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Abstract
Glial cells are being increasingly implicated in mechanisms underlying pathological pain and
recent studies suggest glial gap junctions involving astrocytes may contribute. The aim of the
present study was to examine the effect of a gap junction blocker carbenoxolone (CBX) on
medullary dorsal horn (MDH) nociceptive neuronal properties and facial mechanical nociceptive
behavior in a rat trigeminal neuropathic pain model involving partial transection of the infraorbital
nerve (p-IONX). p-IONX produced facial mechanical hypersensitivity reflected in significantly
reduced head withdrawal thresholds that lasted for over 3 weeks. p-IONX also produced central
sensitization in MDH nociceptive neurons that was reflected in significantly increased receptive
field size, reduction of mechanical activation threshold and increases in noxious stimulation-
evoked responses. Intrathecal CBX treatment significantly attenuated the p-IONX-induced
mechanical hypersensitivity and the MDH central sensitization parameters, compared to
intrathecal vehicle treatment. These results provide the first documentation that gap junctions may
be critically involved in orofacial neuropathic pain mechanisms.
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Introduction
Central sensitization reflects an increased excitability of nociceptive neurons in central
nociceptive pathways following inflammation or nerve injury, and is implicated in the
development and maintenance of chronic pain [19; 23; 37; 49]. In the trigeminal system,
trigeminal subnucleus caudalis shares many morphological and functional similarities with
the spinal dorsal horn and is often termed the medullary dorsal horn (MDH). We have
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previously shown that central sensitization in functionally indentified nociceptive MDH
neurons occurs in acute and chronic orofacial inflammatory pain models [8–10; 12; 42; 52]
as well as in chronic neuropathic pain models [4; 19; 29; 37] in which the nerve-injured
animals show nociceptive behavior accompanying the MDH central sensitization.

There is increasing evidence for the involvement of glial cells, and specifically microglia
and astrocytes, in the genesis and maintenance of various pathological pain states.
Astrocytes and microglia are activated in response to a variety of manipulations that
generate persistent nociceptive behavior in animal models of pathological pain [19; 21; 22;
24; 29; 43; 44; 48]. Neurotransmitters such as glutamate and ATP released from neurons
also bind to glial receptors or pass through transporters/channels, to activate various
downstream signaling systems within glial cells and induce the release of proinflammatory
cytokines and other chemical mediators that act on neighboring glial cells or neurons to
facilitate nociceptive signal transmission [19–22; 25; 43; 46; 47]. Glial cell inhibitors can
suppress the nociceptive behavior and central sensitization occurring in animal models of
pathological pain states [7; 11; 17; 19; 20; 25; 26; 37; 42; 46; 47].

The glial involvement in these pain states may involve gap junctions which are specialized
intercellular transmembrane channels that connect the cytoplasm of adjacent cells, (e.g.
neurons, astrocytes), allowing rapid intercellular exchange of small molecules including
ions, second messengers, nutrients and metabolites [2; 40; 50; 55]. A characteristic example
is the transients and oscillatory waves of cytoplasmic Ca2+ in astrocytes elicited by neuronal
activity that may propagate to adjacent and/or distant astrocytes through gap junctions and
hemichannels [1; 13; 36]. Ca2+ signaling and downstream cascades within the astrocytes
lead to release of substances, such as glutamate, ATP and cytokines that act on adjacent and/
or distant glia and neurons and may result in exacerbation of pain [3; 28; 39].

We have also recently documented that glial cells are involved in the MDH central
sensitization in an orofacial acute inflammatory pain model [7; 12; 52] and that intrathecal
application of a widely used gap junction blocker, carbenoxolone (CBX), blocks the
development of the MDH central sensitization, suggesting that gap junctions play an
important role in this acute pain model [9]. The aim of the present study was to examine the
effect of CBX on MDH central sensitization and facial mechanical nociceptive behavior in a
rat model of trigeminal neuropathic pain that involves partial infraorbital nerve transection
(p-IONX).

Materials and Methods
Animals and neuropathic pain model

The right or the left side of the infraorbital nerve of adult male Sprague-Dawley rats (280–
300 g) under isoflurane anesthesia was intraorally exposed. The infraorbital nerve supplies
the maxillary upper lip as well as the anterior teeth and labial mucosa. The medial one third
to half of the nerve trunk was dissected and then transected and the wound was sutured. The
infraorbital nerve of sham-operated rats was identically exposed but not transected. All
surgeries and procedures were approved by the University of Toronto Animal Care
Committee in accordance with the regulations of the Ontario Animal Research Act
(Canada). Forty-nine rats were used in this study, 25 for behavioral tests and 24 for
electrophysiological recordings. In each subset of experiments, the animals were divided
into four groups on the basis of whether they received p-IONX or sham treatment and
whether they received CBX or the vehicle phosphate-buffered saline (PBS): p-IONX/PBS,
p-IONX/CBX, sham/PBS and sham/CBX. In the behavioral experiments, the p-IONX/CBX
group comprised 7 rats and each of the other three groups comprised 6 rats. In the
electrophysiological experiments, each group comprised 6 rats.
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Mechanosensitivity Testing
A testing tube was used to test the mechanosensitivity of the facial whisker pad, as
previously described [4; 42]. One end of the tube had a hole allowing the rat’s nose, mouth
and whisker pad to protrude out of the hole for testing facial mechanosensitivity. In the
present study, after at least two training sessions in three days, rats adapted well to the
testing tube with their nose, mouth and whisker pad protruding out of the hole in the tube.
As previously described in detail [4; 42], this allowed a series of von Frey filaments
(Stoelting, IL, USA) to be applied to the ipsilateral whisker pad to determine the lowest
stimulus intensity required to elicit a head withdrawal response, with the cut-off intensity of
15g; the head withdrawal threshold is defined as the lowest intensity that evoked 3 or more
escapes out of 5 stimulation trials. Animals were tested on 1 and 2 days before and on 1, 3,
5, 7, 10, 14, 21, and 28 days after p-IONX or sham operation.

Chemicals and Intrathecal Injection
Under 2% isoflurane anesthesia, either CBX (10 µg, Sigma) or PBS (as vehicle control) in a
volume of 10 µl was intrathecally injected into the medulla with a 27-gauge dental needle
connected to a 25 µl Hamilton syringe by a PE-10 tube, as previously described [42]. The
CBX dose (10 µg) was based on the effective CBX doses that ranged from 0.1 µg to 25 µg,
as documented in our acute orofacial pain model and other studies in adult rats [9; 33; 38].
The injections were delivered 2 hours before and then daily 1 to 6 days after the p-IONX or
sham operation. On the days of mechanosensitivity testing, the intrathecal injection was
delivered 2 hours before the testing.

Electrophysiological Recordings
Extracellular recordings from ipsilateral MDH nociceptive-specific (NS) and wide dynamic
range (WDR) neurons were carried out 7 to 10 days after p-IONX or sham operation, the
period when facial mechanical hypersensitivity following p-IONX was especially apparent
(see Results). Each rat was anesthetized with intraperitoneal urethane (1 g/kg) and _-
chloralose (50 mg/kg), and the trachea and left external jugular vein were cannulated. After
the rat was placed in a stereotaxic apparatus, the caudal medulla was surgically exposed.
The rat was artificially ventilated following immobilization by intravenous (i.v.)
pancuronium bromide (0.2–0.3 ml of 2 mg/ml solution). The level of anesthesia and
immobilization was maintained by a continuous i.v. infusion of a mixture of 70% urethane
(0.2 g/ml) and 30% pancuronium (2 mg/ml) at a rate of 0.3–0.4 ml/h during the
experimental period. A deep level of anesthesia was judged periodically by the lack of
spontaneous movements and responses to paw pinching when the pancuronium-induced
muscle paralysis was allowed to wear off. Heart rate, percentage expired CO2, and rectal
temperature were constantly monitored and maintained at physiological levels of 333–430
beats/min, 3.5–4.2%, and 37–37.5°C, respectively.

The activity of single MDH neurons was extracellularly recorded with tungsten
microelectrodes as previously described in detail [4; 12], and so will only be briefly
outlined. Neuronal responses to stimulation of the orofacial region were amplified and
displayed on oscilloscopes and digitized via an analog-to-digital converter. The data were
collected and analyzed with Spike 2 software (Cambridge Electronic Design, UK). A wide
range of mechanical (brush, pressure and pinch) and noxious thermal (radiant heat, 51–
53°C) stimuli were applied to classify the MDH neurons as either wide dynamic range
(WDR) or nociceptive-specific (NS) neurons. WDR neurons responded to low-threshold
mechanical stimuli (brush) and increased their firing rate with increased mechanical
stimulation into the noxious range, while NS neurons did not respond to low-threshold
mechanical stimuli but responded to heavy pressure and pinch. The WDR and NS neurons
frequently also responded to noxious heating. Neuronal properties, i.e pinch
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mechanoreceptive field, mechanical activation threshold, responses to 100g pinch and
stimulation-response function to a series of graded mechanical stimuli by means of von Frey
filament applications (6, 15, 26, 60 and 100g) of NS neurons, were characterized. Also, the
tactile mechanoreceptive field as well as the pinch mechanoreceptive field, responses to 40g
pinch and the stimulation-response functions of WDR neurons were determined.

Statistical Analyses
All values are presented as mean ± S.E. The differences in behavioral mechanosensitivity
and neuronal stimulus-response functions were analyzed by two-way repeated measures
(RM) analysis of variance (ANOVA) followed by Bonferroni post-hoc tests. The differences
in other neuronal properties were analyzed by two-way ANOVA followed by Bonferroni
post-hoc tests. SigmaStat for Windows Version 3.0.1 (SPSS Inc.) was used to run the
analyses. The level of significance was set at P<0.05.

Results
1. Effect of intrathecal CBX on p-IONX-induced mechanical hypersensitivity

p-IONX-operated rats treated with PBS (n=6) showed facial mechanical hypersensitivity as
manifested by a significantly reduced head withdrawal threshold starting one day after nerve
injury. Sham-operated rats treated with PBS (n=6) did not show any significant change in
withdrawal threshold after the surgery (Fig. 1). The reduced withdrawal threshold peaked
around day 5, and lasted over three weeks (Fig.1), with significant main effects of time and
surgery as well as their interaction, (p<0.001, two-way RM ANOVA; Table S1). To
examine the possible effect of the gap junction blocker CBX in the development of the p-
IONX induced mechanical hypersensitivity, CBX (or vehicle control) was intrathecally
applied daily for 6 days in the p-IONX (n=7) and sham-operated (n=6) groups of rats.
Intrathecal CBX significantly attenuated the withdrawal threshold reduction in the p-IONX
rats, but not in the sham-operated rats, at days 3 and 5 after nerve injury (Fig.1, p<0.05
compared to PBS treatment within each time point, Bonferroni post-hoc test), with main
effects of time (p<0.001), drug treatment (p=0.07), and interaction (p=0.02) between the two
factors (two-way RM ANOVA; Table S1).

2. Effect of intrathecal CBX on p-IONX-induced central sensitization of MDH nociceptive
neurons

To study the neural mechanisms underlying the mechanical hypersensitivity and the
blocking effect of CBX after p-IONX, the properties of MDH nociceptive neurons were
examined at 7–10 days after the p-IONX operation, the period of marked mechanical
hypersensitivity. Twenty-four functionally identified NS neurons in the deep lamina of
MDH (657–1093 µm) were studied. p-IONX rats showed MDH central sensitization, as
reflected in changes in their response properties. Compared with sham-operated rats treated
with PBS, NS neurons in p-IONX rats treated with PBS showed a reduction of mechanical
activation threshold (Fig. 2A, p=0.06, Bonferroni post-hoc test; Table S2), significantly
increased responses to 100g pinch (Fig. 2C, P<0.05, Bonferroni post-hoc test; Table S2) and
a significantly enhanced stimulation-response function (Fig. 2D, P<0.05, two-way RM
ANOVA); the pinch mechanoreceptive field size of the NS neurons however remained
unchanged (Fig. 2B, Table S2). There were significant main effects of drug or surgery or
their interaction on NS neuronal activation threshold or responses to pinch, but no main
effects on pinch mechanoreceptive field size (p<0.05, two-way ANOVA; Table S2).
Intrathecal CBX but not the vehicle significantly reversed the p-IONX-induced reduction of
mechanical activation threshold (Fig. 2A, p<0.05, Bonferroni post-hoc test; Table S2),
increase of responses to 100g pinch (Fig. 2C, p<0.05, Bonferroni post-hoc test; Table S2)
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and increase of the stimulation-response function (Fig. 2D, P<0.05, two-way RM ANOVA).
Intrathecal CBX had no effect in the sham-operated rats (Fig. 2A, B, C, and D; Table S2).

Twenty-five functionally indentified WDR neurons in the deep lamina of MDH (625–1094
µm) were also studied. p-IONX induced central sensitization of MDH WDR neurons, as
shown in significantly increased pinch and tactile mechanoreceptive field sizes (Fig. 3A and
B, p<0.05, Bonferroni post-hoc test; Table S3), and increase in responses to 40g pinch (Fig.
3C, Table S3) and stimulation-response function (Fig. 3D). There were significant main
effects of drug and surgery on neuronal pinch mechanoreceptive field size, of drug on
responses to pinch and of surgery on tactile mechanoreceptive field size (p<0.05, two-way
ANOVA; Table S3). Intrathecal CBX but not the vehicle significantly reversed the p-IONX-
induced increases in pinch and tactile mechanoreceptive field sizes (Fig. 3A and B, P<0.05,
Bonferroni post-hoc test; Table S3), responses to 40g pinch (Fig. 3C, P<0.05, Bonferroni
post-hoc test; Table S3) and stimulation-response function (Fig. 3D, P<0.05, two-way RM
ANOVA) but had no effect in the sham-operated rats (Fig. 3A, B, C, and D; Table S3).

Discussion
This is the first documentation that the gap junction blocker CBX attenuates the facial
mechanical hypersensitivity as well as the accompanying central sensitization of
functionally identified MDH nociceptive neurons induced by trigeminal nerve injury,
suggesting that gap junctions play an important role in the development and/or maintenance
of orofacial neuropathic pain.

Several animal models have been used to study the neural mechanisms underlying orofacial
neuropathic pain [4; 16; 19; 29; 45; 53]. Mechanical and heat hypersensitivities are
commonly observed after various types of trigeminal nerve injury, similar to those in sciatic
or L5/L6 spinal nerve injury models. We here demonstrated in the present study that p-
IONX in rats produces a prolonged mechanical hypersensitivity reflected as a lowered
mechanical withdrawal threshold that begins at postoperative day 1 and is maintained for
over three weeks. The extent and time course of the behavioral change induced by p-IONX
in our study are consistent with those in another recent study using p-IONX in the rat [4] and
with those reported in spinal neuropathic pain models [15; 30]. The behavioral
hypersensitivity that has been reported in trigeminal neuropathic pain models is
accompanied by significantly increased excitability of MDH nociceptive neurons indicative
of central sensitization [4; 18; 19; 29; 34]. Central sensitization of functionally identified NS
and WDR nociceptive neurons was also observed after p-IONX in the present study. While
both groups of neurons did show several similar changes in their response properties
following p-IONX, the NS and WDR neurons did differ in their receptive field features in
the state of MDH central sensitization: WDR neurons showed significantly increased pinch
receptive field size after p-IONX, while the pinch receptive field size of NS neurons
remained unchanged after p-IONX. This indicates that some mechanisms of central
sensitization may differ between NS and WDR neurons after nerve injury, consistent with
other recent finding of NS and WDR neurons in the MDH following trigeminal nerve injury
[4; 18]. All the examined parameters of central sensitization were blocked by CBX in this
chronic nerve injury model. Since our previous study using an acute orofacial inflammatory
pain model also showed that CBX blocked the development of MDH central sensitization,
these findings collectively suggest the involvement of gap junctions in both acute and
chronic orofacial pain processes.

Gap junctions are composed of a pair of hemichannels (connexons), and each connexon is
made up of six protein subunits called connexins (Cx). In the central nervous system,
neurons and glial cells express different connexins. Cx43 is the most abundant subunit
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expressed in astrocytes [27; 31; 32]. A limitation of the present study is that we did not
make a direct assessment of Cx43, but the level of Cx43 has been shown to be elevated after
sciatic nerve injury [51] or spinal cord injury [5], and Cx43/Cx30 knockout mice do not
develop neuropathic pain following spinal cord injury [5]. CBX is a potent blocker of Cx43
gap junctions and hemichannels [35]. Recent studies indicate that CBX can also block other
channels including P2X7 receptor-associated Pan-1 channels in spinal cord astrocytes [39].
Additionally, recent studies have demonstrated that CBX can also modulate astrocyte
volume-regulated anion channels [54], inhibit the expression of IL-23 in microglia [14],
modulate synaptic transmission and neuronal membrane properties [6; 41], and increase
reactive oxygen species formation in neurons [56]. One other possible mechanism of CBX
effect is that CBX inhibits the hemichannels and suppresses the release of glial mediators,
such as proinflammatory cytokines, ATP and glutamate [38; 39].

In the present study, CBX attenuated the p-IONX-induced mechanical hypersensitivity and
central sensitization of MDH nociceptive neurons associated with the p-IONX. Our previous
and many other studies have implicated astrocytes in the development of neuropathic pain
states [7; 20; 25; 29]. Despite the many varied potential effects of CBX, our previous studies
indicating an important role of astrocytes in MDH central sensitization [7–9; 12] suggest
that at least part of the observed CBX-mediated suppression of mechanical hypersensitivity
and central sensitization documented in the present study is likely due to its blocking Cx43
in astrocytes, although the possibility cannot be ruled out of the contribution from Cx43 in
other cell types or the other actions of CBX noted.

Astrocytes are highly interconnected by gap junctions and conduct signals in the form of
intercellular Ca2+ waves. Ca2+ signaling and downstream cascades within the astrocytes lead
to the release of substances such as glutamate, ATP and cytokines that act on adjacent and/
or distant glia and neurons and thereby modulate neuronal activity and function within the
central nervous system [1; 13; 36; 39]. An action of CBX on astrocyte gap junctions is likely
a major factor underlying the present study’s findings of the effectiveness of CBX in
attenuating the enhanced receptive field and response properties reflecting central
sensitization of the MDH nociceptive neurons and the accompanying facial mechanical
hypersensitivity following p-IONX.

In conclusion, our results indicate that gap junctions may be critically involved in orofacial
neuropathic pain mechanisms and may provide a potential therapeutic target for the
treatment of orofacial neuropathic pain.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
CBX attenuated the p-IONX-induced facial mechanical hypersensitivity. Mechanical
hypersensitivity was induced after p-IONX, as shown in the comparison between p-IONX/
PBS and sham/PBS animals (p<0.001 for the two factors, surgery and time, as well as the
interaction between them, two-way RM ANOVA; * p<0.05 compared to baseline within the
p-IONX surgery as well as compared to sham surgery within each time point, Bonferroni
post-hoc test). Intrathecal CBX significantly attenuated the head withdrawal threshold
(HWT) reduction in the p-IONX rats, as shown in the comparison between p-IONX/CBX
and p-IONX/PBS animals (p=0.07 for the factor of drug treatment, p<0.001 for the factor of
time, p=0.02 for the interaction between the two factors, two-way RM ANOVA; # p<0.05
compared to PBS treatment within each time point, Bonferroni post-hoc test).
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Fig. 2.
CBX reversed the p-IONX-induced central sensitization of MDH NS neurons. A reduction
in the mechanical activation threshold (A), and significant increases in responses to pinch
(C) and in the stimulation-response function (D) of NS neurons occurred in the p-IONX rats
7–10 days after the nerve injury, although the pinch mechanoreceptive field size of the NS
neurons remained unchanged (B). Intrathecal CBX but not PBS attenuated all these three
parameters in the p-IONX rats but had no effect in sham-operated rats. * p<0.05 compared
to sham surgery, Bonferroni post-hoc test; # p<0.05 compared to PBS treatment, Bonferroni
post-hoc test.
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Fig. 3.
CBX reversed the p-IONX-induced central sensitization of MDH WDR neurons. p-IONX
compared to sham surgery induced significant increases in tactile (A) and pinch (B)
mechanoreceptive field sizes (* p<0.05 compared to sham surgery, Bonferroni post-hoc test)
as well as increases in responses to pinch (C) and in the stimulation-response function (D).
CBX compared to PBS significantly reduced the increases of the four neuronal properties
tested (# p<0.05 compared to PBS treatment, Bonferroni post-hoc test).
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Fig. 4.
Examples showing typical mechanorecptive fields and responses of nociceptive specific
(NS) and wide dynamic range (WDR) neurons in the MDH of sham animals and of p-IONX
animals following PBS or CBX. In each example, the upper panel shows the
mechanoreceptive field of the neuron to pinch (for NS and WDR neurons, black shading)
and/or tactile touch/pressure (for WDR neurons, gray shading). The middle panel for NS
neurons shows responses to graded mechanical stimuli applied to the mechanoreceptive
field. The neuronal discharges, shown as dots, are displayed as an interspike instantaneous
frequency plot (lower trace). The activation threshold of a given neuron is shown by the
intersection of the vertical line indicating the beginning of the response and the ascending
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force curve (top trace). The bottom panel shows the neuronal responses to suprathreshold
pressure stimuli (100 g for NS, 40 g for WDR neurons). The instantaneous frequency during
the 5 s stimulation period is shown in the bottom trace and the stimulus force in the upper
trace. In the middle and bottom panels, each dot represents the inverse of the preceding
inter-spike interval (the instantaneous firing frequency) expressed in Hz.
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