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Chapter

Purinergic Signaling and Dental
Orofacial Pain

Xiuxin Liu

Abstract

Pain is a common complaint of patients in the dental clinic. Patient with dental
orofacial pain usually presents with hyperalgesia and allodynia. Its management
has been a challenge, especially in the status of chronic pain or neuropathic pain.
Purinergic signaling is dictated by ATP release, purinergic receptors activation,
and sequential hydrolysis of ATP. Purinergic signaling participates in nociception
processing in the sensory nerves by control of pain signal transduction, modula-
tion, and sensitization. Since purinergic receptors are preferentially expressed in
trigeminal nerves, purinergic singling may play a crucial role in the development
of dental orofacial pain. In this chapter, we overview the expressions of purinergic
receptors as well as the machinery for ATP release, ATP degradations, and adenos-
ine generation in trigeminal nerves. Specifically, the roles of ATP signaling in dental
orofacial pain generation and central sensitization via activation of P2 receptors
and adenosine signaling in analgesia via activation of P1 receptors in trigeminal
nerves are updated. We also discuss the affection of ecto-nucleotidases, the major
enzymes responsible for extracellular ATP degradation and adenosine generation in
trigeminal nerves that drive the shift from ATP-induced pain to adenosine-induced
analgesia. This chapter provides advanced outlines for purinergic signaling in
trigeminal nerves and unveils potential therapeutic targets for the management of
dental orofacial pain.

Keywords: trigeminal nerves, orofacial pain, dentine hypersensitivity,
central sensitization, analgesia, antinociception, dental pulp, P1 receptor,
P2 receptor, ecto-nucleotidases, NTPDases

1. Introduction

Pain is an unpleasant sensation of subjects to harmful or potential harmful
stimulations. Trigeminal nerves mediate orofacial somatosensory sensations,
including dental orofacial pain. The primary trigeminal ganglia nociceptive neurons
send axonal fibers innervating orofacial tissues as well as forming synapses with
secondary nociceptive neurons in the brainstem. Noxious stimuli, biological insults,
or pain mediators released following tissue injury and inflammations activate the
nociceptors resulting in the nociceptive transduction in peripheral sensory nerves.
The pain signal is conducted and further transmitted to the secondary and higher
level nociceptive neurons via synaptic transmission in the brain. Nociception also
depends on the condition and status of the sensory nervous system. Pain signal
processing can be facilitated with maladaptive plasticity or neuropathy changes in
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the nociceptive pathway that result in pain sensitization or neuropathic pain. These
changes include nociceptive sensitization, malfunctioned inhibition, and circuit-
level rewiring/aberrant processing [1] in both the peripheral and central nocicep-
tive nerves. As peripheral or central sensitization occurs, slight noxious stimulation
or even non-noxious stimulation induces severe pain, a phenomenon that is called
hyperalgesia or allodynia, respectively. In sensitization condition, patients may
also present with spontaneous and neuropathic pain without apparent stimulus.

In contrast to the pain from extra-orofacial regions, dental orofacial pain is usu-
ally accompanied by the presence of hyperalgesia, allodynia. Dental orofacial pain
patients often experience more severe pain and are typically emotional-distracted.
Besides, patients with dental orofacial pain are prone to develop spontaneous pain,
referred pain, and neuropathic pain [2].

For the past decades, studies strongly suggest a key modulatory role of puriner-
gic signaling in pain generation and sensitization in the nociceptive nerves [3-7].
ATP induces pain via activation of P2X receptors in peripheral sensory nerve fibers.
ATP is also involved in cross-talk between the primary and secondary nociceptive
neurons as well as with astrocytes and microglia. Since ATP and its metabolites are
pain mediators and participate in pain signal processing via activation of various
purinergic receptors (P1 and P2 receptors) in the nociceptive sensory nerves [5, 8-10],
one putative explanation for the unique properties in dental orofacial pain is due to
the different existence or expression of purinergic signaling in trigeminal nerves.
Indeed, it has been observed that purinergic receptors are preferentially expressed
in trigeminal nociceptive neurons compared with that in dorsal root ganglions
[11, 12]. Purinergic signaling depends on ATP release, purinergic receptors (P1,
P2X, and P2Y) activation, and extracellular enzymatic ATP degradation and
adenosine generation. Therefore, identification of the machinery components for
purinergic signaling in the trigeminal nociceptive pathway will provide promising
insight to understand the underlying nociceptive mechanisms for the pathogenesis
of dental orofacial pain.

In this chapter, we overview the expression of purinergic receptors and machin-
ery for ATP release, ATP degradation, adenosine generation in the trigeminal
nociceptive nerves, and discuss the role of purinergic signaling in the pathogenesis
of dentin hypersensitivity and dental orofacial pain. Understanding the role of
purinergic signaling in the nociceptive mechanisms for pain signal transduction,
transmission, sensitization, and modulation in trigeminal nerves will reveal mul-
tiple targets for developing more effective drugs and therapies for the management
of dental orofacial pain.

2. Purinergic signaling and pain
2.1 ATP initiates pain signal via activation of peripheral P2X receptors

ATP has been recognized as a neuronal transmitter and modulator in synaptic
transmission for decades [13]. ATP and its metabolites are also important pain
mediators and modulators in pain signal processing [5, 8-10]. It has been proposed
that ATP released from various cell types is implicated in initiating the pain signal
by acting on purinoceptors on sensory nerve terminals [14]. Purinoreceptors
responsible for pain transduction belong to P2X receptor family, a group of ligand-
gated non-selective cation channels using ATP as a native agonist. Upon binding
to P2X receptors, ATP opens the pore of channels permeable to Na*, K*, and Ca™
that depolarize the membrane potential, enhance the excitability and induce spikes
in nociceptive neurons. So far, seven distinct P2X receptor subunits (P2X1-P2X7)
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have been isolated and cloned (North 2002). A total of 14 functional homo- or
heterotrimers P2X receptors (P2X1-P2X7, P2X1/2, P2X1/4, P2X1/5, P2X2/3,
P2X2/6, P2X4/6, and possibly P2X4/7) assembled from different subunits had been
reported [15].

Using in situ hybridization immunohistochemistry (ISHH), mRNA expression
for P2X2, 3, 4, 5, and 6 receptors had been detected in naive dorsal root ganglia
(DRG) neurons, in which P2X2 and P2X3 receptors were expressed preferentially
by C-fiber neurons. In contrast, the majority of P2X5 and P2X6 receptors were
preferentially expressed by A-fiber neurons [16]. Specifically, expression of P2X
receptors is also detected in nociceptive primary sensory neurons, peripheral noci-
ceptive nerve fibers, and their free endings extending throughout the epidermis.
Two types of P2X receptors (P2X2 and P2X3) have been particularly examined in
DRG presumably nociceptive neurons [17]. P2X3 receptors appear to be exclusively
expressed in a subgroup of sensory neurons that are likely to be nociceptive neurons
[18]. Nociceptive neurons fall into nerve growth factor (NGF) sensitive group and
glial cell-line derived neurotrophic factor (GDNF) sensitive group. It turned out
that the vast majority of P2X3 positive neurons overlap with GDNF subgroup of
nociceptive neurons [19]. P2X3 receptors are peripherally axonal transported and
have been identified in the free end of the nerve fibers in a variety of tissues includ-
ing tongue, skin, and viscera (e.g., bladder) [17, 19]. Co-localization studies suggest
that many, but not all, DRG cells that express P2X2 receptors also express P2X3
receptors [17]. Furthermore, electrophysiological and pharmacological studies had
demonstrated that the application of ATP or its analogs to DRG neurons results in
depolarization or inward currents mediated by P2X receptors activation.

The selective expression of P2X3 and P2X2 receptors within the nociceptive
nerves has inspired a variety of approaches to elucidate the potential role of ATP as
a pain mediator. ATP elicits excitatory inward currents in nociceptive small diam-
eter sensory ganglion cells. Interestingly, these inward currents resemble the cur-
rents evoked by ATP on recombinantly expressed heteromeric P2X(2/3) channels
as well as homomultimers consisting of P2X2 and P2X3 [8, 14, 18, 20]. It had been
observed that ATP and its analogs produce spike activity when applied to peripheral
nociceptive terminals [8]. In in vivo pain behavioral animal models, the algogenic
effects of ATP in normal conditions and models of peripheral sensitization had been
confirmed. In humans, local skin delivery of ATP induces dosage-dependent pain
sensation. Furthermore, it has been shown that ATP-induced algogenic responses
depends on capsaicin-sensitive neurons and is augmented in the presence of inflam-
matory mediators. Since ATP is released in the vicinity of peripheral nociceptive
terminals under a variety of conditions such as tissue injury or inflammation, the
existence of purinergic signaling in peripheral sensory nervous free ends strongly
links the tissue damage and inflammation to pain perception [9].

2.2 Purinergic signaling is involved in central sensitization

Noxious stimulation to the nociceptive nerves induces pain sensation in the
brain. Acute pain is a warning signal for the individual to survive in response to
tissue injuries or diseases. However, in nociceptive sensitization statuses, such as
in chronic pain or neuropathic pain, nociception no longer relates to or depends on
external noxious stimulation, and slight noxious or even no-noxious stimulation or
non-stimulation at all can induce severe pain. The central sensitization theory pro-
posed that neuronal plasticity occurred in the sensory nerve circuits that enhance
the sensitivity to noxious stimuli or even turn the innocuous slight touching to
pain [21]. Pain sensitization can also be induced by nerve injury (deafferentation,
compression, and constriction) or neuropathy changes resulting from physical,
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chemical, metabolic, or biological insults to the sensory nerves. Besides, it has been
proposed the pain signal itself that is accompanied with releasing of proinflam-
matory cytokines, neuronal transmitters, and modulators in nociceptive neuronal
circuits participate in plasticity changes and induce central sensitization [22].

Synaptic neuronal transmission is accompanied with large amount of ATP
release. Accumulated evidence suggests that ATP signaling play an essential role in
the development and maintenance of central sensitization (Figure 1) [3-7]. In the
somatosensory nerves, P2X receptors are expressed in DRG nociceptive neurons
and then transferred to central axonal terminals as well as peripheral free ends.

For example, immunoreactivity to P2X3 subunits is detected in lamina IIi in spinal
cord dorsal horn and is disappeared after axotomy or following destruction of
IB4-positive afferent fibers [17]. Immunoreactivity to P2X1 and P2X2 subunits are
also located on the central terminals of primary afferent neurons that innervate
superficial lamina of the spinal cord dorsal horn [17]. The presence of P2X receptor
subunits at the central terminals of primary afferent neurons raises the possibil-

ity that ATP may act on central terminals of primary afferent neurons to either
modulate or directly evoke the release of neuronal transmitters such as glutamate
and neuropeptides. Activation of central terminal P2X receptors will depolarize the
membrane potential and induce Ca®* influx that will enhance the release of gluta-
mate and substance P, and subsequently increase the secondary nociceptive neuron
responses and dorsal horn nociceptive output. In neuropathic pain condition, an
increase in the number of P2X receptors positive DRG neurons is observed follow-
ing sciatic nerve injury by chronic constriction [23]. Specifically, an increase of
P2X3 receptor immunoreactivity is detected in the dorsal horn ipsilateral side of the
injured nerve indicating the upregulation of P2X receptors at the central terminals
of primary afferent neurons. P2X receptor expression is also upregulated follow-
ing tissue injury or inflammation within the spinal cord. The upregulation of P2X
receptor expression on the central terminals of primary afferent neurons would
sensitize the responses to ATP, which in turn may facilitate P2X receptor-mediated
nociceptive modulation.

Activation of homomeric, as well as heteromeric P2X2/3 receptors, appears
to modulate longer lasting nociceptive sensation associated with nerve injury or
chronic inflammation [1]. P2X3 receptor function is highly sensitive to soluble fac-
tors like neuropeptides and neurotrophins and is controlled by transduction mecha-
nisms, protein-protein interactions, and discrete membrane compartmentalization.
Recent findings have demonstrated that P2X3 receptors interact with the synaptic
scaffold protein calcium/calmodulin-dependent serine protein kinase (CASK) ina
state-dependent fashion, indicating that CASK plays a crucial role in the modula-
tion of P2X3 receptor stability and efficiency [24]. Activation of P2X3 receptors
within CASK/P2X3 complex has essential consequences for neuronal plasticity and
possibly for the release of neuromodulators and neurotransmitters. Better under-
standing the interaction machinery for P2X3 receptors and their integration with
other receptors and channels on pre- and postsynaptic membranes is proposed to be
essential to unveil the process of nociceptive neuronal sensitization.

Multiple other purinoceptor subtypes participate in pain processing. In neuro-
pathic pain, activation of purinergic receptors on microglia is thought to maintain
nociceptive sensitization through neural-glial cell interactions [3]. Microglia
expresses several P2 receptor subtypes, and of these the P2X4, 7, and P2Y12 recep-
tor subtypes have been implicated in neuropathic pain. It has been shown that
activation of P2X4, 7, and P2Y12 receptors expressed on microglia is critically
involved in neuropathic pain arising from peripheral nerve injury [25], while
blocking these receptor with antagonists reduces neuropathic pain [3]. The P2X4
receptor has emerged as the core microglia-neuron signaling pathway. In response
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to peripheral nerve injury, P2X4 receptors are upregulated in spinal cord microglia
[26]. Activation of this receptor causes the release of brain-derived neurotrophic
factor (BDNF) which causes disinhibition of pain-transmission neurons in spinal
lamina I. Several mechanisms have recently been implicated in the upregulation

of P2X4 receptors including CCL21, interferon v, tryptase, fibronectin, and the
activation of p-opioid receptors. Activation of P2X4 receptors leads to an influx of
extracellular Ca** activating p38 MAPK that leads to SNARE-dependent release of
BDNF from the microglia. BDNF is a crucial microglia-neuron signaling molecule
that causes disinhibition of nociceptive dorsal horn neurons by disrupting intracel-
lular CI” homeostasis of inhibitory interneurons [27-29]. Activation of P2X7 or
P2Y12 receptors is also through signals of p38 MAPK. p38 MAPK signaling drives
the release of interleukin-1p and cathepsin S, which contributes to the maintenance
of mechanical hypersensitivity in the spinal cord. P2Y12 receptor expression is

also upregulated in microglia, and activation of these receptors is involved in
neuropathic pain. Recent studies have demonstrated that inhibition of microglia-
expressed P2 receptors (P2X4, P2X7 or P2Y12) by the pharmacological blockade,
antisense knockdown or genetic deletion suppresses both mechanical allodynia and
thermal hyperalgesia in nerve-injured rats [30, 31]. Conversely, intrathecal admin-
istration of the P2Y12 receptor agonist 2Me-SADP elicits pain behaviors in naive rats
that mimic those observed in nerve-injured rats [30].

2.3 Adenosine induces antinociception by activation of P1 receptors

In contrast to the algogenic effects of ATP, adenosine, the metabolite of ATP,
induces antinociception via activation of P1 receptors. P1 receptors are G protein-
coupled metabotropic receptors. Four subtypes of P1 receptors (A1, A2A, A2B, and
A3) have been cloned in the nervous system [32].

A1l receptor is detected in the peripheral sensory nerve fibers [33]. Local delivery
of adenosine induces analgesia and blocking A1l receptors abolishes adenosine-
induced antinociception in various inflammatory pain models [34]. In addition, it
has been shown that adenosine also mediates the analgesic mechanism of acupunc-
ture via peripheral Al receptors [35]. Adenosine also produces antinociception via
activation of Al receptors in the spinal cord [33]. Intraspinal injection of adenosine
or Al receptor agonists induced antinociception in both inflammatory and neuro-
pathic pain animal models. It has been proposed that the underlying mechanism
for adenosine-induced antinociception is related to potassium channel activation-
induced cell membrane hyperpolarization [36]. Activation of pre- or postsynaptic
Al receptor triggers cAMP/PKA, PLC/IP3/DAG, and nitric oxide/cGMP/PKG
pathways [33, 37] that induce analgesia by reducing presynaptic vesicle release and
postsynaptic excitability [36]. Indeed, it has been demonstrated that Al recep-
tor activation decreased the excitatory neurotransmitter release in synaptosomes
isolated from the spinal cord dorsal horns [38, 39].

Endogenous adenosine also mediates antinociception by A2A, A2B, or A3
receptors expressed in nociceptive neurons, astrocytes, or immune cells [40, 41].
Considering the extensive involvements of glial cells (microglia and astrocytes) in
central sensitization and chronic pain [42], activation of adenosine receptors on
microglia and astrocytes are potentially involved in the antinociceptive mechanism
of adenosine in the nervous system [43]. Additionally, adenosine may also mediate
the antinociception by enhancing GABA inhibition and blocking neuroinflamma-
tion via activation of A3 receptors [44]. Collectively, these studies suggest the pos-
sibility of treating chronic pain by targeting specific adenosine receptor subtypes in
anatomically defined regions with agonists or with ecto-nucleotidases that control
the generation of adenosine.
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2.4 Ecto-nucleotidases drive the shift from ATP-induced pain to
adenosine-induced antinociception

Purinergic signaling depends on ATP release, purinergic receptor action, and
sequential hydrolysis of ATP to ADP and nucleoside adenosine [45]. Because of
their dynamic catalytic activities under physiological conditions, ecto-nucleotide
diphosphatases (Ecto-NTPDases) are the major enzymes responsible for the
hydrolysis of extracellular ATP and ADP. Four members of ecto-NTPDse family
(NTPDasel, 2, 3, and 8) have been cloned. Three of which (i.e., NTPDasel, 2,
and 3) are expressed in the nervous system [46]. NTPDasel and 3 hydrolyze both
ATP and ADP, while NTPDase2 primarily hydrolyzes ATP with minimal ADP
hydrolytic activity [47]. Extracellular AMP is further hydrolyzed to adenosine by
ecto-5'-nucleotidase (CD73) [47, 48] and a transmembrane isoform of prostatic acid
phosphatase (PAP) [47, 48] in the nervous system. By control of ATP degradation
and adenosine generation, these ecto-nucleotidases affect nociception by terminat-
ing ATP-induced pain and pain sensitization and promoting adenosine-mediated
analgesia.

ATPase activity had been detected in dorsal root ganglion (DRG) and spinal
cord using enzymatic histochemistry staining. Nucleotidase activity is robust in spi-
nal cord dorsal horn nociceptive lamina suggesting that nucleotide hydrolysis would
play a role in nociceptive processing. In DRG, extensive staining revealed ecto-
ATPase activity in a subset of neurons and non-neuronal cells. The mRNA expres-
sion and immunoreactivity for NTPDasel-3, but not NTPDase8, was detected in
lumbar DRG and spinal cord. Immunoreactivity for NTPDase3 that closely matches
the distribution of ecto-ATPase activity labels DRG central projections in the dorsal
root and superficial dorsal horn, as well as intrinsic spinal neurons concentrated
in lamina II. It has been reported that NTPDase3 is located in nociceptive and
non-nociceptive neurons of DRG, in the dorsal horn of the spinal cord, and the
free nerve endings in the skin [49]. These data suggest that NTPDase3 would be a
negative regulator for nociceptive signaling [50]. However, studies from NTPDase3
knockout mouse show that deletion of NTPDase3 does not impair ATP hydrolysis in
primary somatosensory neurons or dorsal spinal cord. Also, NTPDase3 (—/—) mice
did not differ in nociceptive behaviors when compared with wild-type mice. These
observations suggest the existence of multiple ecto-nucleotidases acting redun-
dantly to hydrolyze nucleotides [49].

Even though the manipulation of adenosine transport or degradation can
induce antinociception [51], extracellular adenosine level is mainly controlled by
extracellular AMP hydrolysis. Indeed, it has been shown that extracellular AMP
hydrolysis provides the major source for endogenous adenosine in the nervous
system that is essential to maintain a tonic activation of adenosine receptors in
the nociceptive neurons of the spinal cord [52]. Two ecto-nucleotidases have been
identified to be responsible for extracellular AMP hydrolysis in the spinal cord
[48]. Ecto-5'-nucleotidase (CD73) is a membrane-anchored protein that hydro-
lyzes extracellular adenosine 5'-monophosphate (AMP) to adenosine in different
tissues. CD73 was detected in peptidergic and nonpeptidergic nociceptive neurons
in DRG and afferent terminals in lamina II of spinal cord. In addition, CD73 was
also located on epidermal keratinocytes, cells of the dermis, and on nociceptive
terminals in the epidermis [52]. Besides CD73, prostatic acid phosphatase (PAP)
also functions as an ecto-nucleotidase and generates extracellular adenosine. PAP
is expressed in nociceptive dorsal root ganglia (DRG) nociceptive neurons, it had
been shown that PAP inhibits noxious thermal sensitivity and sensitization that
is associated with chronic pain through sustained activation of the adenosine Al
receptor [53].



Purinergic Signaling and Dental Orofacial Pain
DOI: http://dx.doi.org/10.5772/intechopen.87181

Knockout of CD73 and/or PAP reduced adenosine generation and enhanced noci-
ception in animal models following inflammation and nerve injury [52]. It has been
found that AMP hydrolysis was nearly abolished in DRG neurons and lamina II of the
spinal cord from PAP/CD73 double knockout (dKO) mice. Likewise, the antinocicep-
tive effects of AMP were reduced in PAP/CD73 dKO mice. Adenosine was maximally
produced from AMP within seconds in wild-type (WT) mice but was significantly
reduced in dKO mice indicating PAP and CD73 generate rapidly adenosine in lamina
II. Besides, it has shown the existence of spontaneous low-frequency adenosine tran-
sients in lamina II in wild-type mice, while knockout of PAP and CD73 abolished the
spontaneous adenosine transit suggesting these ecto-nucleotidases rapidly hydrolyze
endogenously released nucleotides to adenosine, and there exists tonic activation of
Al receptors. Field potential recordings in dorsal horn lamina II and behavioral stud-
ies indicated that adenosine converted by these enzymes acts through the A1 receptor
to inhibit excitatory neurotransmission. PAP and CD73 injected spinally produced
long-lasting adenosine Al receptor-dependent antinociceptive effects in inflamma-
tory and neuropathic pain models [54]. Furthermore, it has been noted that following
peripheral nerve injury CD73, PAP, as well as enzymatic ecto-AMPase activities were
reduced in dorsal horn lamina II. Collectively, these evidences indicate that PAP and
CD73 are the predominate ecto-nucleotidases that generate adenosine in the nocicep-
tive circuits (Figure1) [48].
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Figure 1.

Schematic illustrates purinergic signaling vesponsible for the pain signal transmission and sensitization at the
nociceptive synapses. (1) Primary nociceptive inputs promote glutamate and ATP co-velease and synergistically
cause non-selective permeability to Ca**, Na*, and K* cations via P2X3 receptov, leading to postsynaptic
activation of NMDA or AMPA receptors and further contributing astrocytic glutamate and ATP co-release into
the extracellular miliew which vesult in the pain signal transmission in the nociceptive synapses. (2) Activation
of P2X4/7 receptors expressed on astrocytes and microglia induces a local inflammatory response with velease
of cytokines including IL-1, BDNF, and TNF-a, which will lead to sensitization in pain signal transduction
and conduction as well as synaptic transmission caused by enhanced excitatory and rveduced inhibitory driving.
(3) Activation of A1 receptor triggers multiple intvacellular cAMP/PKA, PLC/IP3/DAG, and nitric oxide/
c¢GMP/PKG signaling and induces analgesia by reducing both presynaptic vesicle rvelease and postsynaptic
excitability. Adenosine may also mediate antinociception by activation of A2A, A2B, or A3 receptors expressed
on nociceptive neurons, astrocytes, or immune cells. (4) Ecto-nucleotidases (NTPDase3/CDy3) are specifically
expressed in primary nociceptive neurons and localized at presynaptic terminals that will drive the shift from
ATP-induced pain to adenosine-mediated analgesia by control of extracellular ATP extracellular hydrolysis in
the nociceptive pathway [99].
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3. ATP signaling and dentin hypersensitivity
3.1 Dentin hypersensitivity

Dentin hypersensitivity (DHS) is defined as a short, sharp pain that arises
from exposed dentin in response to various environmental stimuli [55-57].
Dentin exposure can be caused by physical, chemical, pathological, biological
challenges, and/or developmental abnormalities that result in dental and or peri-
odontal damage or defects. In patients with DHS, gentle touch, mild cold or hot,
chemical (acidic or sweet fruits, foods, and drinks) or air-flow stimulation to the
exposed dentine can induce similar short, sharp pain. DHS can affect the quality
of patient’s daily activities such as eating, drinking, speaking, and tooth brushing.
In some cases, more severe DHS can become a constant annoyance and induce
psychological and emotional distractions [55, 57]. Even though DHS is a com-
mon problem, the underlying nociceptive transduction mechanism still remains
elusive, and no universally accepted or highly reliable desensitizing agents or
treatment are available in dental practice.

3.2 Hydrodynamic theory

It is generally regarded that DHS is associated with dentin exposure, especially
the exposure of open dentinal tubules, and dental pulp nerve responsiveness to
external environmental stimuli [58]. Several theories have been proposed for
the pathogenesis of DHS. The most widely accepted one is the hydrodynamic
theory that is introduced by Brannstrom in 1964 [59]. It stated that environmental
mechanical, thermal, or chemical changes cause the movements of fluid within
dentinal tubules that stimulate the terminals of pulpal nerve fibers located at the
dentin tubule inlets, thereby induces transient acute pain. The hydrodynamic
theory highlights the notion that several different stimuli can evoke similar
responses via dentin tubule fluid movements. The intra-dental myelinated Ap
fibers and some Ao fibers that send terminals into the dentin tubules are thought
to respond to the fluid movements resulting in the characteristic short, sharp pain
of DHS. However, Ap fibers usually mediate slight touching sensation with a lower
threshold to mechanical stimulation, while Ao fibers mediate pain, but they exhibit
high threshold to noxious stimulation. How the essentially non-noxious dentin
tubule fluid movements induce the nociceptive transduction in dental pulpal nerve
fibers remains an enigma. Recently, the hydrodynamic theory has been challenged
by emerging evidence suggesting that odontoblasts might play an essential role in
the nociceptive transduction of DHS [60-62].

3.3 The machinery for ATP signaling in dental pulp

Odontoblasts locate at the outermost layer of the dental pulp and send odonto-
blastic processes to the dentin tubules. Therefore, odontoblasts are the first dental
pulp cells to detect external stimuli in dentin exposure. Though a physical synaptic
structure is absent, dental pulp nerve fibers are closely approached to the odonto-
blasts and tightly entangle these cells. This finding could provide a mechanism to
explain how signals are transmitted to adjacent nerve endings through chemical
mediators released from the odontoblasts. That is, a paracrine cell-cell commu-
nication is involved in signal transmission as opposed to classic neural synapses.
Since purinergic P2X3 receptors are expressed in dental pulp nerve fibers [63] and
activation of P2X receptors in peripheral nerve fibers induces pain [9]. ATP has
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been proposed as a promising candidate that participates in cell-cell communication
within the dental pulp that would be associated with pain transduction mechanism
of DHS [64].

For the past decades, chemo-, mechano-, and or thermo-sensitive channels
such as connexin, pannexin, TRPV1-4, TRPM3, KCa, TREK-1, beta-ENa(+) C,
and ASIC2 channels have been identified in odontoblasts [60, 65-70]. Activation
of these channels depolarizes the membrane potential that induces ATP release
via vesicles release or channel opening in odontoblasts. Interestingly, mechanic-
as well as depolarization-sensitive ATP permeable channel such as connexin
43 and pannexins had been detected in odontoblastic processes inserting into
dentinal tubules [60, 64]. Indeed it has been shown that mechanical and or
thermal stimulation that mimics dentin hypersensitivity in clinic induces ATP
release from odontoblasts [65, 66, 71]. Besides, mechanical stimulation-induced
ATP release and ATP-mediated signal transmission from odontoblasts to trigemi-
nal neurons have been demonstrated iz vitro using co-culture models comprising
of odontoblasts and trigeminal neurons [68, 72]. The existence of autocrine/
paracrine mechanisms for ATP-involved purinergic signaling in cultured odon-
toblast-like stem cells is also confirmed [73]. Furthermore, external mechanical
and thermal stimulation that mimics dentin hypersensitivity induces ATP release
in a tooth perfusion model, while pharmacological blocking connexin and pan-
nexin channels abolished external stimulation-induced ATP release in dental
pulp [66]. Based on the above observations, we proposed that, as illustrated in
Figure 2, external stimulation-induced mechanosensitive responses and ATP
release from odontoblasts and subsequently activation of purinergic receptors in
dental pulpal nerves may represent a novel explanation as to how odontoblasts
participate in a mechanosensory mechanism leading to the pain transduction in
DHS [60, 74].
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Figure 2.

A novel hypothesis for nociception transduction in DHS. External stimulation-induced dentin tubule fluid
movements induces ATP release via pannexin/connexin channels in OBs (odontoblasts), ATP then activate P2X
receptors on adjacent nerve fibers to trigger the transduction of pain. ATP signaling is terminated by ecto-
ATPases in OBs and Schwann’s cells.
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3.4 Purinergic signaling and dentin hypersensitivity

Dentin-odontoblasts-nerve terminal complex represents the essential compo-
nents for the process of stimulation transducing and nociceptive transduction from
environmental changes to pain impulse in DHS. External stimuli promote ATP
release from odontoblasts through mechanic or depolarization-sensitive channels,
which then initiates pain signaling via activation of P2X3 receptors in dental pulp
nerve fibers. Functional ecto-nucleotidases in odontoblasts, dental pulp nerve
fibers, and Schwann cells that surround the nerve fibers modulate pain transmis-
sion by control of the local concentration of extracellular ATP and adenosine.

ATP and its metabolites may also activate the P2Y and P1 receptors via a paracrine
mechanism to trigger intracellular Ca®* signals that further promote ATP release in
odontoblasts and regulate the expression of ATP permeable channels, purinergic
receptors, and ecto-nucleotidases.

The existence of mechanical-sensitive ATP permeable connexin/pannexin chan-
nels and ATP singling in dentin-odontoblast-nerve fiber complex provides a clue
to explain the unique characteristic of DHS, that is, the “all” or “none” property. In
patients with DHS, a common phenomenon is that external environmental stimula-
tion induces either one sharp pain or no pain at all. A self-activated propagation of
ATP signaling and calcium response in gap junction coupled cells as well as in tis-
sues or organs was demonstrated [75]. For example, a local mechanical stimulation
induces connexin/pannexin channel opening, and then result in ATP release, ATP
then activates the P2X/P2Y receptors in adjacent cells inducing intracellular Ca**
increase and/or cell depolarization that further promote connexin/pannexin chan-
nels opening and ATP release in further beyond adjacent cells until all the cells are
activated. Since odontoblasts express connexin 43 and are functionally connected
via gap junction as a syncytium [60, 76], stimulation from locally exposed dentin
tubules will induce a response in the whole dental pulp odontoblasts. With this
mechanism, external stimulation will cause the full dental pulp odontoblast activa-
tion and evoke the typical “all” or “none” short, sharp pain in patients with DHS.

The existence of ecto-ATPase activity in dental pulp nerve fibers as well as in the
odontoblast layer [60] may provide mechanisms to terminate ATP-induced pain in
DHS. Studies have shown that NTPDase2 is expressed in odontoblasts as well as in
Schwann’s cells that encapsulate the dental pulp nerve fibers. While NTPDase3 is
expressed in dental pulp nociceptive nerve fibers. The presence of these enzymes in
dental pulp provides machinery responsible for ATP degradation that may pro-
vide a mechanism to terminate the pain signaling induced by purinergic receptor
activation in DHS. While the existence of ecto-AMPase enzymatic activities and
expression of CD73 in nociceptive nerve fibers and odontoblasts [64] will hydrolyze
AMP to adenosine, the latter will activate the Al receptors and hyperpolarize the
terminals of the dental pulp nerve fibers via opening the potassium channels that
will help to stop any lingering of pain impulses in nerve fibers.

4. Purinergic signaling and dental orofacial pain
4.1 P2X receptors in trigeminal nerves

Activation of P2X receptors in peripheral nociceptive nerve fibers results in pain
transduction. Interestingly it has been observed that purinergic P2X receptors are
preferentially expressed in trigeminal nociceptive neurons [11, 12] suggesting that

purinergic signaling might play a unique role in the generation and development
of dental orofacial pain. Previous studies have shown expression of P2X3 receptors
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in dental pulp nerve fibers, including the iB4 positive nociceptive fibers [63].
Furthermore, it had been demonstrated that activation of P2X3 and P2X2/3 recep-
tors in dental pulp is sufficient to elicit nociceptive behavioral as well as trigeminal
brainstem neuronal activity [77]. Functional homomeric P2X3 receptor and hetero-
meric P2X(2/3) receptor are highly expressed on nociceptive trigeminal neurons,
their contribution toward the pain mechanism in dental orofacial pain has been well
established [78, 79]. Using real-time reverse transcription-PCR analysis, besides
P2X3, mRNA expression for P2X1 and P2X4 was also detected in trigeminal gan-
glion neurons. Indeed, application of P2X receptors agonists, ATP, a,-methylene
ATP, or B, y-methylene ATP induced neuronal Ca** influx and a series of selective
antagonists for P2X1, P2X3, or P2X4 receptors inhibited these Ca* influx responses.
Interestingly, expression of purinergic receptors (P2X1, 3, and 5) in trigeminal
ganglion is upregulated in response to dental pulp inflammation-induced pain
suggesting that these receptors may participate in the peripheral pain sensitization
[80]. Expression of P2X receptors in trigeminal ganglion is also upregulated by oral
facial deep tissue inflammation [11, 12]. In addition, application of P2X receptor
agonist af-meATP to rat tooth pulp induces central sensitization in medullary
nociceptive neurons, and this sensitization response can be blocked by dental pulp
application of the P2X (1,2/3,3) receptor antagonist TNP-ATP as well as by medul-
lary application of TNP-ATP. These results suggest that the activation of peripheral
P2X receptors in orofacial tissues plays a critical role in producing central sensitiza-
tion in medullary trigeminal subnucleus caudalis (TSNC) nociceptive neurons [81].
Therefore, trigeminal ganglion neurons preferentially express functional P2X1, 2/3,
4 receptors, and activation of these receptors attributes to generation and sensitiza-
tion of dental orofacial pain [78].

Involvement of P2X receptor activation in dental orofacial pain had been
demonstrated in various animal models. In the carrageenan-induced TM] inflam-
matory hyperalgesia model, the P2X1, 3, and 2/3 receptor antagonist TNP-ATP, but
not the selective P2X7 receptor antagonist A-438079, significantly reduced the pain
behavior. These findings indicate that P2X3 and P2X2/3 receptors would be poten-
tial targets for the development of new analgesics to control TM]J inflammatory
pain [82]. Interestingly, it has been found that the number of P2X3 receptor positive
cells is increased in the small cell group in trigeminal ganglia, whereas there was no
change in medium or large cell groups after TM]J CFA-injection. Retrograde tracing
confirmed that TMJ-innervated neurons in TG exhibited P2X3 receptors. These
observations provided evidence to support that P2X3 receptor play an essential role
in orofacial pain induced by TM] arthritis [83]. Pharmacological and immunohis-
tochemical studies revealed that the P2X3 receptor also plays an essential role in the
heat hyperalgesia observed in the infraorbital nerve (IoN) ligation-induced neu-
ropathic pain model [84]. In an oral cancer pain model, injection of squamous cell
carcinoma cells into the lower gingiva produces mechanical allodynia and thermal
hyperalgesia. It has been observed that expression of P2X receptor, calcitonin
gene-related peptide (CGRP)-, substance P (SP)-, and capsaicin receptor (TRPV1)-
immunoreactive cells are strikingly upregulated in the small cell group of trigeminal
ganglia (TGs) after tumor cell inoculation [85].

Whereas there is ample evidence that purinergic P2 receptors in trigeminal
glial cells are altered after peripheral nerve injury, there is very little information
about the changes of P2 receptors in TG satellite glial cells (SGCs), although it
is well established that SGCs are endowed with P2 receptors. In submandibular
inflammation with the injection of complete Freund's adjuvant, there was a marked
increase in the sensitivity of SGCs to ATP, with a threshold decreasing from 5
pM to 10 nM. A similar result was observed in the intact trigeminal ganglion
after infraorbital nerve axotomy. It had been demonstrated that the increased
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after-inflammation response was mediated predominantly by P2X receptors. The
enhanced responses to ATP after inflammation are primarily due to P2X2 and or
P2XS5 receptors, with a possible contribution of P2X4 receptors. It has been pro-
posed that the over 100-fold augmented sensitivity of SGCs to ATP may contribute
to the development of chronic pain status in dental orofacial pain [86].

4.2 P2Y receptors in trigeminal nerves

Little is known about P2Y receptor expression in trigeminal nerves and their role
in dental orofacial pain. It had been demonstrated that UTP, an agonist of P2Y2/
P2Y4 receptors, significantly decreased the mean threshold potentials for evoking
action potentials and induced a striking increase in the mean number of spikes in
TG neurons [87]. Because of its vital role in the control of neuronal spike onset, fast
inactivating transient K* channels (IA) is a key regulator of membrane excitability
in sensory neurons. It has been shown that UTP significantly inhibited IA and the
expression of Kv1.4, Kv3.4, and Kv4.2 subunits in TG neurons. The P2Y receptor
antagonist suramin could reverse these effects. Furthermore, in ION-CCI (chronic
constriction injury of the infraorbital nerve) induced neuropathic pain model,
when blocking P2Y2 receptors with suramin or injection of P2Y2 receptor antisense
oligodeoxynucleotides led to a long time- and dose-dependent reverse of allodynia
[87]. Blocking P2Y2 receptors is accompanied with a significant increase in Kv1.4,
Kv3.4, and Kv4.2 subunit expression and decrease in phosphorylated ERK expres-
sion in trigeminal ganglia. These data suggest activation of P2Y2 receptors leads
to upregulation of ERK-mediated phosphorylation and decline of the expression
of I(A)-related Kv channels in trigeminal ganglion neurons, which might reveal
potential alternative targets for the treatment of trigeminal neuropathic pain [87].

Other type of P2Y receptors are also involved in the development of dental oro-
facial pain. Administration of the P2Y1, 12, and 13 receptor agonist, 2- (methylthio)
adenosine 5’'-diphosphate trisodium salt hydrate (2-MeSADP), in naive rats induced
neuropathic pain in the tongue, as demonstrated in lingual nerve crush rats, while
co-administration of P2Y receptor antagonists (MRS2395) to naive MRS2395 rats
did not result in hypersensitivity of the tongue. P2Y12 receptor had been detected in
satellite cells of the trigeminal ganglia. In an orofacial pain model after lingual nerve
crush, expression of P2Y12 receptors was enhanced in pERK1/2-immunoreactive
cells encircling trigeminal ganglion neurons. Administration of a selective P2Y12
receptor antagonist, MRS2395, attenuated tongue hypersensitivity to mechanical
and heat stimulation and suppressed the increase in the relative numbers of calcito-
nin gene-related peptide (CGRP)-immunoreactive neurons and neurons encircled
by pERK1/2-immunoreactive cells. These results suggest that intercellular com-
munication between activated satellite cells and CGRP-immunoreactive neurons via
P2Y12 receptors contributes to the development of orofacial neuropathic pain [88].

4.3 Purinergic signaling in trigeminal subnucleus caudalis (TSNC)

Besides purinergic receptors expressed in the central afferent terminals of
primary trigeminal nociceptive neurons, multiple P2X, P2Y, and P1 receptors are
also detected in the secondary nociceptive neurons, astrocytes, and microglia in
TSNC. Since pain signal synaptic transmission is accompanied by a large amount of
ATP release in TSNC. Activation of purinergic receptors expressed in presynaptic
afferent terminals, secondary nociceptive neurons, astrocytes, and microglia in
TSNC would play an essential role for the development of central sensitization [77].
Studies have shown that extracellular ATP acting on presynaptic purinergic receptors
(P2X2/3 and P2X3 subunits) participate in central sensitization of dental orofacial

12



Purinergic Signaling and Dental Orofacial Pain
DOI: http://dx.doi.org/10.5772/intechopen.87181

pain. Application of inflammatory irritant mustard oil (MO) to the tooth pulp
produced a long-lasting allodynia and hyperalgesia. Intrathecal administration of the
selective P2X1, P2X3, and P2X2/3 receptor antagonist, TNP-ATP, significantly and
reversibly attenuated the MO-induced central sensitization. While the administra-
tion of the selective P2X1, P2X3, and P2X2/3 receptor agonist, alpha, beta-methylene
ATP (alpha, beta-meATP, i.t.) produced abrupt and significant neuroplastic changes
in TSNC nociceptive neurons, followed by neuronal sensitization as evidenced by
the ineffectiveness of a second application of alpha, beta-meATP and subsequent
MO application to the pulp. These results suggest that P2X3 and possibly also the
P2X2/3 receptor subtypes in TSNC play a crucial role for the initiation and main-
tenance of central sensitization in brainstem nociceptive neurons [89]. Tooth pulp
application of mustard oil (MO) induced a significant increase in glutamate release
in TSNC. Intrathecal administration of apyrase or TNP-ATP (a P2X1, P2X3, P2X2/3
receptor antagonist) alone significantly reduced the MO-induced glutamate release
in the TSNC. Furthermore, the suppressive effects of apyrase on glutamate release
were reduced by DPCPX (an adenosine Al receptor antagonist) [89].

It had been reported that P2X3 receptor expressed in astrocytes in the TSNC
participates in the development of craniofacial neuropathic pain induced by chronic
constriction of the infraorbital nerve (CCI-ION) [90]. The number of P2X3-positive
fine astrocytic processes and the density of P2X3 receptors in these processes was
increased significantly in CCI-ION model and administration of MPEP, a specific
mGluR5 antagonist, alleviated the mechanical allodynia and abolished the increase
of P2X3 receptor expression in the fine astrocytic processes. Specific glial cell popu-
lations become activated in both trigeminal ganglia and brainstem in CFA-injection
induced temporomandibular joint (TM]) inflammation pain model. CFA-injected
animals exhibited ipsilateral mechanical allodynia that is accompanied by a substan-
tial increase of GFAP-positive satellite glial cells and activation of resident macro-
phages in the trigeminal ganglia. The activated microglial cells were also observed in
the ipsilateral TSNC [91]. In dental pulp, MO injection induced central sensitization
model, it has been demonstrated that continuous intrathecal (i.t.) superfusion of the
potent P2X7 receptor antagonists brilliant blue G or periodate-oxidized ATP could
significantly attenuate the central sensitization. Specifically, central sensitization
could be induced by superfusion of ATP and even more effectively produced by the
P2X7 receptor agonist benzoylbenzoyl ATP. Consistent with the report that P2X7
receptors are mostly expressed on microglia, superfusion of the microglial blocker
minocycline abolished the MO-induced central sensitization. These novel findings
suggest that activation of P2X7 receptors in microglia cells may be involved in the
development of central sensitization in acute dental orofacial pain [92].

Microglial P2Y12 receptor is also reported to be involved in the central sensitiza-
tion of orofacial pain [93]. In a tongue cancer, pain model produced by squamous
cell carcinoma (SCC) cell inoculation, microglia were strongly activated in TSNC,
and administration of MRS2395 or minocycline reversed the associated nocicep-
tive behavior and microglial activation in SCC-inoculated rats. The increased
activity of TSNC wide dynamic range nociceptive neurons was also recorded in
SCC-inoculated rats. These findings suggest that SCC inoculation results in strong
activation of microglia via P2Y12 receptor signaling in the TSNC that is associated
with the increased excitability of TSNC nociceptive neurons and the development
of central sensitization.

4.4 Adenosine signaling and dental orofacial pain

Purinergic P1 receptor signaling may also exist in trigeminal nerves and affects
nociception processing. In 12 healthy female volunteers randomized, double-blind,

13



Receptors P1 and P2 as Targets for Drug Therapy in Humans

placebo-controlled, cross-over trial, the effect of Al receptor agonist GR79236

on trigeminal nociception processing was investigated. Activation of Al recep-

tor with GR79236 inhibits trigeminal nociception in humans [94]. In a model of
trigeminovascular nociceptive transmission, the superior sagittal sinus (SSS) was
stimulated electrically, and the responding nociceptive units were recorded. It has
been shown that intravenous administration of the highly selective adenosine Al
receptor agonist, GR79236 had a dose-dependent inhibitory effect on SSS-evoked
trigeminal nociceptive activity. Selective adenosine Al receptor antagonist DPCPX
abolished the neuronal inhibitory effect of GR79236 [95]. In another animal experi-
ment, adenosine decreased the amplitude of glutamatergic excitatory postsynaptic
currents and increased the unpaired-pulse ratio suggesting that adenosine acts
presynaptically to reduce glutamate release from primary afferents. Besides, the
adenosine-induced inhibition of excitatory postsynaptic currents was impaired by
a selective Al receptor antagonist, DPCPX, and was mimicked by a selective Al
receptor agonist CPA. These findings suggest that presynaptic Al receptors decrease
action potential-dependent glutamate release from primary trigeminal afferents
onto TSNC neurons, and thus adenosine Al receptors could be a potential target for
the treatment of pain of orofacial tissues [96].

4.5 Ecto-nucleotidases in trigeminal nerves and orofacial pain

By the control of ATP degradation and adenosine generation, ecto-nucleotidases
drive the shift from ATP-induced nociception to adenosine-induced analgesia
[97]. Since ATP induces pain and pain sensitization via activation of P2X recep-
tors and adenosine mediates analgesia via activation of P1 receptors, existence of
ecto-nucleotidases and their enzymatic activities in the trigeminal nociceptive
pathway will affect the development and maintenance of dental orofacial pain.
Recently we have demonstrated the expression and central terminal localization of
ecto-nucleotidases (NTPDase3/CD73) in the trigeminal ganglia nociceptive neurons
[64, 98]. Considering the pivotal role of purinergic singling in the pathogenesis of
neuropathic pain and the preference expression and upregulation of purinergic
receptors in the trigeminal nervous system, ecto-nucleotidase expression, and
localization in trigeminal nerves might participate in the development of orofacial
neuropathic pain.

Using histochemistry staining, ecto-ATPase and AMPase activities were detected
in dental pulp odontoblast layer, Raschkow’s nerve plexus, and nerve bundles.
Interestingly, in inflammatory dental pulp with pulpitis, enzymatic ecto-ATPase
activity was significantly upregulated. Specifically, using immunohistochemistry
and immunofluorescence staining, NTPDase2 is expressed in Shwann’s cells that
encapsulate the Ap and Ao fibers, while that NTPDase3 and CD73 are detected in
nociceptive nerve fibers in dental pulp [60, 64, 98].

Trigeminal ganglia contain both primary sensory neurons and satellite glial
cells. Satellite glial cells encapsulate the ganglia neurons and are gap junction
channel connected. Via intercellular interaction satellite glia cells affect neuronal
excitability and impulse conduction in TG neurons. The ecto-ATPase activity was
detected in TG cells. Specifically, NTPDase3 is expressed in TG neurons, including
the nociceptive neurons, while NTPDase2 is expressed in TG satellite glial cells that
encapsulated the TG neurons [60, 64, 98]. In addition, ecto-AMPases activity is also
detected in TG cells and TG nerve fibers. It reveals that CD73 is expressed in TG
neurons, including the nociceptive neurons [64]. By control of extracellular ATP
degradation and adenosine generation, these enzymes would play a crucial role in
orofacial pain signal processing by affecting the excitability, inhibition, and interac-
tion of TG neurons.

14



Purinergic Signaling and Dental Orofacial Pain
DOI: http://dx.doi.org/10.5772/intechopen.87181

TG nociceptive neurons project central nerve fibers to the brainstem and form
synapses with the secondary nociceptive neurons in the nociceptive lamina of the
TSNC. It has been well established that the nociceptive lamina in the brainstem or
spinal cord is a pivotal region for pain signaling transmission, inhibition, modula-
tion, and sensitization. Interestingly, striking ecto-ATPase and ecto-AMPase activi-
ties were detected in brainstem TSNC nociceptive lamina. Immunohistochemistry
studies confirmed the existence of immunoreactivity for NTPDase3 and CD73 in
the nociceptive lamina. Furthermore, it has been demonstrated that incubation
with specific anti-NTPDase3 or anti-CD73 antibodies, significantly reduced
ecto-ATPase and acto-AMPase activities in TNSC nociceptive lamina, respectively
[64, 98]. These findings suggest that NTPDase 3 and CD73 are the major enzymes
responsible for ATP degradation and adenosine generation in TSNC nociceptive
lamina. Since the neuronal plasticity and central sensitization mainly occurs at
the central nociceptive lamina in neuropathic pain, the presence of NTPDase3 and
CD73 in TNSC nociceptive lamina may also participate in the central sensitization
mechanism in orofacial neuropathic pain.

The characteristic staining patterns for NTPDase3 and CD73 in the nociceptive
lamia of TSNC indicate the presynaptic localization of these enzymes [64, 98]. This
observation suggests that NTPDase3 and CD73 are produced at TG nociceptive
neurons and then are transferred to the central presynaptic membranes along the
afferent trigeminal nerves. Disruption of ecto-nucleotidase expression and presyn-
aptic localization caused by biological, chemical, or physical trigeminal insults such
as virus infection, nerve fiber differentiation, and physical constriction//compres-
sion may attribute to pathogenesis mechanism in trigeminal neuralgia and other
orofacial neuropathic pain [64, 98].

5. Conclusion

Purinergic signaling plays essential role in pain signal processing in the nocicep-
tive pathway from peripheral to central nerves. Via activation of P2X, P2Y, and P1
receptors, ATP and its metabolites induced purinergic signaling participates in the
nociceptive transduction, conduction, transmission, modulation, sensitization, and
development of neuropathic pain. Ecto-nucleotidases are the predominant enzymes
responsible for extracellular ATP degradation and adenosine generation that play
essential role to drive the shift from ATP-induced pain to adenosine-induced anal-
gesia. In order to identify the role of purinergic signaling in dental orofacial pain,
the existence of purinergic signaling and their regulation in the trigeminal nocicep-
tive pathway has yet to be identified.

Several ion channels and receptors that are prominent in craniofacial nocicep-
tive mechanisms have been identified on trigeminal primary afferent neurons.
Many of these receptors and channels exhibit unusual distributions compared
with extracranial regions. For example, expression of the ATP receptor P2X3 is
strongly implicated in nociception and is more abundant on trigeminal primary
afferent neurons than analogous extracranial neurons. P2X3 receptors are often
co-expressed with the nociceptive neuropeptides CGRP and SP in trigeminal
ganglia neurons. Co-expression of P2X3 receptor and other nociceptors (TRPV1,
and ASIC3) in trigeminal neurons imply the existence of functional complexes that
allow craniofacial nociceptive neurons to respond synergistically to altered ATP and
other pain mediators. These observations indicate that trigeminal P2X3 receptor
expression pattern differs markedly from dorsal root ganglion that may provide a
clue to explain the unique properties of dental orofacial pain. Different expression
and or regulation of purinergic signaling in the trigeminal nociceptive pathway may
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attribute to a nociceptive mechanism of dentin hypersensitivity and dental orofacial
pain. Identification of the underlying nociceptive mechanism will unveil potential
targets for better treatment and management of dental orofacial pain.

Author details

Xiuxin Liu™?

1 Department of Pharmacology and Physiology, Eastman Institute for Oral Health,
University of Rochester School of Medicine and Dentistry, Rochester, New York,
USA

2 Department of Dentistry, Atlanta VA Medical Center, Decatur, Georgia, USA

*Address all correspondence to: xiuxin_liu@urmec.rochester.edu; xiuxin liu@va.gov

IntechOpen

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

16



Purinergic Signaling and Dental Orofacial Pain
DOI: http://dx.doi.org/10.5772/intechopen.87181

References

[1] West SJ, Bannister K, Dickenson AH,
Bennett DL. Circuitry and plasticity

of the dorsal horn-Toward a better
understanding of neuropathic pain.
Neuroscience. 2015;300:254-275

[2] Falace DA, Reid K, Rayens MK. The
influence of deep (odontogenic) pain
intensity, quality, and duration on the
incidence and characteristics of referred
orofacial pain. Journal of Orofacial Pain.

1996;10(3):232-239

[3] Inoue K. Purinergic signaling

in microglia in the pathogenesis of
neuropathic pain. Proceedings of the
Japan Academy. Series B, Physical and
Biological Sciences. 2017;93(4):174-182

[4] Han JS, Adwanikar H, Li Z, Ji G,
Neugebauer V. Facilitation of synaptic
transmission and pain responses by
CGRP in the amygdala of normal rats.
Molecular Pain. 2010;6:10

[5] Burnstock G. Purinergic receptors
and pain. Current Pharmaceutical
Design. 2009;15(15):1717-1735

[6] Kuner R. Central mechanisms of
pathological pain. Nature Medicine.
2010;16(11):1258-1266

[7]1 Bele T, Fabbretti E. P2X
receptors, sensory neurons and
pain. Current Medicinal Chemistry.
2015;22(7):845-850

[8] Hamilton SG. ATP and pain. Pain
Practice: The Official Journal of World
Institute of Pain. 2002;2(4):289-294

[9] Hamilton SG, McMahon SB. ATP as
a peripheral mediator of pain. Journal
of the Autonomic Nervous System.
2000;81(1-3):187-194

[10] Kukulski F, Levesque SA, Sevigny J.
Impact of ectoenzymes on p2 and

pl receptor signaling. Advances in
Pharmacology. 2011;61:263-299

17

[11] Ambalavanar R, Dessem D.
Emerging peripheral receptor targets
for deep-tissue craniofacial pain
therapies. Journal of Dental Research.
2009;88(3):201-211

[12] Ambalavanar R, Moritani M,
Dessem D. Trigeminal P2X3 receptor
expression differs from dorsal

root ganglion and is modulated by
deep tissue inflammation. Pain.
2005;117(3):280-291

[13] Burnstock G. Historical review:
ATP as a neurotransmitter. Trends
in Pharmacological Sciences.
2006;27(3):166-176

[14] Burnstock G, Wood JN. Purinergic
receptors: their role in nociception and
primary afferent neurotransmission.

Current Opinion in Neurobiology.
1996;6(4):526-532

[15] Kobayashi K, Yamanaka H,
Noguchi K. Expression of ATP receptors
in the rat dorsal root ganglion and spinal

cord. Anatomical Science International.
2013;88(1):10-16

[16] Kobayashi K et al. Differential
expression patterns of mRNAs

for P2X receptor subunits in
neurochemically characterized dorsal
root ganglion neurons in the rat. The
Journal of Comparative Neurology.
2005;481(4):377-390

[17] Vulchanova L et al.
Immunohistochemical study of the
P2X2 and P2X3 receptor subunits in rat
and monkey sensory neurons and their

central terminals. Neuropharmacology.
1997;36(9):1229-1242

[18] Chen CC et al. A P2X
purinoceptor expressed by a
subset of sensory neurons. Nature.
1995;377(6548):428-431

[19] Bradbury EJ, Burnstock G,
McMahon SB. The expression of P2X3



Receptors P1 and P2 as Targets for Drug Therapy in Humans

purinoreceptors in sensory neurons:
effects of axotomy and glial-derived
neurotrophic factor. Molecular

and Cellular Neurosciences.
1998;12(4-5):256-268

[20] Wirkner K, Sperlagh B, Illes P.
P2X3 receptor involvement in pain
states. Molecular Neurobiology.
2007;36(2):165-183

[21] Woolf CJ. Central sensitization:
implications for the diagnosis and
treatment of pain. Pain. 2011;152
(3 Suppl):S2-S15

[22] Opree A, Kress M. Involvement of
the proinflammatory cytokines tumor
necrosis factor-alpha, IL-1 beta, and
IL-6 but not IL-8 in the development
of heat hyperalgesia: effects on heat-
evoked calcitonin gene-related peptide
release from rat skin. The Journal of
Neuroscience: The Official Journal

of the Society for Neuroscience.
2000;20(16):6289-6293

[23] Novakovic SD et al.
Immunocytochemical localization of
P2X3 purinoceptors in sensory neurons

in naive rats and following neuropathic
injury. Pain. 1999;80(1-2):273-282

[24] Fabbretti E. ATP P2X3 receptors
and neuronal sensitization. Frontiers in
Cellular Neuroscience. 2013;7:236

[25] Inoue K, Koizumi S, Tsuda M,
Shigemoto-Mogami Y. Signaling of
ATP receptors in glia-neuron

interaction and pain. Life Sciences.
2003;74(2-3):189-197

[26] Tsuda M et al. P2X4 receptors
induced in spinal microglia gate tactile
allodynia after nerve injury. Nature.
2003;424(6950):778-783

[27] Coull JA et al. BDNF from microglia
causes the shift in neuronal anion
gradient underlying neuropathic pain.
Nature. 2005;438(7070):1017-1021

18

[28] Coull JA et al. Trans-synaptic shift
in anion gradient in spinal lamina I
neurons as a mechanism of neuropathic
pain. Nature. 2003;424(6951):938-942

[29] Keller AF, Beggs S, Salter MW,

De Koninck Y. Transformation of the
output of spinal lamina I neurons after
nerve injury and microglia stimulation

underlying neuropathic pain. Molecular
Pain. 2007;3:27

[30] Kobayashi K et al. P2Y12 receptor
upregulation in activated microglia

is a gateway of p38 signaling and
neuropathic pain. The Journal of
neuroscience : the official journal

of the Society for Neuroscience.
2008;28(11):2892-2902

[31] Tozaki-Saitoh H et al. P2Y12
receptors in spinal microglia are
required for neuropathic pain after
peripheral nerve injury. The Journal
of Neuroscience: The Official Journal
of the Society for Neuroscience.

2008;28(19):4949-4956

[32] Sawynok J. Adenosine receptor
targets for pain. Neuroscience. 2015

[33] Lima FO et al. Direct blockade of
inflammatory hypernociception by
peripheral Al adenosine receptors:
involvement of the NO/cGMP/
PKG/KATP signaling pathway. Pain.
2010;151(2):506-515

[34] Maes SS, Pype S, Hoffmann VL,
Biermans M, Meert TF. Antihyperalgesic
activity of nucleoside transport
inhibitors in models of inflammatory
pain in guinea pigs. Journal of Pain
Research. 2012;5:391-400

[35] Goldman N et al. Adenosine Al
receptors mediate local anti-nociceptive

effects of acupuncture. Nature
Neuroscience. 2010;13(7):883-888

[36] Patel MK, Pinnock RD,
Lee K. Adenosine exerts multiple



Purinergic Signaling and Dental Orofacial Pain
DOI: http://dx.doi.org/10.5772/intechopen.87181

effects in dorsal horn neurones of the
adult rat spinal cord. Brain Research.
2001;920(1-2):19-26

[37] Chen JF, Lee CF, ChernY. Adenosine
receptor neurobiology: overview.
International Review of Neurobiology.
2014;119:1-49

[38] Li X, Eisenach JC. Adenosine
reduces glutamate release in rat

spinal synaptosomes. Anesthesiology.
2005;103(5):1060-1065

[39] Santicioli P, Del Bianco E,
Tramontana M, Maggi CA. Adenosine
inhibits action potential-dependent
release of calcitonin gene-

related peptide- and substance

P-like immunoreactivities from
primary afferents in rat spinal

cord. Neuroscience Letters.
1992;144(1-2):211-214

[40] Feoktistov I, Biaggioni I.

Role of adenosine A (2B) receptors
in inflammation. Advances in
Pharmacology. 2011;61:115-144

[41] Borea PA et al. The A3 adenosine
receptor: history and perspectives.
Pharmacological Reviews.
2015;67(1):74-102

[42] Ji RR, Berta T, Nedergaard M. Glia
and pain: is chronic pain a gliopathy?
Pain. 2013;154 (Suppl 1):S10-S28

[43] Paterniti I et al. Selective adenosine
A2A receptor agonists and antagonists
protect against spinal cord injury
through peripheral and central effects.
Journal of Neuroinflammation.
2011;8:31

[44] Ford A et al. Engagement of the
GABA to KCC2 signaling pathway
contributes to the analgesic effects of
A3AR agonists in neuropathic pain. The
Journal of Neuroscience: The Official

Journal of the Society for Neuroscience.
2015;35(15):6057-6067

19

[45] Robson SC, Sevigny J,

Zimmermann H. The E-NTPDase family
of ectonucleotidases: Structure function
relationships and pathophysiological
significance. Purinergic Signalling.
2006;2(2):409-430

[46] Belcher SM et al. Immuno-
localization of ecto-nucleoside
triphosphate diphosphohydrolase 3 in
rat brain: implications for modulation of
multiple homeostatic systems including
feeding and sleep-wake behaviors.
Neuroscience. 2006;137(4):1331-1346

[47] Zimmermann H, Braun N.
Extracellular metabolism of nucleotides
in the nervous system. Journal

of Autonomic Pharmacology.
1996;16(6):397-400

[48] Street SE et al. PAP and NT5E
inhibit nociceptive neurotransmission
by rapidly hydrolyzing nucleotides to
adenosine. Molecular Pain. 2011;7:80

[49] McCoy E et al. Deletion of ENTPD3
does not impair nucleotide hydrolysis
in primary somatosensory neurons or
spinal cord. F1000Research. 2014;3:163

[50] Vongtau HO, Lavoie EG,

Sevigny J, Molliver DC. Distribution of
ecto-nucleotidases in mouse sensory
circuits suggests roles for nucleoside
triphosphate diphosphohydrolase-3 in
nociception and mechanoreception.
Neuroscience. 2011;193:387-398

[51] Schmidt AP et al. Anti-nociceptive
properties of the xanthine oxidase
inhibitor allopurinol in mice: role of Al
adenosine receptors. British Journal of
Pharmacology. 2009;156(1):163-172

[52] Sowa NA, Taylor-Blake B,

Zylka MJ. Ecto-5'-nucleotidase (CD73)
inhibits nociception by hydrolyzing
AMP to adenosine in nociceptive
circuits. The Journal of Neuroscience:
The Official Journal of the Society for
Neuroscience. 2010;30(6):2235-2244



Receptors P1 and P2 as Targets for Drug Therapy in Humans

[53] Sowa NA, Street SE, Vihko P,

Zylka M]J. Prostatic acid phosphatase
reduces thermal sensitivity and

chronic pain sensitization by depleting
phosphatidylinositol 4,5-bisphosphate.
The Journal of Neuroscience: The
Official Journal of the Society for
Neuroscience. 2010;30(31):10282-10293

[54] Zylka M]. Pain-relieving
prospects for adenosine receptors and

ectonucleotidases. Trends in Molecular
Medicine. 2011;17(4):188-196

[55] Goh V, Corbet EF, Leung WK.
Impact of dentine hypersensitivity
on oral health-related quality of life
in individuals receiving supportive

periodontal care. Journal of Clinical
Periodontology. 2016;43(7):595-602

[56] Kopycka-Kedzierawski DT et al.
Management of dentin hypersensitivity
by practitioners in The National Dental
Practice-Based Research Network.
Journal of the American Dental
Association. 2017;148(10):728-736

[57] Lima TC et al. Oral health-related
quality of life before and after treatment
of dentin hypersensitivity with
cyanoacrylate and laser. Journal of
Periodontology. 2017;88(2):166-172

[58] Absi EG, Addy M, Adams D.
Dentine hypersensitivity. A study of the
patency of dentinal tubules in sensitive
and non-sensitive cervical dentine.

Journal of Clinical Periodontology.
1987;14(5):280-284

[59] Brannstrom M. A hydrodynamic
mechanism in the transmission of pain
producing stimuli through the dentine.
In: Sensory mechanisms in dentine.
Anderson DJ, editor. Oxford: Pergamon
Press; 1963;73-79

[60] Liu X et al. Expression of ecto-
ATPase NTPDase2 in human dental
pulp. Journal of Dental Research.
2012;91(3):261-267

20

[61] Magloire H et al. Topical review.
Dental pain and odontoblasts: facts and
hypotheses. Journal of Orofacial Pain.
2010;24(4):335-349

[62] Sole-Magdalena A et al. Molecular
basis of dental sensitivity: The
odontoblasts are multisensory cells and

express multifunctional ion channels.
Annals of Anatomy. 2018;215:20-29

[63] Alavi AM, Dubyak GR,
Burnstock G. Immunohistochemical
evidence for ATP receptors in human

dental pulp. Journal of Dental Research.
2001;80(2):476-483

[64] LiuX, MaL, Zhang S, RenY,
Dirksen RT. CD73 controls extracellular
adenosine generation in the trigeminal
nociceptive nerves. Journal of Dental
Research. 2017;96(4):671-677. DOI:
10.1177/0022034517697653

[65] Egbuniwe O et al. TRPA1

and TRPV4 activation in human
odontoblasts stimulates ATP
release. Journal of Dental Research.

2014;93(9):911-917

[66] Liu X et al. External dentin
stimulation induces ATP release

in human teeth. Journal of Dental
Research. 2015;94(9):1259-1266

[67] Okumura R et al. The odontoblast
as a sensory receptor cell? The
expression of TRPV1 (VR-1) channels.
Archives of Histology and Cytology.
2005;68(4):251-257

[68] Shibukawa Y et al. Odontoblasts as
sensory receptors: transient receptor
potential channels, pannexin-1, and
ionotropic ATP receptors mediate
intercellular odontoblast-neuron
signal transduction. Pfliigers Archiv/
European Journal of Physiology.
2015;467(4):843-863

[69] Sole-Magdalena A et al. Human
odontoblasts express transient



Purinergic Signaling and Dental Orofacial Pain
DOI: http://dx.doi.org/10.5772/intechopen.87181

receptor protein and acid-sensing
ion channel mechanosensor proteins.
Microscopy Research and Technique.
2011;74(5):457-463

[70] Son AR et al. Odontoblast TRP
channels and thermo/mechanical
transmission. Journal of Dental
Research. 2009;88(11):1014-1019

[71] El Karim IA et al. Human
odontoblasts express functional
thermo-sensitive TRP channels:

implications for dentin sensitivity. Pain.
2011;152(10):2211-2223

[72] Nishiyama A et al. Intercellular
signal communication among
odontoblasts and trigeminal ganglion
neurons via glutamate. Cell Calcium.
2016;60(5):341-355

[73] Zhang S et al. Purinergic signaling
modulates survival/proliferation of
human dental pulp stem cells. Journal of
Dental Research. 2018;98(2):242-249

[74] West NX, Lussi A, Seong J,
Hellwig E. Dentin hypersensitivity:
pain mechanisms and aetiology of
exposed cervical dentin. Clinical Oral

Investigations. 2013;17 (Suppl 1):S9-S19

[75] Jorgensen NR, Geist ST,

Civitelli R, Steinberg TH. ATP- and
gap junction-dependent intercellular
calcium signaling in osteoblastic
cells. The Journal of Cell Biology.
1997;139(2):497-506

[76] Ikeda H, Suda H. Rapid penetration
of lucifer yellow into vital teeth and

dye coupling between odontoblasts

and neighbouring pulp cells in

the cat. Archives of Oral Biology.
2006;51(2):123-128

[77] Adachi K et al. Purinergic receptors
are involved in tooth-pulp evoked
nocifensive behavior and brainstem
neuronal activity. Molecular Pain.
2010;6:59

21

[78] Kuroda H et al. Expression of
P2X (1) and P2X(4) receptors in
rat trigeminal ganglion neurons.
Neuroreport. 2012;23(13):752-756

[79] StaikopoulosV, Sessle BJ,

Furness JB, Jennings EA. Localization
of P2X2 and P2X3 receptors in

rat trigeminal ganglion neurons.
Neuroscience. 2007;144(1):208-216

[80] ChenY, Zhang L, Yang ],

Zhang L, Chen Z. LPS-induced dental
pulp inflammation increases expression
of ionotropic purinergic receptors in
rat trigeminal ganglion. Neuroreport.

2014;25(13):991-997

[81] Cherkas PS, Dostrovsky JO,

Sessle BJ. Activation of peripheral P2X
receptors is sufficient to induce central
sensitization in rat medullary dorsal

horn nociceptive neurons. Neuroscience
Letters. 2012;526(2):160-163

[82] Teixeira JM et al. Involvement of
temporomandibular joint P2X3 and
P2X2/3 receptors in carrageenan-
induced inflammatory hyperalgesia in
rats. European Journal of Pharmacology.
2010;645(1-3):79-85

[83] Shinoda M, Ozaki N, Asai H,
Nagamine K, Sugiura Y. Changes in
P2X3 receptor expression

in the trigeminal ganglion
following monoarthritis of the

temporomandibular joint in rats. Pain.
2005;116(1-2):42-51

[84] Shinoda M et al. P2X3 receptor
mediates heat hyperalgesia in a rat
model of trigeminal neuropathic
pain. The Journal of Pain: Official
Journal of the American Pain Society.
2007;8(7):588-597

[85] Nagamine K et al. Mechanical

allodynia and thermal hyperalgesia
induced by experimental squamous
cell carcinoma of the lower gingiva
in rats. The Journal of Pain: Official



Receptors P1 and P2 as Targets for Drug Therapy in Humans

Journal of the American Pain Society.
2006;7(9):659-670

[86] Kushnir R, Cherkas PS, Hanani M.
Peripheral inflammation upregulates
P2X receptor expression in satellite
glial cells of mouse trigeminal

ganglia: a calcium imaging

study. Neuropharmacology.
2011;61(4):739-746

[87] Li N et al. Inhibition of G protein-
coupled P2Y?2 receptor induced
analgesia in a rat model of trigeminal

neuropathic pain. Molecular Pain.
2014;10:21

[88] Sugawara S et al. Interaction
between calcitonin gene-related
peptide-immunoreactive neurons
and satellite cells via P2Y12 R in
the trigeminal ganglion is involved
in neuropathic tongue pain in rats.
European Journal of Oral Sciences.
2017;125(6):444-452

[89] Kumar N et al. Involvement of ATP
in noxious stimulus-evoked release of
glutamate in rat medullary dorsal horn:
a microdialysis study. Neurochemistry
International. 2012;61(8):1276-1279

[90] Mah W et al. A role for the
purinergic receptor P2X3 in astrocytes
in the mechanism of craniofacial
neuropathic pain. Scientific Reports.

2017;7(1):13627

[91] Villa G et al. Temporomandibular
joint inflammation activates glial and
immune cells in both the trigeminal
ganglia and in the spinal trigeminal
nucleus. Molecular Pain. 2010;6:89

[92] Itoh K et al. Central sensitization
of nociceptive neurons in rat medullary
dorsal horn involves purinergic

P2X7 receptors. Neuroscience.
2011;192:721-731

[93] Tamagawa T et al. Involvement of
microglial P2Y12 signaling in tongue

cancer pain. Journal of Dental Research.

2016;95(10):1176-1182

22

[94] Giffin NJ et al. Effect of the
adenosine Al receptor agonist
GR79236 on trigeminal nociception
with blink reflex recordings in healthy
human subjects. Cephalalgia: An
International Journal of Headache.
2003;23(4):287-292

[95] Goadsby PJ, Hoskin KL, Storer R],
Edvinsson L, Connor HE. Adenosine
A1l receptor agonists inhibit
trigeminovascular nociceptive

transmission. Brain: A Journal of
Neurology. 2002;125(Pt 6):1392-1401

[96] Choi IS, Cho JH, Jang IS. A(1)
receptors inhibit glutamate release in
rat medullary dorsal horn neurons.
Neuroreport. 2011;22(14):711-715

[97] Street SE, Zylka MJ. Emerging roles
for ectonucleotidases in pain-sensing
neurons. Neuropsychopharmacology:
Official Publication of the American
College of Neuropsychopharmacology.
2011;36(1):358

[98] Ma L, Trinh T, RenY, Dirksen RT,
Liu X. Neuronal NTPDase3 mediates
extracellular ATP degradation in

trigeminal nociceptive pathway. PLoS
One. 2016;11(10):e0164028

[99] Kuan YH, Shyu BC. Molecular
Brain. 2016;9:58



