalling molecule (North, 2016).
For around 50 years, this nucleotide has been known to
play a critical role in nociception as well as in chronic
pain mechanisms (Burnstock, 2016). Extracellular ATP
elicits its downstream signalling via activation of two
classes of surface P2 purinergic receptors: the P2X
ionotropic receptor channels and the P2Y metabo-
tropic G protein-coupled receptors. P2X ATP-gated

channels can assemble from seven subunits (P2X1–7) as
homotrimers or heterotrimers around a non-selective cat-
ionic pore. For their role in transducing an ATP signal
contributing to chronic pain generation and maintenance,
they are regarded as highly interesting therapeutic targets
for novel pharmacological approaches to analgesia. Here,
we will review the latest advances in the understanding
of the involvement of P2X receptor channels in pain
pathways. We will mainly focus on P2X subtypes critically
implicated in pathological pain: sensory P2X3 and P2X2/3,
microglial P2X4 and immune P2X7 receptors (see Table 1
and Figure 1).

Table 1
Synopsis of functional properties and pharmacology of the P2X ATP-gated channels involved in nociception and chronic pain. Calcium permeabil-
ity of P2X receptor subtypes is indicated in fractional current (data from Egan and Khakh, 2004). The selective antagonists in bold typeface are
displayed in Figure 3.

Subtype P2X3 P2X2/3 P2X4 P2X7

Current
phenotype

Calcium
permeability (%)

2.7 (rat) 3.5 (rat) 15 (human) 4.6 (rat)

Large pore No Yes Yes Yes

Link to pannexin No No No Yes

Agonists ATP, αβ-meATP,
2-MeS-ATP,
BzATP and Ap(n)A

As for the P2X3
homomer

ATP > BzATP,
2-MeS-ATP,
AP4, γ-S-ATP
and αβ-meATP

BzATP > ATP,
2-MeS-ATP
and αβ-meATP

Antagonists Suramin, PPADS,
TNP-ATP, Ap4A
analogs, A317491,
RO-3, AF-219, RO-51,
AF-353, AF-906, NF279,
MK-3901, MRS 3357,
Tricyclics, 5-OH-pyridines
and 3,4-dicarboxy-
pyridines

As for the P2X3
homomer

PPADS, paroxetine,
duloxetine,
5-BDBD, PSB-12054,
PSB-12062, CORM-2,
carbamazepines,
artemisinin,
NP-1815-PX
and BX430

PPADS, BBG, oATP,
decavanadate, KN62,
NF279, A-740003,
A438079, A804598,
A839977, AZ10606120,
AZ11645373, GW791343,
AZD9056, GSK1482160,
GSK314181A, CE-224535,
JNJ-479655, pyrimidine-
2,4-diones, ZINC09315614,
chloro-purines, RO-3, AF-353,
AF-906, acetamides,
3,5-DiCl-pyridines,
protoberberines,
pyrazol-acetamides,
cyanoguanidines, teniposide,
tanshinone IIAS, methanones,
nanoAb 13A7 and nanoAb
Dano1

Selective for P2X3
homomers: IP5I, AZ004,
RO-85, mAb 12D4
and spinorphin

Cellular distribution
(pain-related)

Primary sensory neurons
(dorsal root, nodose and
trigeminal ganglia)

As for the P2X3
homomer

CNS neurons,
monocytes,
macrophages
and microglia

Lymphocytes, monocytes,
macrophages, microglia,
CNS neurons and astrocytes
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P2X3 and P2X2/3 receptors in primary
sensory neurons
P2X3 homomers and P2X2/3 heteromers are predominantly
localized on peripheral primary sensory afferents, in small-
diameter unmyelinated C-fibres, while being mostly absent
from medium-diameter and large-diameter NF200+ sensory
neurons. Non-peptidergic, P2X3-expressing, C-fibres, also
isolectin B4+ and Mas-related G-protein coupled
receptor family member D+, represent a large fraction
of cutaneous and visceral nociceptors in rodents and
humans. Located on nerve terminals in free nerve endings
in peripheral tissues, P2X channels can drive the initial nerve
impulse from the nociceptor’s receptive field. Therefore, ex-
citatory P2X3 and P2X2/3 ATP-gated receptor channels are
thought to exert their effect by directly sensitizing C-fibres
by membrane depolarization and calcium entry to facilitate
pain transmission. Of particular importance for chronic pain
diseases is the expression of P2X3 receptors in the central ter-
minals of dorsal root ganglia (DRGs) (or trigeminal ganglia)
terminating in the inner lamina II (substantia gelatinosa) of
the dorsal horn of the spinal cord. These presynaptic P2X3 re-
ceptors are appropriately located to exert facilitation of gluta-
mate release at the first synapse in the nociceptive pathway.

As P2X3 receptors can increase nociception via direct sen-
sitization of pain fibres, there is much evidence for the idea
that dysregulation of this purinergic pathway is involved in
pathological pain. One key question in the field is whether
the aberrant activation of P2X3 receptors in chronic pain
stems from increased P2X3 expression and function or from
increased availability of its endogenous agonist, namely,
ATP. While up-regulation of P2X3 receptors and ATP release
will clearly affect the contribution of purinergic mechanisms
to chronic pain, many reports have shown that other recep-
tor signalling systems co-expressed with P2X3 receptors in
C-fibres can directly regulate P2X3 and ATP-induced neuro-
nal sensitization. Furthermore, new insights into post-
translational modifications of P2X3 channels may lead to
novel pharmacological approaches and might represent a
way to alter P2X3 receptor function in specific chronic pain

conditions. This new evidence will be reviewed here, with a
focus on how targeting these regulatory pathways can affect
pain responses.

It has been suggested that P2X3 receptors can form func-
tional units with co-expressed sensory transducers. For in-
stance, P2X3 receptors interact with TRPV1 channels, long
known for their involvement in nociceptive thermal sensing.
In amodel of mechanical hyperalgesia of themasseter muscle
induced by injection of the selective P2X agonist
αβ-methylene ATP (αβ-meATP), pretreatment with the
TRPV1 antagonist AMG9810 prevents the induction of pain
(Saloman et al., 2013). Both P2X3 and TRPV1 receptors are co-
expressed in a subpopulation of trigeminal neurons, and
capsaicin-induced calcium transients were amplified by
treatment with P2X3 receptor agonists, further indicating a
co-facilitatory interaction between the two sensory receptor
channels. This facilitation is likely to depend on
P2X3-induced phosphorylation of serine residues on
TRPV1 receptors. While no proof of direct physical prox-
imity exists, several lines of evidence point towards their
co-localization within lipid rafts, as well as their differen-
tial regulation by cholesterol (Vacca et al., 2004; Liu
et al., 2006; Szoke et al., 2010; Gnanasekaran et al.,
2011). This raises the possibility of micro-environmental
changes affecting not only P2X3 channel activity but also
P2X3–TRPV1 functional interaction.

The co-expression of P2X3 and TRPV1 receptors in
subpopulations of nociceptive neurons plays a key role in
the severe pain induced by the snake venom toxin, BomoTx.
The recent study by Zhang et al. (2017) demonstrated that
BomoTx induced the release of ATP from sensory neurons,
probably through the transient opening of pannexin hemi-
channels and that this ATP release further activates P2X3-
containing receptors on neighbouring neurons (Zhang
et al., 2017). These findings uncover a novel mechanism by
which ATP can diffuse from pannexin pores in a PLC-
dependent and calcium-dependent way, a mechanism that
might underlie excessive ATP release in other forms of pain
pathologies. Furthermore, this indicates that stimulation of
specific C-fibre types, either expressing TRPV1 or P2X3

Figure 1
Schematic cellular distribution of the main P2X receptor subtypes expressed in mammalian peripheral pain pathways. The exact subunit stoichi-
ometry of native heteromeric P2X2/3 receptors in primary sensory neurons remains unknown.
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receptors, elicits distinct painful behaviours. Of note, the ATP
release triggered by BomoTx activates P2X receptors on
C-fibres that mediate mechanical allodynia. Interestingly,
ATP release through pannexin was also shown to be induced
downstream of P2X3 activation in trigeminal sensory
neurons. This calcium/calmodulin-dependent ATP efflux
pathway potentially drives feedforward potentiation of
painful signals (Bele and Fabbretti, 2016).

Control of the surface localization of P2X3 receptors is
directly involved in several multi-receptor crosstalks. The de-
pression of P2X3 receptor function induced by co-activation
of the natriuretic peptide receptor-A (NPR-A) by brain na-
triuretic peptide (BNP) relies on the redistribution of
P2X3 receptors out of lipid rafts (Marchenkova et al., 2015).
In a genetic mouse model of familial hemiplegic migraine,
sustained inactivation of the BNP/NPR-A pathway affected
the phosphorylation state of P2X3 receptors and enhanced
P2X3 receptor currents in trigeminal ganglion neurons
(Marchenkova et al., 2016). Another peptide involved in
nociception, CGRP, was also shown to regulate the mem-
brane localization of P2X3 receptors in trigeminal nocicep-
tive neurons. CGRP is believed to induce a slow and
sustained up-regulation of P2X3 receptors and contribute to
pain sensitization in migraine (Fabbretti et al., 2006; Wang
et al., 2012). In inflammatory pain models, the agonists tryp-
sin and tryptase sensitize sensory neurons via cleavage of
their receptor protease-activated receptor-2 (PAR-2). PAR-2
activation was shown to increase P2X3 channel activity in
DRGs, via PKA- and PKC-dependent translocation of P2X3
receptors to the cell surface (Wang et al., 2012).

Another major signallingmolecule involved in inflamma-
tory pain, PGE2, modulates P2X3 receptor activity in sensory
neurons. The increased excitability of DRG neurons observed
following PGE2 treatment is attributed to the increased activ-
ity of P2X3 channels. The EP3 receptors activated by PGE2
triggers a cAMP/PKA-dependent pathway, ultimately enhanc-
ing P2X3 receptor responses, as demonstrated both in vitro
and in vivo behaviourally in pain models through the use of
the PKA blocker H89 (Wang et al., 2007). A similar regulatory
mechanismwas also suggested in a study investigating the in-
creased involvement of P2X3 receptors in bone cancer pain,
where an up-regulation of these receptors could be triggered
by PGE2 released from tumour cells (Wu et al., 2012).

While several lines of evidence clearly show that PKA is
involved in linking EP receptor activation to up-regulation
of P2X3 receptors, recent data suggest that in inflamed
neurons, an increase in PKC signalling is also involved in
PGE2-driven sensitization of P2X3 receptors. Exchange
proteins directly activated by cAMP (Epacs) can enhance
the PKC-dependent signalling under inflammatory pain con-
ditions induced by complete Freund’s adjuvant (Gu et al.,
2016a). The same group demonstrated that this mechanism
requires F-actin as a link between PGE2 activation of PKC
and subsequent enhancement of P2X3 receptor responses,
in a process likely affecting membrane insertion of the
receptor channels (Gu et al., 2016b). While more work is
needed to further our understanding of the PKC-P2X3 axis
in sensory neurons, both PKCε and PKCα isoforms have
been implicated in regulating P2X3 receptor function and
may represent potent pharmacological targets for inflamma-
tory pain (Prado et al., 2013).

Interestingly, metabotropic purinergic P2Y receptors were
also shown to modulate activity of P2X3 and P2X2/3 recep-
tors within nociceptive neurons. Both P2Y1 and P2Y2 recep-
tors are expressed along with P2X3 receptors in DRG
nociceptors (Kobayashi et al., 2006). Activation of P2Y1 recep-
tors with the agonistsADP-β-S or 2-MeSADP, as well as acti-
vation of P2Y2 receptors withUTP inhibits responses of P2X3
receptors to αβ-meATP (Gerevich et al., 2005). The mecha-
nism suggested relies on Gq-coupled activation of PLC and
subsequent hydrolysis of the phospholipid PIP2, a known fa-
cilitator of P2X function (Mo et al., 2009; Mo et al., 2013).
This inhibition provided by P2Y receptors might underlie a
homeostatic mechanism to prevent excessive activation of
P2X3 receptors and subsequent excess of intracellular cal-
cium, as the metabotropic and ionotropic receptors are acti-
vated by purinergic signalling molecules, likely to come
from the same sources following tissue damage. Most P2Y re-
ceptors show cross-sensitivity to ATP- and UTP-derived li-
gands; therefore, their activation under high ATP
concentrations can dampen P2X3 receptor activity in patho-
logical conditions. Interestingly, similar Gq-coupled and
phosphoinositide-dependent modulation of channel activity
was also observed with P2X4 and P2X7 receptors in immune
cells, likely to represent a ubiquitous regulatory mechanism
of purinergic transduction in pain circuits (Zhao et al., 2007;
Bernier et al., 2008, 2013a,b).

A recent study also uncovered a potential interaction be-
tween P2X3 receptors and the lysophosphatidic acid receptor
(LPA1). In a rat model of bone cancer pain-induced mechan-
ical pain, activation of LPA1, co-expressed with P2X3 recep-
tors in DRG neurons, potentiated ATP-mediated currents
(Wu et al., 2016). Activation of the Rho/ROCK signalling
pathway downstream from LPA1 receptors is suggested as
the functional link, as either LPA1 receptor or Rho/ROCK an-
tagonists inhibited αβ-meATP-evoked pain responses.

A microarray-based gene expression study investigating
25 inbred mouse strains identified the α6-nAChR subunit
as a gene playing a central role in mechanical allodynia and
in nicotine-induced analgesia (Wieskopf et al., 2015). Gain-
of-function and loss-of-function mutants correlate with the
level of analgesia induced by activation of α6 subunits, in
both neuropathic and inflammatory pain models. It has been
suggested that the analgesic role of α6 subunits is mediated
through cross-inhibition of P2X2/3 heteromeric channels in
mouse DRG neurons. While the study also hints at a similar
role of α6 subunits in humans, it is likely that a different
cross-regulation exists with the P2X component of pain sen-
sitization, as the P2X2 receptor subunit has not been found
in human and primate DRGs (Serrano et al., 2012).

Direct pharmacological blockade of P2X3 receptors by se-
lective antagonists has shown clinical promise when used on
various preclinical models of chronic pain, including inflam-
matory, neuropathic and cancer-induced bone pain (Hansen
et al., 2012; Prado et al., 2013; Schiavuzzo et al., 2015). More-
over, recent high-resolution structural information on crys-
tallized human P2X3 receptors, with the competitive
antagonists TNP-ATP and A-317491 bound to the
orthosteric site (see Figure 2) and in different stages of its acti-
vation cycle, has the potential to boost the development of
novel potent analgesics (Mansoor et al., 2016). In parallel, as
more and more data become available on the various
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regulatory mechanisms governing sensitization of P2X3 re-
ceptors in chronic pain pathologies, it is likely that some of
the sensory receptors known to interact with P2X3 receptors
in the complex process of C-fibre sensitization will also pro-
vide effective therapeutic targets.

Microglial P2X4 receptors
In the last 15 years, a lot of attention has been paid to the role
of P2X4 receptors in the generation and maintenance of
chronic pain. While earlier investigations were traditionally
aimed at neurocentric mechanisms by which intrinsic
changes in primary or second-order nociceptive neurons
would induce hyperexcitability, more and more studies dem-
onstrated that modifications in the glial micro-environment
surrounding sensory neurons could trigger aberrant excitabil-
ity and nociceptive responses. The contribution of P2X4 re-
ceptors to such indirect effects on nociceptive pathways was
first documented via its up-regulation in activated spinal cord
microglia. The mechanism by which activation of microglial
P2X4 receptors leads to neuronal hyperexcitability within
the dorsal horn of the spinal cord has been reviewed previ-
ously (Trang and Salter, 2012; Tsuda et al., 2013) and will be
briefly described here. Additional aspects of the regulation
of P2X4 receptor activity in painful pathologies will be
discussed.

Following peripheral nerve injury, microglia in the super-
ficial laminae of the spinal cord dorsal horn, where the first
somatosensory relays take place, undergo activation, a com-
plex process characterized by changes in morphology, gene

expression and cell number. Activated microglia increase
their expression of P2X4 receptors, hinting at the importance
of purinergic transduction in this process. The timing of
microglial activation correlates with mechanical pain hyper-
sensitivity and is necessary and sufficient to trigger neuronal
hyperexcitability. A critical molecular event in this pathway
was the release of brain-derived neurotrophic factor
(BDNF) by activated microglia (Tsuda et al., 2003; Ulmann
et al., 2008; Trang et al., 2009). Interestingly, the release of
BDNF is dependent on activation of microglial P2X4 recep-
tors by ATP. In turn, BDNF activates postsynaptic TrkB
receptors on second-order spinal neurons in lamina I, induc-
ing down-regulation of the K+/Cl- co-transporter KCC2
(Coull et al., 2003, 2005). The dysregulation of neuronal
anionic gradients brought by this cascade ultimately weakens
GABAergic synapses, resulting in a dis-inhibition of the
spinal circuits, so critical in pain pathologies.

As the abnormal expression of P2X4 receptors in microg-
lia contributes to peripheral nerve injury (PNI)-induced me-
chanical pain, several studies have focused on the
mechanisms underlying up-regulation of P2X4 receptors.
Masuda et al. (2014) identified IFN regulatory factor-5
(IRF-5) as the major transcription factor involved in the tran-
scriptional control of P2X4 receptors. Mice lacking IRF-5 did
not up-regulate spinal P2X4 receptors after PNI and exhibited
substantial resistance to pain hypersensitivity. Furthermore,
IRF-8, which had previously been identified as a critical regu-
lator of reactive-state microglia and the neuropathic pain re-
sponses after PNI (Masuda et al., 2012), was shown to
regulate IRF-5 activation through binding to its promoter
site. Another key player in the up-regulation of microglial

Figure 2
Crystal structure of the trimeric human P2X3 receptor channel showing interactions with the competitive antagonist A-317491 bound to the
orthosteric ATP site. Cartoon (left), space fill (centre) and ball-and-stick (right) representations are displayed in two orientations. The dashed lines
indicate the position of the lipid bilayer. Coordinates from PDB #5SVR (Mansoor et al., 2016) viewed in JSmol.
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P2X4 receptors is Lyn, a member of the Src family of tyrosine
kinases involved in microglial activation. In Lyn�/�mice, the
up-regulation of P2X4 receptors following PNI is absent, as is
tactile allodynia. The upstream up-regulation of Lyn is likely
to reflect IFN-γ activation of microglia following PNI (Tsuda
et al., 2008, 2009b). The involvement of the chemokine
CCL21 as a mediator of increased expression of P2X4 recep-
tors was also suggested. CCL21 is rapidly expressed in noci-
ceptive C-fibres following injury and transported to their
central terminals in the dorsal horn (Biber et al., 2011).
CCL21 deficiency prevents subsequent overexpression of
P2X4 receptors in spinal cord microglia, while in vitro and
in vivo application of CCL21 results in up-regulation of
microglial P2X4 receptors. An additional key step in this
now well-characterized pathway is the link between P2X4 re-
ceptor activation and BDNF release from microglia. P2X4 re-
ceptor channels are highly permeable to calcium ions (Egan
and Khakh, 2004), and P2X4 channel-dependent calcium en-
try triggers a biphasic BDNF release, initially from a pre-
existing pool of BDNF followed by de novo synthesis (Trang
et al., 2009). This process requires activation of p38 MAPK,
while the release of BDNF is mediated by SNARE-mediated
exocytosis. Activation of p38 MAPK driven by microglial
P2X4 receptors was also observed in bone cancer pain
models, where BDNF release is accompanied by activation
of toll-like receptor 4 and TNF-α release from microglia (Jin
et al., 2014).

Interestingly, in a model of peripheral inflammatory pain,
it was shown that macrophages participate in pain hypersen-
sitivity via a similar yet distinctivemechanism. Up-regulation
of P2X4 receptors is also observed in macrophages under in-
flammatory conditions, and activation of these receptors by
ATP is necessary and sufficient to induce pain hypersensitiv-
ity, as the phenotype was absent in P2X4-null mice. Also,
ATP-primed macrophages injected in the paw could directly
lead to hypersensitivity (Ulmann et al., 2010). In this model
however, the downstream effector is likely to be the release
of the PGE2, driven by P2X4 receptors, via activation of p38
MAPK, COX and PLA2.

An intriguing and novel aspect of the control of P2X4 re-
ceptor up-regulation was brought by a study by Sorge et al.
(2012), who demonstrated striking sex differences in the
pathogenesis of mechanical allodynia after PNI and during
inflammatory pain in mice. While the previously described
mechanism of up-regulation of microglial P2X4 receptors
followed by p38 MAPK activation and BDNF release was ob-
served in males, blocking any step of this pathway in females
was found ineffective at treating pain. These results indicate
that microglial up-regulation of the P2X4 receptor via an up-
stream modulator is absent in females. As the transcription
factors IRF-5 and IRF-8 showed no sex dimorphism, it re-
mains unclear which driver of P2X4 receptor expression is si-
lent in females. While the authors observed no up-regulation
of P2X4 receptors in females following PNI, they did observe
microglial activation in the dorsal horn at the same level as
in the male counterparts, indicating that the microglial
phenotype alone is not a valid marker of pain. This further
confirms the specific importance of P2X4 receptors in
driving the pain phenotype and the dissociation between
expression of P2X4 receptors and microglial activation.
Accordingly, in P2X4-null mice, PNI does not induce

allodynia as it does in wild-type mice; however, the same
level of microglial proliferation and activation is observed
in both genotypes (Tsuda et al., 2009a).

The numerous investigations performed on the BDNF-
KCC2-driven neuronal sensitization have uncovered the
importance of this pathway in other pain pathologies. No-
tably, it was shown to be critical in the development of
morphine hyperalgesia, a phenomenon where chronic
morphine use induces a long term tolerance to the opioid
accompanied by paradoxical pain hypersensitivity (Ferrini
et al., 2013). This represents a widespread therapeutic prob-
lem since opioids remain the gold standard in chronic pain
management. Chronic morphine use induces microglial
BDNF release-dependent down-regulation of KCC2 and
subsequent hyperexcitability of rat lamina 1 neurons.
Chronic morphine treatment increases expression of
microglial P2X4 receptors, whereas knocking out P2X4 or
blocking its function with the antagonist TNP-ATP pre-
vents the appearance of hyperalgesia. Overexpression of
microglial P2X4 receptors depends on μ-opioid receptor
activation and is a necessary step for morphine-induced
hyperalgesia.

While most pharmacological efforts at controlling pain
through its purinergic aspects have been aimed at the P2X3
receptor, several P2X4 receptor antagonists (see Figure 3) also
showed analgesic potential. For example, the compound NP-
1815-PX, a potent and selective P2X4 receptor blocker, shows
significant efficacy in the treatment of pain induced by her-
pes simplex virus (HSV)-1 inoculation, a model of herpetic
pain (Matsumura et al., 2016). Whereas it inhibited the
allodynia caused by traumatic nerve damage following HSV-
1 infection, the compound had no effect on acute
nociception or motor function. However, it was found inef-
fective at treating spinal nerve injury-induced mechanical
allodynia. Antidepressants, in particular, the selective 5-HT
reuptake inhibitor paroxetine, have also been suggested to
possess significant indirect P2X4 receptor antagonism and
were effective at treating certain forms of neuropathic pain
(Nagata et al., 2009). We know now that researchers using
preclinical animal models in the evaluation of the potential
of P2X4 receptor blockers as analgesics will have to consider
the dimorphism between the P2X4-dependent pathogenesis
observed in males and P2X4-independent mechanisms at
play in females.

P2X7 receptors in immune cells
A more recent player in the field of purinergic signalling in
chronic pain is the P2X7 receptor channel, which shows the
lowest sensitivity to ATP among the P2X family. This high-
threshold activation gives P2X7 a role in damage-sensing,
only triggering downstream effects when ATP concentration
is pathologically elevated. P2X7 ATP receptors in immune
cells have long been known for their involvement in periph-
eral inflammation, where their activation leads to
inflammasome recruitment, IL-1β processing and release, as
well as multiple inflammatory cascades. In the CNS, they
are mainly expressed in microglia and are thought to perform
similar functions by inducing the release of inflammatory
cytokines.
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Early reports using antagonists (Figure 3) and knockout
mice have implicated microglial P2X7 receptors in chronic
neuropathic and inflammatory pain through the release of
IL-1β (Dell’Antonio et al., 2002a,b; Chessell et al., 2005), a
process that has been reviewed previously (Donnelly-
Roberts and Jarvis, 2007; Giuliani et al., 2017). Notably,
the mechanical hyperalgesia observed in rats in inflamma-
tory conditions can be abrogated by oxidized ATP, a known
P2X7 receptor antagonist. Using P2X7-null mice, Chessell
et al. (2005) showed that the tactile or thermal hypersensi-
tivity induced by inflammatory adjuvant injection or partial
nerve ligation requires P2X7 receptor expression. Specifi-
cally, the release of IL-1β and IL-10 was disrupted in
P2X7-null mice. It was later reported that LPS priming of
microglia in the spinal cord is necessary for the P2X7/IL-1β
release pathway to take place (Clark et al., 2010). Using
antagonists and P2X7 receptor KO mice, they showed that
LPS induction of painful symptoms requires P2X7 receptors
by engaging a p38 MAPK-dependent pathway. Furthermore,
there is increasing evidence that enhanced release of IL-1β
after activation of P2X7 receptors antagonizes morphine
analgesia and accounts for the development of morphine
tolerance, which could explain the lack of efficacy of opi-
oids in the treatment of pain in neuropathic patients
(Shavit et al., 2005). IL-1β is known to be a key mediator
in neurodegeneration, chronic inflammation and chronic

pain (Allan et al., 2005; Dinarello, 2011). It also induces
the transcription of COX-2 and NOS, which both play a
central role in the generation and maintenance of inflam-
matory pain (Samad et al., 2001). More recently, the expres-
sion of P2X7 receptors was measured in peripheral blood
lymphocytes and monocytes, as well as the levels of IL-1β
in patients suffering from chronic nociceptive and neuro-
pathic pain (Luchting et al., 2016). P2X7 receptor mRNA
and protein levels were found to be increased on monocytes
and lymphocytes of patients with neuropathic pain, but not
in patients with nociceptive low back pain. Similarly, IL-1β
concentrations in serum were significantly elevated only in
patients with neuropathic pain. While direct release of ma-
ture soluble IL-1β is generally thought to be the main path-
way for microglia-to-neuron communication, recent reports
show that IL-1β could also be packaged within microvesicles
budding from microglia (Li et al., 2017). Following spinal
nerve ligation in rats, microglial microvesicles were detected
in the CSF, and the associated pain symptoms could be
alleviated with shRNA targeted against IL-1β. These
microvesicles, the release of which is dependent on activa-
tion of P2X7 receptors and p38 MAPK, can directly sensitize
neuronal activity. A strong body of evidence therefore sug-
gests that activation of P2X7 receptors and the subsequent
release of IL-1β represent highly critical steps in chronic
pain maintenance.

Figure 3
Structures of subtype-selective P2X receptor antagonists. The compounds IP5I and RO-85 can discriminate between P2X3 homomers and P2X2/3
heteromers. The orally bioavailable compound AF-219 is currently tested in Phase III clinical trials for hypersensitized C-fibre afferents and refrac-
tory chronic cough.
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Up-regulation of P2X7 receptor expression inmicroglia in
chronic pain conditions, showingmany similarities to the in-
volvement of P2X4 receptors, has also been suggested. While
the underlying transcriptional control of P2X7 receptors
remains to be investigated, evidence shows that these
receptors are up-regulated at both the mRNA and protein
level in spinal microglia after peripheral nerve injury
(Kobayashi et al., 2011). Up-regulation of P2X7 receptors
was critical for mechanical hypersensitivity as the selective
antagonist A-438079 blocked its development. A similar
increase in microglial P2X7 receptors was observed in a
model of postsurgical pain, where pre-surgery i.t. injection
of brilliant blue G (BBG), a potent P2X7 receptor blocker,
prevented mechanical allodynia (Ying et al., 2014). Interest-
ingly, up-regulation of microglial P2X7 receptors is also pres-
ent in models of morphine tolerance, a prevalent problem in
pain management (Zhou et al., 2010). Loss of morphine po-
tency, microglial activation and increased P2X7 receptors
were all significantly reduced by intrathecal BBG treatment,
but only if given before the induction of tolerance.

Two singular characteristics of the P2X7 receptors and
their contribution to pain mechanisms were highlighted by
the work of Sorge et al. (2012). The first is that P2X7 receptors
have two distinct modes of operation. The first mode is to
function as a non-selective ATP-gated cation channel and as
an opener of pannexin hemichannels to form a large pore,
permeable to molecules with a mass of up to 900 Da, under
prolonged application of ATP (Surprenant et al., 1996;
Locovei et al., 2007). The second is that the P2X7 receptor
gene shows a high frequency of single-nucleotide polymor-
phisms (SNPs). Using genome-wide linkage analysis, Sorge
et al. (2012) showed that variations within the coding se-
quence of the P2X7 gene affects chronic pain sensitivity in
both mice and humans. These genetic variations partly ac-
count for the high degree of variability observed in chronic
pain symptoms and, importantly for therapeutic purposes,
in the response to analgesics. Specifically, they report an asso-
ciation between mechanical allodynia and the P451L SNP, a
mutation known to specifically affect pore formation in cell
membranes (Adriouch et al., 2002). Mice carrying the P451L
mutation display impaired pore formation of the P2X7 chan-
nel, with normal non-selective cation permeability, and less
allodynia than mice expressing the pore-forming P2X7
wild-type allele. Moreover, in two independent human
chronic pain cohorts, one with mastectomy-induced pain
and another with osteoarthritis, a genetic association was ob-
served between lower pain intensity and the hypofunctional
His270 allele of P2X7. Thefindings suggest a specific requirement
for largepore formationbyP2X7 receptors in thepathophysiology
of chronic inflammatory and neuropathic pain.

While the mechanisms underlying the relevance of the
large pore formation in P2X7 receptors to pain remain
unknown, P2X7 gene polymorphisms appear to be linked to
numerous diseases (Caseley et al., 2014) and studies have
followed on their importance in chronic pain. In patients
with diabetic neuropathy, the gain-of-function His155Tyr
and Ala348Thr SNPs are associated with an increased pain
score (Ursu et al., 2014). Interestingly, this was shown in fe-
male, but not in male patients, suggesting a sex-specific
mechanism for this involvement of P2X7 receptors in pain.
Whether this gender effect relies on the recruitment of

different immune cells as the main effector cell types, as it
has been suggested for P2X4 receptors in microglia, as dis-
tinct from T-cells, will remain to be demonstrated. In another
report on P2X7 receptor polymorphisms, specific P2X7 hap-
lotypes in humans were linked to different responses to cold
pain as well as to differing analgesic effects of the opioid fen-
tanyl (Ide et al., 2014).

There is a growing focus on the involvement of P2X7 re-
ceptors in bone cancer pain. About 90% of advanced bone
cancer patients must cope with chronic pain syndromes re-
lated to tumour growth (Mantyh, 2006; Colvin and Fallon,
2008). In a rodent model of bone cancer pain, microglia acti-
vation seems to arise later than in inflammation or neuro-
pathic injury, suggesting a difference in pain induction
mechanisms (Yang et al., 2015). Furthermore, minocycline
blockade of microglial activation is effective at reducing pain
at later disease stages, but ineffective at preventing its devel-
opment. In this paradigm, spinal microglial P2X7 receptors,
phosphorylated p38 MAPK and IL-18 levels were all in-
creased, while spinal inhibition of the P2X7/p38/IL-18 path-
way reduced pain at advanced stages of bone cancer. Direct
antagonism of P2X7 receptors with A839977 was also suc-
cessfully used in another study investigating bone cancer
pain models (Falk et al., 2015). However, another study dem-
onstrated that P2X7 receptor-deficient mice were more sus-
ceptible to bone cancer pain (Hansen et al., 2011). The
discrepancy is likely to be due to the use of a mouse line that
still expresses the P2X7(k) splice variant (Nicke et al., 2009).

Given the numerous similarities between P2X4 and P2X7
receptors with regard to their role in neuropathic pain, it is in-
teresting to evaluate the possible interactions between these
two purinergic subtypes. First reported to form functional
P2X4/7 heteromers in heterologous expression systems
(Guo et al., 2007), the two proteins were also shown to co-
precipitate in macrophages (Perez-Flores et al., 2015). As both
receptors are up-regulated in microglia and involved in
chronic pain conditions, the presence of a functional
P2X4/7 heteromer, or a reciprocal regulation between P2X4
and P2X7 homomers would greatly affect how purinergic
stimulation drives nociceptive hyperexcitability. For in-
stance, P2X4 and P2X7 units can interact via the long intra-
cellular C-terminal domain of the P2X7 unit and, further,
knocking out the P2X4 protein disrupts P2X7-induced cell
death and IL-1β release from macrophages (Perez-Flores
et al., 2015). Whether heteromeric P2X4/7 ATP receptors play
a critical role in pathological pain, for example in activated
microglia-dependent BDNF or IL-1β release, remains to be
assessed.

While most studies have looked at the involvement of
P2X7 receptors in pain through their expression onmicroglia
and other immune cells, roles of P2X7 receptors in pain, inde-
pendent of immune cells, have also been suggested. In satel-
lite glial cells surrounding sensory neurons in DRGs, an
analgesic role for P2X7 receptors was postulated based on ev-
idence that activity of these receptors in satellite glial cell in-
duces ATP release through pannexin-1 hemichannels.
Subsequent activation of neuronal P2Y1 receptors then drives
P2X3 down-regulation via p38 MAPK activation (Chen et al.,
2008). This could be particularly important in aged animals,
where levels of P2X7 receptors are relatively high compared
with the neuronal P2X3 receptors. The functional link
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between P2X7 receptors and pannexin hemichannels has
been shown to be critical in the induction of gliogenic LTP
in pain circuits in pathological conditions (Kronschlager
et al., 2016). Following high-frequency stimulation and ATP
release from C-fibres, the NMDA receptor agonist D-serine
is released from glia through P2X7 receptor-coupled
pannexin-1 hemichannels. D-serine then diffuses in the dor-
sal horn of spinal cord where it induces homosynaptic and
heterosynaptic LTP at nociceptive synapses. Interestingly,
this pathological neuron–glia crosstalk requires the com-
bined activation of microglial and astrocytic P2X7 receptors.

Conclusions and challenges
A large body of evidence has now fully established that
ionotropic ATP signalling contributes to pain mechanisms
in physiological and pathological contexts through the en-
gagement of P2X3, P2X4 and P2X7 ATP receptors. These
P2X receptor subtypes have the appropriate biophysical
properties and the appropriate cellular expression to justify
their prioritization as potential targets for novel pharmaco-
logical approaches to analgesia. Like other ion channels,
P2X receptor channels are not easy targets for drug develop-
ment, and we have identified a number of key challenges.
These include species differences in pharmacology that hin-
ders preclinical validation, unclear distribution and subunit
composition of P2X receptors in human tissues in health
and disease, poor selectivity of antagonists for homomeric
against heteromeric P2X receptor complexes and its physio-
logical consequences, genetic polymorphisms affecting
channel function and gender differences in P2X receptor
involvement in pain pathways. Nevertheless, several P2X re-
ceptor ligands have successfully reached Phase II or Phase III
clinical trials, including a P2X3 receptor antagonist
(AF-219, Figure 3) that shows a promising therapeutic
potential in the treatment of hypersensitized sensory affer-
ents in chronic cough and possibly chronic visceral pain
(Abdulqawi et al., 2015).

Recent details on the protein structure of human P2X3 re-
ceptors (Mansoor et al., 2016) and P2X4 receptor orthologues
(Kawate et al., 2009; Hattori and Gouaux, 2012) at the atomic
level are a boon for drug designers, and we can predict with
confidence that more P2X receptor structures, including that
for the P2X7 receptor, will be available in the near future. This
will improve our capacity to identify potent subtype-selective
antagonists for preclinical validation in rodent and primate
models. It is only a matter of time before some compounds
display the right properties for good oral bioavailability and
translation to first-in-class P2X receptor analgesics, in the
treatment of chronic pain without the side effects of opiates.

Nomenclature of targets and ligands
Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY (Southan
et al., 2016), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2015/16 (Alexander et al.,
2015a,b,c,d,e).
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