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Abstract
Central sensitization and purinergic receptor mechanisms have been implicated as important
processes in acute and chronic pain conditions following injury or inflammation of peripheral
tissues. This study has documented that application of the P2X1,2/3,3 receptor agonist αß-meATP
(100 mM) to the rat tooth pulp induces central sensitization in medullary dorsal horn nociceptive
neurons that is reflected in significant increases in mechanoreceptive field size and responses to
noxious stimuli and decreased mechanical activation threshold. Furthermore, these responses can
be blocked by pulp application of the P2X1,2/3,3 antagonist TNP-ATP and also attenuated by
medullary application of TNP-ATP. These results suggest that activation of P2X1,2/3,3 receptors in
orofacial tissues plays a critical role in producing central sensitization in medullary dorsal horn
nociceptive neurons.
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1. Introduction
Central sensitization of central nociceptive neurons is reflected as an increase in
mechanoreceptive field (RF) size, a decrease in mechanical activation threshold and an
increase in responses to noxious RF stimuli, and has been implicated as an important process
in acute and chronic pain conditions following injury or inflammation of peripheral
tissues[10, 20, 21]. We have previously shown that application of the inflammatory irritant
mustard oil (MO) to the rat molar tooth pulp induces central sensitization in the rat
trigeminal subnucleus caudalis (also termed the medullary dorsal horn, MDH) that can be
blocked by the medullary application of the P2X1,2/3,3 receptor subtype antagonist 2′,3′-O-
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(2,4,6-trinitrophenyl)-ATP (TNP-ATP) [4, 5]. Furthermore, our in vitro MDH data suggest
that extracellular adenosine-5′-triphosphate (ATP) molecules acting at purinergic receptor
subtypes P2X1,2/3,3 are involved in the MDH mechanisms of trigeminal central sensitization
[8, 11, 13]. However, it has also been shown that these P2X receptor subtypes are expressed
on small-diameter trigeminal ganglion neurons including those that innervate the tooth pulp
[1, 2, 19, 23] and on their central terminals in the MDH [14, 24, 25], but it is unclear if P2X
receptor-dependent pulp afferent input to the medulla is sufficient to induce central
sensitization in nociceptive neurons in the rat MDH. Therefore, the aim of this study was to
test if central sensitization can be induced in the rat MDH by application of the P2X1,2/3,3
receptor agonist αß-meATP to the pulp and if application to the pulp or medulla of TNP-
ATP blocks MDH central sensitization. Some of the data have been presented in abstract
form[4].

2. Material and Methods
All procedures and surgeries were approved by the University of Toronto Animal Care
Committee in accordance with the regulations of the Ontario Animal Research Act
(Canada).

Animal preparation
Adult male Sprague-Dawley rats (280-400 g) were initially anesthetized by intraperitoneal
α-chloralose (50 mg/kg)/urethane (1g/kg) and prepared as previously described in detail [6,
8]. Briefly, the coronal pulp of the right maxillary first molar was exposed and covered with
a saline-soaked cotton pellet, and then the dorsal surface of the caudal medulla was
surgically exposed. The rat then received a continuous intravenous infusion of a mixture of
70% α-chloralose/urethane solution (0.2 g/ml) and 30% pancuronium solution (1mg/ml) at a
rate of 0.4 ml/h. The animal was artificially ventilated throughout the whole experiment and
heart rate, expired CO2 level, and rectal temperature were continuously monitored.

Recording and stimulation procedures
Spontaneous and evoked single neuron activity was recorded in histologically verified sites
in the deep laminae of MDH (lateral: 1.4-2.0 mm; posterior: 1.5-2.0 mm referred to the
obex), as previously described [6, 8]. Responses to stimulation of the orofacial region were
amplified and displayed on an oscilloscope and computer and the data were later analyzed
off-line with Spike 2 software (Cambridge Electronic Desighn, Science Park, Milton Road,
Cambridge, UK). Mechanical (brush, pressure and pinch) and noxious thermal (radiant heat
51–53°C) stimuli were applied to classify nociceptive-specific (NS) neurons in the deep
laminae of MDH [6, 8]. Each NS neuron’s cutaneous orofacial RF was determined with
nonserrated forceps, and its activation threshold to mechanical stimulation of its RF was
assessed by force-monitoring forceps. Its responses were recorded to graded pressure
applied by the forceps (25, 50, 75, 100, 125, 150 g applied in ascending order, each for 5 s at
an interval of>45 s), and the number of spikes evoked by each of these graded stimuli were
summed.

Experimental paradigm
After baseline values of neuronal properties were assessed, phosphate-buffered saline (PBS)
at pH 7.4 was continuously superfused (i.t.) over the exposed ipsilateral medulla (at a rate of
0.6 ml/h, room temperature of 24°C). At 10 and 15 min after superfusion began, two
assessments of neuronal properties were carried out. Then at 30 min after PBS superfusion
began, P2X agonist, P2X antagonist or vehicle control were applied (at room temperature) to
the exposed pulp (which was then sealed with CAVIT (ESPE, Seefeld/Oberbayren,
Germany) in 3 groups of rats (N=6/group): (I) αß-meATP (100 mM; Sigma-Aldrich, USA)
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was applied to the pulp (designated as the αß-meATP/pulp group), (II) vehicle (PBS) was
applied to the pulp (PBS/pulp group), (III) both αß-meATP (100 mM) and TNP-ATP (0.1
mM) were co-applied to the pulp (αß-meATP/pulp & TNP-ATP/pulp group). Another (IV)
group of rats was used in which αß-meATP was applied to the pulp 30 min after PBS
superfusion i. t. over the exposed medulla was substituted by TNP-ATP (64 μM; freshly
dissolved in PBS at 24°C; TNP-ATP i.t./αß-meATP/pulp group N=6). In all four groups,
starting at three minutes after the solution was applied to the pulp, neuronal properties were
assessed at 10 min intervals over the next 60 min.

Statistical analyses
Statistical analyses were based on normalized data (in percentages) of orofacial RF size,
responses to graded pressure or pinch stimuli and mechanical activation threshold.
Differences between baseline values and values at different time points after αß-meATP
application in each of the four groups of animals (I-IV) were treated by one-way repeated
measures (RM) analysis of variance (ANOVA) or ANOVA on ranks, followed by Dunnett’s
test. Differences between the groups were treated by 2-way ANOVA followed by Dunnett’s
test. The level of significance was set at a P value of less than 0.05. All values are presented
as mean ± SEM.

3. Results
Thirty functionally identified NS neurons in the deep laminae of the MDH were studied (See
Fig. 1D).

Orofacial RF size
In the PBS/pulp group, there was no evidence of a change in RF size indicative of central
sensitization in NS neurons compared to the baseline RF size (cutaneous RF size 3±0.8 %,
N=6). However, application of αß-meATP (100 mM) to the pulp (αß-meATP/pulp group)
induced a long-lasting and significant increase in RF size throughout the 60 min observation
period, with its peak (44 ±8 %, N= 6, p<0.05, RM ANOVA) at 33 min (Fig.1). In the αß-
meATP/pulp & TNP-ATP/pulp group, application of TNP-ATP (0.1 mM) to the pulp
markedly reduced the αß-meATP-induced effects on RF size (N=6, p<0.05, 2-way
ANOVA). TNP-ATP i.t. superfusion also reduced the αß-meATP-induced increases in RF
size in the TNP-ATP i.t./ αß-meATP pulp group, resulting in a RF size that was not
significantly different from that in the PBS/pulp group (2-way ANOVA, Fig. 1A).

Responses to graded pressure or pinch stimuli
In the PBS/pulp group, application of PBS to the pulp did not change responses to the
graded pressure or pinch (4.4±0.7 %, N=6, RM ANOVA) compared to their baseline
properties. However, responses to the graded stimuli were significantly increased after αß-
meATP application to the pulp (58±6.3 %, N=6, p<0.05, RM ANOVA) in the αß-meATP/
pulp group Fig. 1B). Responses to the graded stimuli were not significantly changed (N=6,
RM ANOVA) when αß-meATP and TNP-ATP were applied to the pulp (αß-meATP/pulp
& TNP-ATP/pulp group). TNP-ATP i.t. superfusion reduced the αß-meATP-induced
increases in the responses in the TNP-ATP i.t./ αß-meATP pulp group that were not
significantly different from the PBS/pulp group (2-way ANOVA, Fig. 1B).

Mechanical activation threshold
In the PBS/pulp group, application of PBS to the pulp did not change mechanical activation
threshold compared to the baseline threshold (2.1±0.3 %, N=6, RM ANOVA). However, the
threshold was significantly decreased (29±8.2 %, N=6, p<0.05, RM ANOVA) after
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application of αß-meATP (100 mM) in the αß-meATP/pulp group (Fig. 1.). Mechanical
activation threshold was not significantly changed (N=6, RM ANOVA) when αß-meATP
together with TNP-ATP (0.1mM) was applied to the pulp (αß-meATP/pulp & TNP-ATP/
pulp group). TNP-ATP i.t. superfusion reduced the αß-meATP-induced changes in
mechanical activation threshold in the TNP-ATP i.t./ αß-meATP pulp group, resulting in a
threshold that was not significantly different from that in the PBS/pulp group (2-way
ANOVA, Fig. 1C).

4. Discussion
This study has provided the first demonstration that activation of P2X receptors in peripheral
orofacial tissues is sufficient to induce a P2X-dependent trigeminal central sensitization in
single, functionally identified nociceptive neurons. It showed that since peripheral tooth pulp
application of the P2X agonist (αß-meATP) produces central sensitization reflected in
significant increases in pinch RF size and pinch-evoked responses and a decrease in
mechanical activation threshold of MDH NS neurons that can be reversed by application to
the pulp or MDH of the P2X1,2/3,3 receptor subtype antagonist TNP-ATP.

Several studies have demonstrated the involvement of the peripheral P2X1,2/3,3 receptors in
the induction and maintenance of nociceptive responses in the trigeminal system [1, 18, 22].
Furthermore, the presence of P2X receptors in the pulp and on the trigeminal ganglion
neurons supplying the pulp has been shown histologically and physiologically [1, 2, 9]. It
was also demonstrated that αß-meATP is a selective agonist of P2X1,2/3,3 receptors, while
TNP-ATP is a selective antagonist of P2X1,2/3,3 receptors [3]. In this study we demonstrated
the involvement of pulpal P2X1,2/3,3 receptors in the induction of MDH central sensitization
by showing that the αß-meATP effects can be blocked by TNP-ATP application to the pulp.

The present study also demonstrated that medullary application of the selective P2X1,2/3,3
receptor antagonist TNP-ATP can also block the αß-meATP-evoked MDH central
sensitization. We have previously demonstrated that pulpal application of the inflammatory
irritant MO produces central sensitization that was blocked by medullary superfusion of
TNP-ATP [6, 8]. Also Nakagawa et al. [16] reported that activation of P2X1,2/3,3 receptors
in spinal cord produces long-lasting allodynia reflecting central sensitization, the initiation
of which can be blocked by a selective P2X2/3,3 antagonist.These findings are consistent
with the results of the present study where MDH central sensitization evoked by the pulp
application of a P2X agonist was blocked by i.t. superfusion of TNP-ATP. It has been
shown previously in a spinal cord slice preparation that glutamate release in the spinal dorsal
horn can be reduced by the wide spectrum P2X antagonist pyridoxal-phosphate-6-
azophenyl-2, 4-disulphonic acid tetra-sodium (PPADS) [17]. We have also demonstrated
that both PPADS and TNP-ATP applied to the medulla blocks MO-induced MDH central
sensitization [8], and that the MO-induced release of glutamate in the MDH can also be
blocked by the medullary application of TNP-ATP or apyrase, an enzyme that catalyzes the
hydrolysis of ATP [15]. In addition, we have previously demonstrated the involvement of
P2X and N-methyl D-aspartate (NMDA) receptors in the nociceptive transmission in deep
laminae of MDH [6, 13], including modulation of presynaptic P2X receptors that have been
documented on the central terminal of trigeminal afferents [14, 24, 25]. These previous
findings, together with our current data, support the idea of ATP receptor involvement in
evoking and regulating central sensitization in the MDH. Since trigeminal central
sensitization is a process that involves glial cell activation as well as P2X receptor
mechanisms [5, 7, 8, 11, 16], we cannot exclude the possibility that P2X receptors on glial
cells may contribute to the mechanisms of αß-meATP-induced central sensitization in the
MDH.
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In conclusion, these novel findings indicate that activation of P2X1,2/3,3 receptors in tooth
pulp tissues can produce central sensitization in functionally identified nociceptive MDH
neurons and that peripheral (pulp) and central (MDH) endogenous ATP is an important
mediator contributing to the development of central sensitization in MDH nociceptive
neurons. The findings suggest that these purinergic-dependent mechanisms may be
important in the initiation of central sensitization in dental inflammatory pain states. Further
understanding of the mechanisms of central sensitization in the MDH may lead to the
development of novel therapeutic approaches for pathological pain states in the orofacial
area.
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Highlights

1. ATP contributes to the development of central sensitization (CS) in medullary
nociceptive neurons

2. application of purinergic agonist to the rat tooth pulp induces CS in medullary
nociceptive neurons

3. central sensitization can be blocked by pulp application of the purinergic
antagonist TNP-ATP

4. central sensitization can be attenuated by medullary application of TNP-ATP

Cherkas et al. Page 7

Neurosci Lett. Author manuscript; available in PMC 2013 September 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1.
Graphs A, B, and C show changes in NS neuronal pinch RF size, pinch, pressure-evoked
responses, and mechanical activation threshold, respectively. D shows the histologically
confirmed recording sites of 18 NS neurons; the sites were plotted onto sections of the
caudal medulla (−5.3 mm behind interaural line, as previously detailed [12]). The insert in A
shows the response of a neuron evoked by αß-meATP (100 mM) to the tooth pulp. Tooth
pulp application of PBS produced no induction of central sensitization in NS neurons in
MDH compared to their baseline properties: cutaneous RF size, responses to noxious
mechanical stimuli and mechanical activation threshold. However, application of αß-
meATP (100 mM) to the tooth pulp induced MDH central sensitization: significant increases
in RF size (A) and responses to noxious stimuli (B) and decreased mechanical activation
threshold (C). Application of TNP-ATP to the tooth pulp or superfusion of TNP-ATP i.t.
markedly reduced the αß-meATP-induced effects on RF size, responses to noxious stimuli,
and mechanical activation threshold. *P< 0.05, 1-way ANOVA within the groups, #P< 0.05,
2-way ANOVA differences between the group of αß-meATP (100 mM) and vehicle control
application to the tooth pulp.
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