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Abstract: Pain is one of the most severe concerns in tongue cancer patients. However, the underlying
mechanisms of tongue cancer pain are not fully understood. We investigated the molecular mech-
anisms of tongue cancer-induced mechanical allodynia in the tongue by squamous cell carcinoma
(SCC) inoculation in rats. The head-withdrawal threshold of mechanical stimulation (MHWT) to the
tongue was reduced following SCC inoculation, which was inhibited by intracisternal administration
of 10Panx, an inhibitory peptide for pannexin 1 (PANX1) channels. Immunohistochemical analyses
revealed that the expression of PANX1 was upregulated in the trigeminal spinal subnucleus caudalis
(Vc) following SCC inoculation. The majority of PANX1 immunofluorescence was merged with
ionized calcium-binding adapter molecule 1 (Iba1) fluorescence and a part of it was merged with glial
fibrillary acidic protein (GFAP) fluorescence. Spike frequencies of Vc nociceptive neurons to noxious
mechanical stimulation were significantly enhanced in SCC-inoculated rats, which was suppressed by
intracisternal 10Panx administration. Phosphorylated extracellular signal-regulated kinase (pERK)-
immunoreactive (IR) neurons increased significantly in the Vc after SCC inoculation, which was
inhibited by intracisternal 10Panx administration. SCC inoculation-induced MHWT reduction and
increased pERK-IR Vc neuron numbers were inhibited by P2X7 purinoceptor (P2X7R) antagonism.
Conversely, these effects were observed in the presence of P2X7R agonist in SCC-inoculated rats
with PANX1 inhibition. SCC inoculation-induced MHWT reduction was significantly recovered
by intracisternal interleukin-1 receptor antagonist administration. These observations suggest that
SCC inoculation causes PANX1 upregulation in Vc microglia and adenosine triphosphate released
through PANX1 sensitizes nociceptive neurons in the Vc, resulting in tongue cancer pain.

Keywords: microglia; pannexin 1; adenosine triphosphate; squamous cell carcinoma; tongue cancer
pain

1. Introduction

Squamous cell carcinoma (SCC) is one of the most common cancers in the intraoral
structures, oral mucosa and tongue and it destroys the intraoral mucosa, gingiva and
tongue tissues with its invasion [1]. SCC growth in the oral cavity causes tissue destruction
and damage to the trigeminal nerve and local inflammation in the oral structures during
tumor growth causes a deficit in oral functions, such as chewing and swallowing [2]. One
of the most severe concerns in cancer patients is pain and this is a critical factor that reduces
quality of life (QOL). Consequently, pain control is an important issue for improving QOL;
however, the pathogenic mechanisms of tongue cancer pain have not been fully elucidated.
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Studies have shown that trigeminal nerve injury caused by the tumor leads to persistent
neuropathic pain in a broad area of the orofacial regions [3]. An animal model study
reported that SCC cells can release several molecules, such as cytokines and endothelin [4],
which contribute to the enhancement of trigeminal ganglion (TG) neuronal excitability [5].
SCC in the tongue causes several changes not only in TG neurons but also in the trigeminal
spinal subnucleus caudalis (Vc), where it activates microglia [6]. Although the changes in
the central nervous system (CNS) caused by cancer are progressively evident, CNS changes
caused by SCC are not fully understood.

Pannexin 1 (PANX1) is a large pore membrane channel that is responsible for nonse-
lective ion permeability and the extracellular release of signal molecules, such as adenosine
triphosphate (ATP), glutamate, interleukin (IL)-1β, tumor necrosis factor-α and arachidonic
acid [7]. PANX1 expression is observed in microglia in the spinal cord, which contributes
to chronic joint pain [8] and morphine withdrawal [9]. Such activation of microglia is ac-
companied by morphological activation and activated microglia are seen in the Vc during
tongue cancer in rats [6]. Thus, we hypothesized that PANX1 in Vc microglia is involved in
the development of tongue cancer pain. The purpose of this study was to investigate the
contribution of PANX1 to nociception in tongue cancer.

2. Results
2.1. PANX1 Is Involved in the Development of Mechanical Allodynia in the Tongue following
SCC Inoculation

To analyze the role of PANX1 in the development of mechanical allodynia in the
tongue following SCC inoculation, we first checked whether tongue SCC caused mechan-
ical allodynia in the tongue. The mechanical head-withdrawal threshold (MHWT) was
temporarily reduced on days 2 and 3 following phosphate-buffered saline (PBS) injection
in the tongue; however, it recovered to baseline level on day 4 (Figure 1A). In contrast,
MHWT in SCC-inoculated rats showed a gradual but significant reduction throughout the
experimental period (Figure 1A).

To evaluate the possible involvement of PANX1 in the Vc in the development of
mechanical allodynia following SCC inoculation, we administered 10Panx (an inhibitory
peptide for PANX1 channels) intracisternally (i.c.) prior to SCC inoculation. Intracis-
ternal PBS had no significant effects on MHWT in PBS-injected or SCC-inoculated rats
(Figure 1A,B). On the contrary, i.c. 10Panx significantly inhibited the reduction of MHWT
following SCC inoculation compared to i.c. PBS (Figure 1B).

2.2. Expression Patterns of PANX1 in the Vc

The expression of PANX1 in the Vc was analyzed after PBS injection or SCC inoculation
in the tongue. On day 14 after PBS injection or SCC inoculation, PANX1-immunoreactive
(IR) cells were observed in the Vc (Figure 2A,B). The density of PANX1-IR cells in the Vc of
SCC + PBS rats was significantly higher than that in the Vc of PBS + PBS rats (Figure 2C).
The localization of PANX1 in the Vc of SCC-inoculated rats was further analyzed. The
majority of PANX1-IR cells were merged with ionized calcium-binding adapter molecule 1
(Iba1, a marker of microglia)-IR cells and a part of it was merged with glial fibrillary acidic
protein (GFAP, a marker of astrocytes)-IR cells (Figure 2D,E). However, no PANX1-IR cells
were merged with neuronal nuclei (NeuN, a marker of neurons)-IR cells (Figure 2F). The
expression pattern of PANX1 was further examined. The number of PANX1-IR cells in the
dorsal portion of the Vc (3rd branch region) was significantly more in SCC-inoculated rats
than in PBS-inoculated rats, whereas that in 1st and 2nd branch regions was unaltered by
SCC inoculation (Figure 2G). Increased number of Iba1 and PANX1-IR cells in the dorsal
portion of the Vc following SCC inoculation was restricted in the lamina I-II (Figure 2H).
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Figure 1. The possible involvement of PANX1 in the Vc in mechanical allodynia in the tongue
following SCC inoculation. (A) Time course of mechanical head-withdrawal threshold with stim-
ulation of the tongue in PBS-injected or SCC-inoculated rats. n = 8: PBS, n = 12: SCC, ** p < 0.01,
*** p < 0.001, vs. Pre, one-way ANOVA post hoc Dunnet’s test; †† p < 0.01, ††† p < 0.001, vs. PBS,
two-way repeated-measures ANOVA followed by Bonferroni’s test. Data represent the mean ± SEM.
(B) Time course of mechanical head-withdrawal threshold with stimulation of the tongue in PBS-
injected or SCC-inoculated rats with intracisternal administration of PBS or 10Panx. n = 9: PBS + PBS,
n = 6: SCC + PBS, n = 10: SCC + 10 Panx, ** p < 0.01, *** p < 0.001, vs. SCC + PBS, two-way
repeated-measures ANOVA followed by Bonferroni’s test. Data represent the mean ± SEM.

2.3. PANX1 Contributes to the Enhancement of Firing Activity in the Vc Neurons following
SCC Inoculation

To check whether Vc neurons were activated following SCC, we recorded firing activity
in the dorsal portion of the Vc by inserting an electrode. The recording site was marked by
applying direct currents through the electrode, which were plotted in the transverse plane
of the brainstem image. The black circles show the penetration tracks where nociceptive
neurons receiving noxious input from the tongue were encountered in the Vc (Figure 3A).
The receptive fields (RFs) in the tongue were analyzed in PBS + PBS, SCC + PBS and
SCC + 10Panx rats. However, no significant group differences were observed in terms of
size (Figure 3B). All recorded neurons responded to non-noxious and noxious stimuli,
indicating that they were classified as wide dynamic range (WDR) neurons (Figure 3C).
Background activity and after discharge in Vc neurons were unaltered by SCC inoculation
(Figure 3D,E). The mean spike frequencies of Vc nociceptive neurons after brush and
non-noxious mechanical stimulation of the tongue were not different among the three
groups (Figure 3F,G). In contrast, mean spike frequencies of Vc nociceptive neurons after
noxious pressure and pinch stimuli were significantly larger in the SCC + PBS group than
in the PBS + PBS group (Figure 3H,I). The increased firing activity in the Vc by tongue
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stimulation with noxious stimuli in the SCC rats was significantly suppressed by 10Panx
(Figure 3H,I).

Figure 2. Expression of PANX1 in the Vc. (A,B) PANX-IR cells in the Vc 14 days after PBS injection
with intracisternal (i.c.) administration of PBS (PBS + PBS) or SCC inoculation with PBS (i.c.)
(SCC + PBS). Scale bar = 100 µm. (C) Columns represent the average values of area occupied
by PANX1 immuno-product. n = 5: PBS + PBS, n = 5: SCC + PBS, unpaired Student’s t-test,
** p < 0.01. Data represent the mean ± SEM. (D–F) Representative images showing PANX1 (green)
and Iba1, GFAP, or NeuN (red) in the Vc. Arrowheads indicate PANX1/Iba1 or PANX1/GFAP
double-positive cells. Scale bar = 100 µm. (G) Representative PANX1 image in the Vc. Insets were
set in the lamina I-II (a), III-IV (b) and V (c). Scale bar = 500 µm. (H) Columns represent the average
number of PANX1/Iba1 double-positive cells in each lamina. a–c correspond to the inset in (G).
n = 5: PBS + PBS (i.c.), n = 5: SCC + PBS (i.c.), unpaired Student’s t-test, ** p < 0.01. Data represent the
mean ± SEM.

2.4. Inhibition of PANX1 Reduces Phosphorylation of Extracellular Signal-Regulated Kinase (ERK)
in Vc Neurons following SCC Inoculation

We also assessed increased neuronal activity in the Vc of SCC-inoculated rats using
anti-phosphorylated extracellular signal-regulated kinase (pERK, a marker of activated
neurons). On day 14 after PBS injection in the tongue, pERK-IR neurons were observed after
repetitive stimulation with 60 g von Frey filament (Figure 4A). The number of pERK-IR neu-
rons was significantly higher in SCC-inoculated rats than in PBS-injected rats (Figure 4B).
In contrast, the number of pERK-IR neurons in SCC-inoculated rats administered i.c.
10Panx was significantly lower than in those administered i.c. PBS (Figure 4C,D).
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Figure 3. PANX1 is required for the enhancement of firing activity in Vc neurons following SCC inoculation. (A) Representa-
tive image showing the brainstem. An illustration showing the transverse plane of the brainstem. The black circles indicate
the area that responds to the tongue stimulation. (B) The RFs of the tongue 14 days after PBS injection with intracisternal
(i.c.) administration of PBS (PBS + PBS), SCC inoculation with PBS (i.c.) (SCC + PBS), or SCC inoculation with 10Panx
(i.c.) (SCC + 10Panx). The area surrounded by the red lines indicates the area that responds to the stimulus. Columns
represent the average ratio of RF in the tongue. (C) Representative firing activities following stimulation with brush,
non-noxious, noxious and pinch stimulation in PBS + PBS, SCC + PBS and SCC + 10Panx rats. (D–I) Columns represent
the average number of spikes of background activity (D) and afterdischarge (E) and brush (F), non-noxious pressure (G),
noxious pressure (H) and pinch (I) induced spikes in PBS + PBS, SCC + PBS and SCC + 10Panx rats. n = 5: PBS + PBS, n = 6:
SCC + PBS, n = 4: SCC + 10Panx, * p < 0.05, one-way ANOVA followed by Tukey’s test. Data represent the mean ± SEM.
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Figure 4. PANX1 contributes to the increment of phosphorylation of ERK in Vc neurons following SCC inoculation. (A–C)
The representative images showing pERK Vc neurons in PBS + PBS, SCC + PBS and SCC + 10Panx rats on day 14 after
inoculation. Scale bar = 200 µm. (D) Columns represent the average number of pERK-IR neurons in the Vc. Arrowheads
indicate pERK-IR neurons. n = 5: PBS + PBS, n = 5: SCC + PBS, n = 5: SCC + 10Panx, * p < 0.05, one-way ANOVA followed
by Tukey’s test. Data represent the mean ± SEM.

2.5. Functional Requirement of P2X7Rs in SCC-Induced Mechanical Allodynia

ATP is a representative molecule that is released through PANX1 [10] and P2X7Rs
are representative ATP receptors that contribute to the development of mechanical allo-
dynia [11]. We, thus, speculated that PANX1-mediated ATP secretion might be involved
in the development of mechanical allodynia following SCC inoculation. To investigate
the possible involvement of P2X7Rs in the development of mechanical allodynia in the
tongue after SCC inoculation, Brilliant Blue G (BBG; an antagonist of P2X7Rs) was in-
tracisternally administered prior to SCC inoculation. MHWT in SCC + BBG rats was
significantly lower than that in SCC + PBS rats (Figure 5A). The number of pERK-IR Vc
neurons in SCC-inoculated rats was significantly reduced by i.c. BBG (Figure 5B–D). To
further analyze the requirement of P2X7Rs in mechanical allodynia in the tongue caused
by tongue cancer, BzATP (a specific agonist of P2X7Rs) was intracisternally administered
to SCC + 10Panx rats. The MHWT in SCC + 10Panx + BzATP rats was significantly lower
than that in SCC + 10Panx + PBS rats (Figure 5E). The number of pERK-IR Vc neurons in
SCC + 10Panx + BzATP rats was significantly higher than that in SCC + 10Panx + PBS rats
(Figure 5F–H).
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Figure 5. Requirement of P2X7R in the Vc in the tongue SCC-induced mechanical allodynia. (A) The mechanical head-
withdrawal threshold in SCC-inoculated rats with intracisternal administration of PBS or BBG. The black arrow indicates
the period of intracisternal administration of drugs. ** p < 0.01, vs. SCC + PBS, two-way ANOVA. (B,C) The representative
images showing pERK Vc neurons in SCC + PBS and SCC + BBG rats on day 14 after inoculation. Arrowheads indicate pERK-
IR neurons. Scale bar = 200 µm. (D) Columns represent the average number of pERK-IR cells in the Vc. n = 5: SCC + PBS,
n = 5: SCC + BBG, ** p < 0.01, unpaired Student’s t-test. (E) The mechanical head-withdrawal threshold in SCC-inoculated
10Panx-administered rats with intracisternal administration of PBS or BBG. The black arrow indicates the period of intracis-
ternal administration of drugs. ** p < 0.01, two-way ANOVA. (F,G) The representative images showing pERK-IR Vc neurons
in SCC + 10Panx + PBS and SCC + 10Panx + BzATP rats on day 14 after inoculation. Scale bar = 200 µm. (H) Columns
represent the average number of pERK-IR neruons in the Vc. n = 5: SCC + 10Panx + PBS, n = 5: SCC + 10Panx + BzATP,
** p < 0.01, vs. SCC + 10Panx + PBS, unpaired Student’s t-test. Data represent the mean ± SEM.

2.6. IL-1 Receptor Antagonism Ameliorates Mechanical Allodynia in the Tongue Caused by
SCC Inoculation

Following stimulation with ATP, microglia synthesize IL-1β via P2X7R-mediated
activation of the nod-like receptor family pyrin domain containing 3 (NLRP3) inflam-
masome [12]. We, thus, speculated that microglia-derived IL-1β might contribute to
SCC-induced mechanical allodynia in the tongue. The expression pattern of IL-1R1 (IL-1
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receptor) in Vc was analyzed. IL-1R1-IR cells were merged with NeuN-IR cells, indicating
that IL-1R1 is expressed in Vc neurons (Figure 6A–C). To investigate the contribution of
IL-1β to mechanical allodynia in the tongue following SCC inoculation, IL-1RA (an IL-1
receptor antagonist) was intracisternally administered on day 14 after SCC inoculation.
MHWT was significantly ameliorated by i.c. IL-1RA, but not by i.c. PBS (Figure 6D).

Figure 6. Possible involvement of IL-1β signaling in the Vc in the tongue SCC-induced mechanical allodynia. (A–C) The
images showing IL-1R1 (green) and NeuN (red) in the Vc 14 days after SCC inoculation. Arrowheads indicate IL-1RI/NeuN
double-positive cells. Scale bar = 100 µm. (D) Time course of mechanical head-withdrawal threshold in SCC-inoculated rats.
PBS or IL-1RA were intracisternally administered 14 days after SCC inoculation. n = 5: SCC + PBS, n = 5: SCC + IL-1RA,
** p < 0.01, vs. SCC + PBS, two-way repeated-measures ANOVA followed by Bonferroni’s test. Data represent the
mean ± SEM.

3. Discussion

The present results are summarized as follows: (1) Mechanical hypersensitivity was
induced in the tongue of SCC-inoculated rats; (2) Intracisternal administration of 10Panx
inhibited the development of SCC inoculation-induced mechanical allodynia in the tongue;
(3) Increased neuronal activity and the number of pERK-IR Vc neurons following SCC
inoculation were suppressed by i.c. 10Panx; (4) Intracistrenal administration of BBG also
inhibited SCC-induced reduction of MHWT and an increase in the number of pERK-IR
neurons in the Vc; (5) Intracisternal administration of BzATP caused a reduction in MHWT
and an increase in the number of pERK-IR Vc neurons in 10Panx-administered SCC rats;
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and (6) Reduced MHWT was recovered by i.c. IL-1RA. These observations suggest that
PANX1-mediated ATP secretion from microglia plays a crucial role in tongue cancer pain.

pERK-IR neurons were observed in the restricted area of the Vc following SCC in-
oculation. Similarly, in vivo neuronal recordings revealed that the restricted area of the
Vc responds to noxious stimulation of the tongue. These data are consistent with pERK
expression appearing in a limited Vc region upon intra-tongue administration of capsaicin
or tongue drying [13,14]. No significant differences in responses to non-noxious brush or
pressure stimulation of the tongue between PBS-injected and SCC-inoculated rats were
observed. In contrast, noxious mechanical stimulation of the tongue caused an increase
in the number of pERK-IR cells in the Vc following SCC inoculation, suggesting that
SCC inoculation predominantly enhances noxious but not non-noxious responses in Vc
WDR neurons.

Activation of microglia in the Vc has been reported in several animal models, in-
cluding trigeminal nerve injury, orofacial inflammation and SCC inoculation in the oro-
facial regions [6,15,16]. After cellular activation, microglia change their morphology into
an activated phenotype. Along with these changes, microglia synthesize a variety of
molecules [17]. ATP is a representative substance secreted by microglia and ATP release
is considered to be a result of PANX1 activation [10,18]. Mechanical allodynia caused by
SCC inoculation was significantly inhibited by intracisternal administration of a P2X7R
antagonist. Considering the above facts, ATP secreted from microglia might directly bind
to P2X7R in Vc neurons, resulting in the facilitation of ERK phosphorylation. Indeed, a
robust ion influx enhances ERK phosphorylation in Vc neurons [14]. On the contrary, ATP
from microglia might bind to Vc microglia according to the finding that IL-1 antagonism
ameliorated SCC inoculation-induced mechanical allodynia in the tongue. It is well known
that stimulation of P2X7R triggers activation of the NLRP3 inflammasome, resulting in
the production of IL-1β [12]. Therefore, it is possible that ATP released via PANX1 in
microglia may act on microglia in a paracrine manner, leading to IL-1β synthesis. IL-1β,
which is synthesized in microglia in the spinal cord during joint pain, is suppressed by
microglia-specific Panx1-deficient mice [8]. Therefore, PANX1-dependent ATP secretion
causes IL-1β production in microglia following SCC inoculation. However, in vitro ex-
periments show that P2X7R stimulation alone has little or no effect on IL-1β synthesis in
microglia and priming with lipopolysaccharide, zymosan, or polyinosinic-polycytidylic
acid is required for sufficient IL-1β synthesis in microglia [19]. It is assumed that microglial
priming factors are synthesized in the Vc after SCC inoculation, but these factors remain
unknown. Activation of microglia during SCC inoculation was observed in a limited area
of the Vc and was distinct from that in the entire Vc, as seen in neuropathic pain [6,15,20].
Therefore, substances secreted by the lingual nerve from the tongue that project to a limited
area in the Vc may cause microglial priming.

IL-1β has been implicated in various pain models and IL-1β can enhance neuronal
activity [21]. IL-1β contributes to the phosphorylation of GluN2A and GluN2B, N-methyl-
D-aspartate receptor (NMDAR) subunits, through the activation of Src kinase [22]. IL-1β
potentiates NMDAR-mediated spontaneous excitatory synaptic currents in spinal neu-
rons [23]. A robust Ca2+ influx through NMDARs leads to ERK phosphorylation [24]. Thus,
inhibition of IL-1β signaling might inhibit NMDAR phosphorylation in Vc after SCC inoc-
ulation. In addition to NMDARs, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptors are also activated by IL-1β [23,25]. Accordingly, IL-1β synergistically potentiates
excitatory neurotransmission.

The involvement of microglia in neuropathic pain has been clarified in several studies.
In particular, the microglia-dependent pathway is specific to male animals, whereas a
microglia-independent pathway has been demonstrated in female animals [26]. In addi-
tion, in clinical practice, men are known to have a higher incidence of oral cancer than
women [27]. According to the abovementioned evidence, the secretion of ATP via PANX1
in microglia is likely to occur only in male rats. We could not rule out the possibility that
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the microglial PANX1 is involved in tongue cancer pain. We need to clarify whether there
are sex-related differences in tongue cancer pain.

The limitations of our study are as follows: The study using BBG suggests the involve-
ment of P2X7R in the Vc during SCC inoculation-induced mechanical allodynia in the
tongue. However, because P2X7R is broadly expressed in the CNS, we cannot evaluate the
function of P2X7R in a cell type-specific manner only by pharmacological experiments. We
believe that the cells that contribute to SCC-induced mechanical allodynia in the tongue
can be identified by analysis using P2rx7-conditional knockout mice in future studies.

Opioids have been used against cancer pain in the orofacial region. Nevertheless, the
doses of opioids used in the treatment of oral cancer are higher than those used for other
areas of the body and, thus, tolerance can occur easily [28]. Therefore, there is a need for
new analgesics to replace opioids. It is highly possible that PANX1 is a therapeutic target
for the development of appropriate drugs to prevent tongue cancer pain.

In this context, a PANX1 inhibitor could potentially be useful as a new treatment for
tongue cancer pain. However, the route of administration is through the cisterna magna,
and it is necessary to make a hole in the skull. It would be useful to develop a type of drug
that can cross the blood-brain barrier when applied to humans.

These observations suggest that neuron-glial cell communication via PANX1 and
P2X7Rs in the Vc plays a crucial role in persistent tongue pain associated with tongue SCC.

4. Materials and Methods
4.1. Animals

Animal experiments were approved by the experimentation committee of Nihon
University (protocol number: AP18DEN004-2). Animal use and care were followed by the
International Association for the Study of Pain guidelines. A total of 98 male Fisher rats
(weighing 200–250 g) were purchased from Japan SLC (Hamamatsu, Japan). Rats were
kept at 23 ± 1 ◦C in 12 h light/dark cycles under specific pathogen-free conditions with
free access to food and water and two rats were maintained in each cage. The number of
animals was reduced for appropriate statistical analysis in this study.

4.2. SCC Inoculation

Cultivation of SCC cells (JCRB0231; JCRB Cell Bank, Ibaraki, Japan) and SCC inocula-
tion in the tongue were conducted as previously described [6,29]. Briefly, SCC cells were
cultured in Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific), 100 µg/mL
streptomycin (Thermo Fisher Scientific) and 100 units/mL penicillin (Thermo Fisher Sci-
entific) at 37 ◦C in 5% CO2. SCC cells were collected from subconfluent cell culture. SCC
(5 × 106 cells were suspended in 30 µL of 0.01 M PBS) cells were inoculated into the left
edge of the tongue with a 26 gauge-needle under anesthesia with a mixture of butorphanol
tartrate (2.5 mg/kg; Meiji Seika Pharma, Tokyo, Japan), midazolam (2.0 mg/kg; Sandoz,
Tokyo, Japan) and medetomidine (0.375 mg/kg; Zenoaq, Fukushima, Japan). For the sham
group, 30 µL of 0.01 M PBS was injected into the tongue.

4.3. Intracisternal Administration of Drugs

Intracisternal administration was performed according to a previously described
method [15]. Briefly, a sterilized cannula (SP-10; Natsume, Tokyo, Japan) was placed in
the cisternal magna under anesthesia with a mixture of butorphanol tartrate, midazolam
and medetomidine. An osmotic pump (model 1002; Alzet, Cupertino, CA, USA) that
was filled with 0.01 M PBS or 10Panx was connected to the implanted cannula. PBS,
10Panx (20 nmol/0.5 mL/h), BBG (7 pmol/0.5 mL/h), or BzATP (20 pmol/0.5 mL/h)
were continuously delivered in the Vc region after SCC inoculation or PBS injection in
the tongue.
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4.4. Measurement of Head-Withdrawal Threshold

To assess MHWT, the rats were maintained at a weak anesthesia level according to
previously described criteria [29]. The left edge of the tongue (6 mm2, 5 mm posterior to
the tip of the tongue) was pinched using digital forceps (Bioseb, Paris, France). Stimulus
intensity gradually increased at a rate of 10 g/s. The MHWT was determined when the
rats showed a head-withdrawal response after tongue stimulation with the lowest stimulus
intensity. The cut-off value was set at 200 g to avoid tissue damage. After the MHWT
measurement, the rats were anesthetized again and MHWT measurements were taken.
The stimulus intensity was measured three times and the average value of the MHWT
was calculated.

4.5. Repetitive Stimulation of the Tongue

On day 14 after PBS injection or SCC inoculation with intracisternal administration
of PBS or 10Panx, the rats were anesthetized with a mixture of butorphanol tartrate,
midazolam and medetomidine. The tongue was stimulated with a von Frey filament
(60 g) at 1 Hz for 10 min. Five minutes after the cessation of tongue stimulation, the rats
were immediately fixed with 4% paraformaldehyde (PFA). The PFA perfusion method is
described in the following section. The rats with repetitive stimulation of the tongue were
used to analyze the number of pERK-IR Vc neurons.

4.6. Immunohistochemistry

The rats were deeply anesthetized with 5% isoflurane inhalation 14 days after SCC
inoculation or PBS injection and perfused transcardially with saline, followed by 0.1 M
phosphate buffer (pH 7.4) containing 4% PFA. The Vc was excised and further incubated
in 4% PFA for 24 h. To prevent cryolesion, Vc was further incubated with 20% sucrose in
0.01 M PBS for 24 h. The Vc slices (30 µm thick) from the brainstem section (±5 mm from
the obex) were made using a microtome (SM2010R; Leica, Wetzlar, Germany). Five slices
from each rat were blocked with 0.01 M PBS containing 3% normal goat serum and 0.3%
Triton-X-100 for 1 h at room temperature. The slices were incubated with rabbit polyclonal
anti-PANX1 antibody (1:50; Cat. MBS2001670, MYBioSource, San Diego, CA, USA), goat
polyclonal anti-Iba1 antibody (1:1000; Cat. ab5076, Abcam, Cambridge, MA, USA), mouse
monoclonal anti-GFAP antibody (1:1000; Cat. MAB360, Merck Millipore, Billerica, MA,
USA), or mouse monoclonal anti-NeuN antibody (1:100; Cat. MAB377; Merck Millipore)
for 2 days at 4 ◦C. After washing with 0.01 M PBS 10 min three times, the slices were further
incubated with secondary antibody conjugated with Alexa Fluor 488 or Alexa Fluor 555
(1:1000; Thermo Fisher Scientific) for 2 h at room temperature. After gentle wash with
0.01 M PBS, the slices were mounted on an anti-fading medium (PermaFluor Aqueous
Mounting Medium, Thermo Fisher Scientific). The immunofluorescent signal, which was
more than twice as strong as its background, was captured by a BZ-9000 (Keyence, Osaka,
Japan). The number of PANX1-IR cells in the section (727 µm × 547 µm) was counted.

To detect pERK-IR neurons, Vc slices were incubated with mouse monoclonal anti-
pERK antibody (1:1000; Cat. No. 9106, Cell Signaling, Danvers, MA, USA) for 2 days at
4 ◦C. The slices were incubated with biotinylated anti-mouse secondary antibody (1:600;
Cat. BA-1000-1.5; Vector Laboratories, Burlingame, CA, USA) for 2 h at room temperature,
followed by incubation with avidin-biotin complex solution (Cat. No. PK-4000, Vector
Laboratories) for 2 h at room temperature. pERK-IR neurons were visualized by reaction
with 0.05 M Tris buffer (pH 7.6) containing 0.02% 3,3′-diaminobenzidine tetrahydrochloride,
0.5% nickel ammonium sulfate and 0.03% H2O2 for 5–15 s. The Vc slices were mounted on
EUKITT (O. KINDLAR, Freiburg, Germany). Images were captured using a camera (DP70;
Olympus, Tokyo, Japan) with a microscope (BX51, Olympus). The number of pERK-IR
neurons in the section (898 µm × 676 µm) was counted.
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4.7. Single Neuron Recording

Rats (PBS + PBS, n = 5; SCC + PBS, n = 6; SCC + 10Panx, n = 4) were anesthetized
with a mixture of butorphanol tartrate, midazolam and medetomidine and placed on a
stereotaxic instrument. The trachea and femoral vein were cannulated to supply isoflurane
(2%) and rocuronium bromide (0.6 mg/kg/h, i.v., MSD, Tokyo, Japan) during surgery and
recording. Laminectomy was conducted in the brainstem region, including the Vc and the
upper cervical spinal cord. Photomicrographs of the brainstem surface were obtained to
identify the recording position. Tungsten microelectrodes (FHC Instruments, Bowdoin, ME,
USA) were inserted into the dorsal portion of the Vc (~1500 µm depth from the surface)
and neuronal activity was recorded using Spike II software (CED1401; CED, Cambridge,
UK). The RFs were mapped from the neuronal responses obtained from gentle pressure
stimulation of the tongue surface. Then, brush stimuli, non-noxious and noxious pressure
and pinch stimuli were applied to the center of the RFs. The percentage of RFs in the
entire tongue area was calculated. After the cessation of recordings, the recording points
were marked by applying direct current (20 mA, 10 s) and potassium chloride (2 M) was
injected through the femoral vein to euthanize the rats. The brainstems were removed and
the tissues were soaked in 4% PFA for 1 week and the sagittal sections of the brainstem
were cut and stained with hematoxylin-eosin to check the recording site. The recording
sites were plotted on the transverse plane of the brainstem images. Spike frequency was
analyzed using Spike II software (CED) and the mean spike frequencies were calculated.

4.8. Statistical Analysis

Drug selection was performed blindly by the researcher. Data are shown as
mean ± standard error of the mean (SEM). The normality of the sample data was as-
sessed using the Shapiro–Wilk test. Statistical analyses were performed using a two-way
repeated-measures analysis of variance (ANOVA) followed by the Bonferroni’s test, one-
way ANOVA followed by Tukey’s or Dunnett’s test, or unpaired Student’s t-test using
the GraphPad Prism 7 software program (GraphPad Software Inc., San Diego, CA, USA),
as appropriate. Differences were considered significant at p < 0.05. The number (n) and
statistical methods are indicated in the figure legends.
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Abbreviations

SCC squamous cell carcinoma
QOL quality of life
TG trigeminal ganglion
Vc trigeminal spinal subnucleus caudalis
CNS central nervous system
PANX1 pannexin-1
ATP adenosine triphosphate
IL interleukin
MHWT mechanical head-withdrawal threshold
PBS phosphate-buffered saline
IR immunoreactive
Iba1 ionized calcium-binding adapter molecule 1
GFAP glial fibrillary acidic protein
NeuN neuronal nuclei
RFs receptive fields
WDR wide dynamic range
pERK phosphorylated extracellular signal-regulated kinase
BBG Brilliant Blue G
NLRP3 nod-like receptor family pyrin domain containing 3
NMDAR N-methyl-D-aspartate receptor
PFA paraformaldehyde
SEM standard error of the mean
ANOVA analysis of variance
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