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Cancer-induced bone pain severely compromises the quality of life of many patients suffering from bone metastasis, as current
therapies leave some patients with inadequate pain relief. The recent development of specific animal models has increased the
understanding of the molecular and cellular mechanisms underlying cancer-induced bone pain including the involvement of ATP
and the purinergic receptors in the progression of the pain state. In nociception, ATP acts as an extracellular messenger to transmit
sensory information both at the peripheral site of tissue damage and in the spinal cord. Several of the purinergic receptors have
been shown to be important for the development and maintenance of neuropathic and inflammatory pain, and studies have
demonstrated the importance of both peripheral and central mechanisms. We here provide an overview of the current literature
on the role of purinergic receptors in cancer-induced bone pain with emphasis on some of the difficulties related to studying this

complex pain state.

1. Introduction

Cancer-induced bone pain significantly compromises the
quality of life of many cancer patients. A large proportion
of patients with bone metastasis experience severe pain and
bone pain is often the first sign of metastatic spread in
patients suffering from breast, lung, or prostate cancer. Cur-
rent treatment options are radiotherapy, anti-inflammatory
agents, opioids, and bisphosphonates, but still up to 45%
of patients are left with inadequate pain control [1-4].
The poor management of cancer-induced bone pain is a
consequence of the complexity of the pain state, involving
a combination of both background pain and breakthrough
pain. The background pain is described as a constant pain
with increasing intensity as the disease progresses and can
usually be treated with opioids with a satisfying result.
Breakthrough pain can be divided into movement-evoked
pain and spontaneous pain. These pain states, which have a
rapid onset and a short duration of 15-30 minutes [1], are
generally difficult to treat. Opioids given orally have a slow
onset of analgesia of approximately 30 minutes, that is, an
analgesic effect only at the end of the average breakthrough
pain episode, if at all. Additionally, oral opioids have a long
duration of action, typically 4—6 hours, which is much longer
than required to treat breakthrough pain episodes [5] and

often causes dose-limiting side effects [6]. A rapid onset
and short acting opioid such as sublingual or nasal spray
fentanyl is a more promising approach for the treatment of
breakthrough pain [3].

In order to accommodate the clinical need for new and
improved therapies of cancer-induced bone pain, a better
understanding of the mechanisms underlying the pain state
is needed. Cancer-induced bone pain exhibits components of
both inflammatory and neuropathic pain, but the complete
mechanism is not yet fully characterized [7]. When tumor
cells invade the bone tissue, multiple mechanisms are
initiated. Osteoclasts are stimulated resulting in increased
bone degradation with release of growth factors from the
bone matrix, and as the tumor cells invade the bone, they
compress and damage the sensory fibers present in the
bone. Also inflammatory cells infiltrate the tissue and release
various cytokines and growth factors [8] that may contribute
to the development and maintenance of the pain state.
Furthermore, cancer-induced bone pain causes cellular and
neurochemical changes in the spinal cord which appear
to be mechanistically distinct compared to neuropathic or
inflammatory pain states [7].

The advanced understanding of the underlying mech-
anisms of cancer-induced bone pain is mainly due to the
recent development of in vivo bone cancer models displaying



pain-related behavior mimicking the clinical condition.
Since the first murine model of cancer-induced bone pain
was developed in 1999 [9], various syngeneic animal models
of cancer-induced pain states have been developed in
rodents. The rodent models are based on direct injection of
cancer cells into the intramedullary space of femur, humerus,
or tibia or in and around calcaneus [10]. This allows cor-
relation of tumor growth, tumor microenvironment, bone
destruction, and neurochemistry with site-specific pain-
related behaviors and has given new insight into the different
cellular and molecular mechanisms driving cancer-induced
bone pain and thereby provided opportunities to develop
targeted therapies [10]. A number of cytokines, growth
factors, and other molecules such as tumor necrosis factor-
alpha (TNF-«), nerve growth factor (NGF), bradykinins, and
prostaglandins have thus been identified to play a role in
cancer-induced bone pain [11-14]. Adenosine 5-triphophate
(ATP), which plays a key role in nociception, both as a
neurotransmitter and as a modulator of glial activity, has
also been identified to be involved in cancer-induced bone
pain. This paper provides an overview of current knowledge
regarding the role of purinergic receptors in cancer-induced
bone pain.

2. ATP and Purinergic Receptors

The involvement of ATP and purinergic signaling in nocicep-
tion has long been recognized. Already back in 1966 Collier
et al. reported that ATP could initiate pain when applied
to human skin [15]. However, extracellular ATP was not
accepted as a functional neurotransmitter until the 1990s.
Today, the role of ATP in pain transmission is well established
[15-18].

ATP is an agonist for two classes of purinergic receptors,
the ligand gated ion channels, P2X receptors (P2X1-7)
and the G protein-coupled P2Y receptors (P2Y1, 2, 4, 6,
11-14). The P2X receptors consist of two transmembrane
domains with intracellular N- and C-terminals and a long
extracellular loop between the transmembrane regions.
The extracellular domain contains binding sites for ATP,
competitive antagonists and modulatory metal ions [19-22].
The N-terminal has similar length in all subtypes, whereas
the C-terminal varies considerably from 30 residues in the
P2X6 receptor to 240 residues in the P2X7 receptor [18, 23],
indicating that the different functional properties of the
subtypes are linked to the C-terminal. A characteristic of the
P2X7 receptor, but also some of the other P2X receptors, is
the ability to induce pore formation allowing the permeation
of large molecules [24-26]. The P2X receptors form homo-
or heterotrimeric ATP-gated nonselective cation channels
[23]. The P2Y receptors contain seven transmembrane
regions similar to other G protein-coupled receptors [18].
Unlike the P2X receptors, which are all stimulated by native
ATP and synthetic ATP analogues, most of the P2Y receptors
have greater affinity for ADP, UTP, or UDP [27].

The P2 receptors are found on almost every cell in
the body [27]. When it comes to their involvement in
chronic pain states, some purinergic receptors have been
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much more intensely studied than others. In the 1990s
the first antagonists for the P2X receptors became available
(28, 29] and this, together with recent development of
various knockout models, has facilitated the investigation
of the purinergic system in chronic pain states. A solid
amount of data have demonstrated a key role of especially
the P2X3 receptor, but also the P2X4 and P2X7 receptors
in the development of both neuropathic and inflammatory
pain [16, 30], and recently the number of studies on
other P2X and also P2Y receptor subtypes are starting to
rapidly expand the field. In relation to cancer-induced bone
pain the involvement of the purinergic receptors is still
poorly understood, but purinergic receptors are speculated
to be important for the nociceptive transmission in cancer-
induced bone pain for multiple reasons. First of all, the
involvement of ATP in other chronic pain states, such
as neuropathic and inflammatory pain, has been firmly
established [16]. Secondly, nociceptors have been found
to project not only to the periosteum, but also deeply
into the bone and bone marrow and are therefore in
close proximity to both tumor cells and tumor-associated
immune cells and stromal cells. Thirdly, growing tumor
cells are thought to release ATP, thus possibly producing
a microenvironment of extracellular ATP stimulating the
P2 receptors directly at the peripheral terminals of the
nociceptors.

Although, an understanding of the role of purinergic
signaling in the pathogenesis of cancer-induced bone pain is
slowly emerging, the studies are complicated by molecular
and cellular variation among the different in vivo models.
One of the complicating factors is the variation in expression
pattern of various purinergic receptors on the nociceptors in
different models, as described in the following sections.

3. Purinergic Receptor Expression on
Nociceptive Neurons

The nociceptive neurons are specialized pseudounipolar
primary afferent neurons having their cell bodies in the
dorsal root ganglion (DRG) or trigeminal ganglion and
projecting to both the peripheral sites and the dorsal horn
of the spinal cord [31]. Sensory afferent fibers can be
divided into two major populations, the myelinated A-fibers
and the nonmyelinated C-fibers, with the C-fibers often
being further classified into peptide-rich and a peptide-
poor groups according to the neuropeptides, receptors and
channels they express, and the A-fibers being classified into
thick Aa- and fB-fibers and thin Ad-fibers. Ad- and C-
fibers, and possibly ApB-fibers are considered nociceptors
[31, 32], and it is generally accepted, at least for skin, that
the myelinated Ad-fibers conduct the fast signal, perceived
as the sharp “first pain,” whereas the slower nonmyelinated
C-fibers conduct the more dull “secondary pain” [31].
From the DRG the nociceptive neurons project to different
laminae in the dorsal horn, thereby grouping them into
anatomical subpopulations. The myelinated Ad-fibers and
the peptidergic population of the C-fibers send input to
lamina I and the outer part of lamina II. The nonpeptidergic
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population of the C-fibers project to the inner lamina II,
whereas the deeper layers, such as lamina V, only receives few
input from Ad-fibers [33].

Even though the expression of the P2X and P2Y receptors
on the nociceptive neurons has been intensively studied, the
expression pattern is still not clear, as conflicting results are
reported. The characterization of the expression pattern is
complicated by species differences [34, 35], and variation is
observed in different compartments of the neurons, as some
receptors are expressed both at the peripheral and central
projections and in the cell body, whereas others might only
be expressed at the central or peripheral terminals.

When studying the expression of P2X receptors on
peripheral terminals, most information is currently found
on the P2X3 receptor. In contrast to many of the other P2X
receptors, which are found on various cell types throughout
the body, the P2X3 receptors are predominantly expressed
in small- and medium-sized sensory neurons (C- and Aé-
fibers), and presumably in both the cell body and the
peripheral and central terminals [35, 36]. P2X3 receptors are
mainly expressed on an IB4-expressing subpopulation of the
nociceptive neurons, with up to 94% of the P2X3 receptor-
positive neurons also expressing IB; [37, 38]. However,
variation in expression has been demonstrated for the P2X3
receptor at both the peripheral and central terminals of
the afferent neurons, and this is likely similar for the other
P2 receptors. For instance, different models of neuropathic
pain have demonstrated opposite responses in the expression
of the P2X3 receptor depending on which method was
used to induce the peripheral injury. Whereas one model
showed downregulation of P2X3-receptors in the spinal
cord, another displayed an increase in the number of P2X3-
positive neurons in both the DRGs and the spinal cord [37,
39]. Furthermore, the expression level can change at both
the peripheral and central terminals according to different
peripheral stimuli, such as nerve damage, inflammation or
tumor growth [40-42].

When moving from the peripheral terminal to the cell
body of the nociceptors in DRG, more information about
the expression pattern is starting to accumulate. In the dorsal
root and trigeminal ganglia up to 90% of the neurons express
various subtypes of P2X receptors. With the exception of the
P2X7 receptor all of the subtypes are present, however, at
different expression levels and with the P2X3 receptors more
highly expressed than the remaining P2 receptors [43, 44]. In
rats up to 40% of the DRG neurons express P2X3 receptors
[38, 43]. Of these 73—84% also express P2Y1, while 25-35%
are expressing P2Y4 [45]. Using immunohistochemistry,
P2X2 and P2X3 receptors have been demonstrated to display
a high degree of colocalization in rat DRG, although single-
labeled neurons are also present, and P2X2 receptors are
also observed in satellite cells [34]. Whereas the expression
of P2X3 receptors in DRG is fairly well established, the
reports on the expression of the remaining subtypes are still
conflicting.

At the level of the dorsal horn the same confusion
seems to exist when it comes to the distribution of the
different P2X subtypes. Attempting to clarify the matter,
Aoyama et al. recently reported a systematic analysis of the

distribution of all seven P2X receptors in the dorsal horn
and compared their findings to earlier reports [46]. From
this they concluded that P2X1 and P2X3 receptor subunits
are densely distributed mainly in laminae I and II of the
dorsal horn and are presumably expressed at the afferent
nerve terminals [38]. This is in agreement with earlier studies
reporting P2X3-expressing projections from nonpeptidergic
nociceptive DRG neurons to lamina II [37, 38]. For the
P2X2 receptor Aoyama et al. concluded that it was only
weakly expressed in the fibers of the dorsal roots, and almost
completely absent in the gray matter, whereas earlier reports
have demonstrated dense P2X2 receptor immunostaining
in the spinal cord, especially in the dorsal horn [47].
In addition, while Aoyama et al. reported P2X4 receptor
expression in small cells in the entire dorsal horn and in
dorsal root fibers and neuropils surrounding neurons, others
have demonstrated P2X4 receptor expression in microglia,
but not in astrocytes and neurons in the dorsal horn [48, 49].
Also, P2X7 receptors were strongly detected in dorsal root
fibers, in neuropils in the entire dorsal horn, and also in
astrocytes. The expression on astrocytes is supported by
functional studies in astrocyte cultures isolated from both
the spinal cord, cerebral cortex, and hippocampus [50-53].
However, this is inconsistent with other studies reporting
expression in microglia, but not in astrocytes and neurons
[54, 55]. As this summary illustrates, the expression profile
of the P2X receptors is unclear, and both the spatial and
temporal distributions are likely affected by species variation,
method of nerve injury and peripheral stimuli.

4. P2X Receptors at the Peripheral Site in
Relation to Cancer-Induced Bone Pain

The bone is innervated by a tight network of both sympa-
thetic and sensory neurons, and although the periosteum
seems to be the most densely innervated part, when the total
volume of each tissue is considered, the bone marrow is
receiving the greatest number of nerve fibers followed by the
mineralized part of the bone and lastly the periosteum [56,
57]. In rodents, both myelinated A-fibers and unmyelinated
peptidergic C-fibers are found throughout the periosteum, in
the compact and trabecular part of the mineralized bone and
in the bone marrow [56, 58]. The innervation of the bone
by nociceptors has, in addition to traditional immunobhisto-
chemical analysis, been established using retrograde labeling
demonstrating that the size, neurochemistry, and segmental
distribution of the neuronal projection from the bone to the
DRG and dorsal horn are consisting with a functional role in
nociception [59].

The expression of P2X and P2Y receptors on both nerves
and bone cells is interesting in several aspects in relation
to cancer-induced bone pain. During the last decade a
number of groups have reported expression of both P2X and
P2Y receptors in osteoblasts, including P2X1-7 and P2Y1,
2, 4, 6 and 12-14, and in osteoclasts, including P2X1-5
and 7 and P2Y1-2, 4-6 and 11-14 [60]. The action of P2
receptors on osteoclasts includes P2X2-induced bone resorp-
tion, increased osteoclast formation and bone resorption
through P2Y1 receptor activation, increased survival by P2Y6



receptor activation, and P2X7-mediated precursor cell fusion
and decreased apoptosis (although there have been reports
on increased apoptosis) [60]. The presence of P2X and P2Y
receptors on osteoblasts, and especially on osteoclasts, could
be essential for understanding the progression of cancer-
induced bone pain. For instance, it has been demonstrated
that low concentrations of extracellular ATP stimulates
resorption pit formation by mammalian osteoclast [61].
This is speculated to be controlled by the action of the
P2X2 receptors, which are the only of the P2 receptors that
require extracellular acidification to be fully activated by ATP
(62, 63]. Moreover, P2X2 receptor knockout mice display an
phenotype with increased bone mass, further pointing to the
involvement of P2X2 receptors in bone turnover [64]. As
cancer-induced bone pain is correlated with degradation of
the bone [65], and tumor cells probably release ATP, is it
likely that these events are linked together through the action
of purinergic receptors on the osteoclasts, a likely candidate
being the P2X2 receptors.

Tumor cells have also been shown to have a direct
effect on the organization of the nerves innervating the
bone, as it has recently been reported that bone cancer
induces sprouting and disorganization of both sensory and
sympathetic fibers in the periosteum through the action
of NGF in a murine model of cancer-induced bone pain
[66]. How this interruption of the normal innervation
is effecting the expression of the purinergic and other
nociceptive receptors, and thereby the transmission of the
nociceptive signal to the spinal cord is clearly target for
further investigation.

So far, the P2X3 receptor is the most studied purinergic
receptor in relation to cancer-induced bone pain (Table 1).
Several studies have investigated the neuronal expression of
the P2X3 receptor and the effect of P2X3 receptor inhibitors
in various models of cancer-induced bone pain [41, 42,
67-70]. An upregulation of P2X3 receptor expression on
epidermal nerve fibers overlaying a cancer-induced area
was demonstrated by Gilchrist et al. in a murine model
of cancer-induced pain where osteolytic sarcoma cells were
implanted in and around the calcaneous bone [41]. In
addition, an increase in the number of P2X3 receptor
positive small cells in the trigeminal ganglions was found
in a rat model of oral cancer pain [42]. This suggested
a role of the P2X3 receptor in cancer-induced bone pain;
however, neither of these studies investigated the expression
of the P2X3 receptor on nerve fibers in bone. The P2X3
receptor has been shown to be mainly expressed on the
IB,-expressing population of the nonpeptidergic C-fibers
[37, 38, 56] and according to Mach et al. IB4 positive fibers
are not present in the mouse periosteum, mineralized bone
or bone marrow [56]. Moreover, in a study with naive mice
it was demonstrated that even through the skin was tightly
innervated by P2X3 receptor-expressing afferent neurons, the
nerve fibers innervating the periosteum, mineralized bone
and bone, marrow did not express P2X3 receptors [58].
It is possible that the expression level of neuronal P2X3
receptors in bone depends on the local environment and
that tumor cells and their associated stromal cells release
factors such as NGF [66] that induce novel P2X3 expression
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[71]. Species differences might also play a role as rat studies
using the retrograde tracer fast blue injected into tibial
bone have shown P2X3 receptor immunostaining and also
IB, binding in retrogradely labeled dorsal root ganglion
neurons [59, 67]. Furthermore, some of the fast-blue positive
neurons were both P2X3 receptor positive and calcitonin
gene-related peptide-positive indicating that P2X3 receptors
are not only expressed in the non-peptidergic C-fibers as
has been assumed for a long time, but also in at least some
of the peptidergic C-fibers [67]. Based on this it is still
conceivable that P2X3 receptors are expressed in sensory
neurons innervating tumor infiltrated bone and that ATP
released from cancer cells, acting through P2X3 receptor
signaling, contributes to the cancer-induced bone pain.

The recent development of selective P2X3 receptor antag-
onists has provided the tools for further investigating the role
of P2X3 receptor-mediated purinergic signaling in cancer-
induced bone pain [72]. The competitive antagonist A-
317491 blocks both P2X3 and P2X2/3 receptors [73] and was
shown to attenuate pain-related behaviors in two different
murine models and a rat model of cancer-induced bone pain
[68-70]. Gonzalez-Rodriguez et al. showed that A-317491
injected subcutaneously over a tibial tumor mass dose-
dependently inhibited tumor-induced thermal hyperalgesia
in the affected limb but not in the nontumor bearing limb.
Interestingly, coadministration of an anti-met-enkephalin
antibody abolished the antihyperalgesic effect of A-317491
suggesting that in this model the effect of A-317491 occurs
through stimulation of peripheral opioid receptors [68]. The
involvement of endogenous opioid mechanisms in P2X3
and P2X2/3 receptor-related antinociception has also been
described in rat models of inflammatory pain [74].

An antinociceptive effect of A-317491 in cancer-induced
bone pain was further demonstrated in a study by
Hansen et al. where A-317491 was administered systemically
in a murine model with mammary carcinoma cells injected
into the femoral medullar cavity. Chronic administration
of A-317491 resulted in an attenuation of pain-related
behaviors in the early stage of the bone cancer model;
however, no effect of neither chronic nor acute treatment
with A-317491 was observed in the late and progressed
stages of the pain model [69]. The limited effect of A-
317491 in the cancer model might be explained by its
pharmacokinetic properties. A-317491 has a high plasma
protein binding and a limited CNS penetration which makes
it less suitable for in vivo testing and indicates that the
effect of A-317491 is predominantly in the periphery [72].
An additional explanation for the lack of effect of A-317491
in the progressed stage of cancer-induced bone pain could
be that the expression or activity of the P2X3 and P2X2/3
receptors changes with the development of the cancer and/or
that other nociceptive mechanisms dominate at this stage.
A recent rat study by Kaan et al. also showed less analgesic
effect of P2X3 receptor inhibition in the late stage of cancer-
induced bone pain [67]. Kaan et al. used AF-353 (RO-
4) in a rat model of tibial cancer-induced bone pain. AF-
353 potently blocks P2X3 and P2X2/3 receptors and in
contrast to A-317491 it has low plasma protein binding
and good CNS penetration. Oral administration of AF-
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353 in a prophylactic treatment regimen reduced cancer-
induced pain-related behaviors to the level of control rats,
and some effect of AF-353 was also observed when it
was given at a more progressed disease stage [67]. Both
peripheral and central effects of P2X3 receptor inhibition
were suggested. The argument for a peripheral effect was
based on experiments showing that MRMT-1 carcinoma
cells release ATP in vitro and that a P2X3 receptor-mediated
increase in phosphorylated ERK immunoexpression was
found in dorsal root ganglion neurons cocultured with
MRMT-1 cell, indicating an activation of the ERK-signaling
pathway. Although this is in agreement with other studies
demonstrating enhanced phosphorylated ERK expression
in models of chronic pain [75], the results remain to be
confirmed in vivo.

A central effect of AF-353 was investigated by admin-
istering AF-353 directly into the spinal cord of cancer
bearing rats. AF-353 dose-dependently reduced the electri-
cally evoked responses observed in the Ad- and C-fibers of
the dorsal horn, and additional a significant reduction in
the postdischarge was found at the high doses of AF-353,
together suggesting that the cancer-induced hyperexcitability
of the dorsal horn neurons can be modulated by P2X3 and
P2X2/3 receptor antagonism [67]. Taken together, the results
described above provide evidence that inhibition of P2X3
and P2X2/3 receptor activity at the periphery and at the level
of the spinal cord could have therapeutic potential in the
treatment of cancer-induced bone pain. It should be noted
that although many of the purinergic receptors are expressed
in bone cells, it is unlikely that the effect of P2X3 and
P2X2/3 receptor antagonism is mediated through decreased
bone destruction. None of the P2X3 and P2X2/3 receptor
antagonist studies found any effect on bone destruction and
only very few osteoclasts express functional P2X3 receptors
[76].

5. The Role P2X Receptors at the Central Level
of Nociception

A state of hypersensitivity is introduced in the spinal cord
as a response to peripheral nociceptive stimuli in chronic
pain states. The hypersensitivity is a consequence of the
highly complex processing and modulation of the periph-
eral nociceptive input through excitatory and inhibitory
mechanisms in the dorsal horn of the spinal cord causing
a general state of hyperexcitability in the neurons [77].
The output from the dorsal horn will under normal con-
ditions be balanced by excitatory and inhibitory control
mechanisms, but in pathological pain states the output is
greatly increased, caused by increased excitatory synaptic
transmission and/or suppressed inhibitory transmission.
Increasing evidence points to the interaction of neurons
and nonneuronal cells to be the underlying cause of this
hypersensitivity, and various molecular and cellular changes
in the spinal cord have been observed in different chronic
pain states. Interestingly, inflammatory, neuropathic, and
cancer-induced pain states can be distinguished by these
neurochemical changes in the spinal cord. In models of
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inflammatory pain an increased level of substance P and
calcitonin gene-related peptide includes some of the changes,
whereas neuropathic models display an opposite decreased
expression of the same molecules [7]. For the cancer-induced
pain state the changes in the spinal cord include increased
expression of c-Fos in laminae I and II, increase in the
number of dynorphin-expressing neurons, and often massive
astrocyte hypertrophy without neuronal loss [7, 9, 78, 79].

Purinergic signaling is a key element in the modulation
of the hypersensitivity at the level of the spinal cord. ATP
mediates neuron-neuron, neuron-glia, and glia-glia commu-
nication through activation of purinergic receptors expressed
in the presynaptic terminals of the afferent sensory neurons
in the spinal cord, in postsynaptic neurons, and in spinal
microglia and astrocytes [35, 72, 80, 81]. The importance
of the purinergic receptors, especially in microglia, is well
established in animal models of both neuropathic and
inflammatory pain [81], but much is still quite unexplored
when it comes to their role in cancer-induced bone pain.

The P2X4 receptor is a good example of a purinergic
receptor recognized to be important for the microglia-
mediated contribution to neuropathic pain [48]. In responce
to peripheral nerve injury a de novo expression of P2X4
receptors occurs in microglia in the dorsal horn, which,
upon stimulation by ATP released from the afferent neurons,
results in activation of p38-mitogen-activated protein kinase
(MAPK), leading to synthesis and exocytotic release of
brain-derived neurotrophic factor (BDNF) [49, 82, 83].
The released BDNF induces, through the activation of the
TrkB receptor, a depolarizing shift in the anion reversal
potential in lamina I neurons, causing a general neuronal
hyperexcitability in lamina I by reducing GABA4-ergic and
glycinergic inhibition [84]. The P2X4 receptors have not
been directly linked to cancer-induced bone pain, but might
be indirectly involved, as the pain state displays some
elements of neuropathic pain caused by compression of the
peripheral nociceptive terminals as the tumor grows.

The specific role of microglial P2X7 receptors is still
not fully understood, but is speculated to contribute to
the hyperexcitability through the action of both TNF-«
and interleukin-15 (IL-1p3) [54, 85-88]. ATP, for example,
released from astrocytes and acting through microglial P2X7
receptors has been reported to be an endogenous factor
causing microvesicle shedding and IL-1p release in microglia
[89]. ATP is released from astrocytes both through vesicular
release [90] and via various membrane channels, such as
connexin [91] and pannexin [92], and possible through
P2X7 receptor pore formation [53, 93]. The function of
the P2X7 receptors in astrocytes is recognized to be tightly
linked to the hyperexcitation of the dorsal horn neurons,
not only through release of IL-1f3 and ATP, but also through
glutamate signaling [50]. It has been reported that peripheral
nerve injury results in an initially increased, but later
persistent decreased expression of glutamate transporter-1
and glutamate-aspartate transporter in astrocytes [94-97]
and that activation of the P2X7 receptors could decrease
glutamate uptake in both astrocytes and microglia [98—
100]. This means that stimulation of astrocytes is not only
causing ATP-induced ATP release, and thereby activation of
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neighboring neurons, microglia, and astrocytes through their
purinergic receptors, but also that the glutamate released
upon stimulation is inadequately removed from the synapse,
additional contributing to a general hyperexcitation of the
postsynaptic neurons and further adding to the stimulation
of the neighboring astrocytes.

The ability of the P2X7 receptor as well as the P2X2
and P2X4 receptors to induce membrane permeabilization
to large molecules has long been recognized and the mecha-
nisms underlying this have been widely studied. Contrary to
the P2X2 and P2X4 receptors that do not seem to rely on pan-
nexin hemichannel association for pore formation [26, 101],
the P2X7 receptor can associate with pannexin-1 to form
large pores [102-104]. However, recent studies have shown
that Pannexin-1 is not always involved in P2X7-receptor-
mediated pore formation and other interactions as well as
intrinsic ion channel dilation are possible mechanisms [105—
108].

The P2RX7 gene is highly polymorphic and several
nonsynonymous single nucleotide polymorphisms (SNPs)
have been shown to affect either receptor channel function or
pore function or both [109]. Multiple studies have connected
specific P2X7 receptor SNPs to diseases such as bipolar and
major depression disorders, infections, cancer, and some
bone diseases [109, 110]; however, it is only recently that
variations in the P2X7 receptor gene have been associated
with pain [111]. Sorge et al. demonstrated that interstrain
variation in mice specifically affecting the pore forming
function of the P2X7 receptor influences the hypersensitivity
developed in neuropathic and inflammatory pain states.
Mice carrying a mutation causing impaired pore formation
demonstrated less pain-related behavior than mice with
normal pore formation properties of the P2X7 receptor.
In addition, administration of a peptide, which blocked
pore formation, also reduced pain-related behavior. Together
these data indicate that it might be the properties related
to pore formation and not to channel function which affect
chronic pain states. The effect was found to translate to
humans, as a genetic association between lower pain intensity
and a hypofunctional allele of the P2X7 receptor was found
in a cohort study of patients with chronic pain [111].

The importance of the P2X7 receptor in both neu-
ropathic and inflammatory pain has additionally been
demonstrated using P2X7 receptor knockout mice [112,
113]. The development of both thermal and mechanical
hypersensitivity following nerve ligation was completely
absent in the P2X7 receptor knockout animals, and, in
addition, the animals did not develop hypersensitivity fol-
lowing intraplantar injections of a proinflammatory agent.
The baseline nociceptive behavior was, however, unaffected,
as their response to noxious heat was similar to the wild-type
animals in the absence of any neuropathic or inflammatory
insult [112]. Unexpectedly, it was found that the P2X7-
receptor-deficient mice were susceptible to cancer-induced
bone pain and even had an earlier onset of pain-related
behavior compared to cancer-bearing wild-type mice. Fur-
thermore, no effect of P2X7 receptor inhibition was found
when the P2X7 receptor antagonist A-438079 was tested in
two different murine models of cancer-induced bone pain.

A-438079 was applied in a model with no cancer-induced
microglial or astrocyte activation (BALB/c]) and in one with
strong astrogliosis, but no microglial activation (C3H/HeN).
Inhibiting the P2X7 receptors did not alleviate pain-related
behaviors in either of the models, suggesting that the P2X7-
receptor-mediated contribution to the progression of the
cancer-induced pain state in these murine models is limited.
Neither of the models had microglial activation, which might
explain the lack of effect of P2X7 receptor inhibition. This
could reflect a species difference, since microglia activation
seems to be important for the progression of cancer-induced
bone pain in rat models [114, 115]. Wang et al. reported
an upregulation of the microglia/macrophage marker OX-
42 and of BDNF in the spinal cord 6 days after tibial
cancer cell inoculation in a rat model of cancer-induced
bone pain. Intrathecal injection of minocycline, an inhibitor
of microglial activation, resulted in a decrease in pain-
related behaviours and decreased OX-42 and BDNF mRNA
expression in the dorsal horn. The antinociceptive effect
of minocycline was only present, when the compound was
injected at the early stage of disease.

Complicating the interpretation of data from P2X7
receptor knockout mice is the fact that the mice used in
the pain experiments express a splice variant of the P2X7
receptor that escaped deletion [116]. This rodent splice
variant, P2X7k, uses an alternative exon 1 compared to
the P2X7a variant. The P2X7k and P2X7a variants have
different, but overlapping, expression, and the P2X7k variant
is activated by lower ATP and bzATP concentrations than
the P2X7a variant [108, 116]. Recently it was shown that
the splice variants are differentially affected by a P451L SNP.
Only the P2X7a variant was sensitive to the P451L SNP,
which affects pore formation [108].

6. P2Y Receptors in relation to
Cancer-Induced Bone Pain

Compared to the P2X receptors, the P2Y receptors are less
studied in relation to chronic pain states. P2Y12 is expressed
on microglia cells, and is, like P2X4, upregulated in response
to peripheral nerve injury [117, 118]. Activation of the
P2Y12 receptors results in phosphorylation of MAPK [117],
thereby possibly linking the action of the P2Y12 receptor
to the P2X4-mediated BDNF release. A role of P2Y12 in
pain-related behavior has been demonstrated in models
of neuropathic pain in rats. In these models intrathecal
administration of different P2Y12 antagonists and antisense
knockdown of P2Y12 expression suppressed the develop-
ment of pain-related behaviors, and additionally intrathecal
infusion of a P2Y12 agonist was found to elevate pain-related
behavior in naive rats [117, 118]. Several other types of
P2Y receptors, such as the P2Y2 and P2Y1 receptors, have
begun to be recognized to contribute to the hypersensitivity
that occurs in chronic pain states. The P2Y1 receptors
are localized on small diameter neurons in DRG and are
like many of the other purinergic receptors upregulated in
response to peripheral nerve injury [119]. So far, the P2Y1
receptor is the only one of the P2Y receptors studied in



relation to cancer-induced bone pain (Table 1). In a recent
study it was demonstrated that the level of P2Y1 receptor
mRNA is increased in the DRGs and spinal cord of rats with
bone cancer and additionally that inhibiting the receptor
with intrathecal injections of a P2Y1 receptor antagonist
temporary attenuated the nociceptive behavior in the early
stage of tumor growth [120]. This is in contrast to a previous
report, suggesting that the P2Y1 receptor might constitute
an inhibiting role in release of nociceptive transmitters in the
spinal cord by inhibiting the activity of the P2X3 receptor
(121, 122].

7. Conclusion and Perspectives

Even though the development of animal models has provided
clues to the mechanisms underlying cancer-induced bone
pain, much is still unknown. The role of purinergic signaling
has begun to be elucidated and points to an involvement of
the P2X3 and P2X2/3 receptors in the early development of
cancer-induced bone pain. Other purinergic receptors such
as P2X7 and P2Y1 have also been investigated; however,
for the P2X7 receptor the interpretation of the data is
complicated by variation in the activation of glial cells in
different in vivo models of cancer-induced bone pain. All
data so far have been obtained in rat or mouse models
and it remains to be established which model is the best
representation of the human disease.

Purinergic signaling is complicated not only by involving
numerous receptors that can combine both as homo- and
heterotrimers, but also by the fact that released ATP can
rapidly be degraded by ectonucleotidases thus producing
ADP, AMP, and adenosine. Investigating these complex
interactions in vivo is almost impossible, and we might
have to wait for new research tools before getting a fuller
picture of the role of purinergic signaling in chronic pain
including cancer pain. Nevertheless, based on the knowledge
we already have of the importance of the purinergic receptors
in nociceptive signaling in other chronic pain states, it
is reasonable to hypothesize that the purinergic receptors
are important for the development of cancer-induced bone
pain.
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