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Highlights
e Infraorbital nerve injury induces primary and secondary orofacial
hyperalgesia.

e Cava2dl contributes to the development of secondary orofacial hyperalgesia.
e Cavo2d1 mediates secondary orofacial hyperalgesia through PKC-TRPA1/GJ

pathway.
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Abstract

Orofacial pain is characterized by its easy spread to adjacent areas, thus presenting
with primary hyperalgesia (hypersensitivity at the site of injury) and secondary
hyperalgesia (extra-territorial hypersensitivity outside the injured zone). However, the
mechanisms behind the secondary hyperalgesia are poorly understood. In the present
study, we used a mouse model of partial transection of the infraorbital nerve (pT-ION)
to study whether calcium channel subunit 0261 (Cava26l) and its downstream
signaling contributes to the development of secondary hyperalgesia in the orofacial
area. pT-ION caused primary (V2 skin) and secondary (V3 skin) hyperalgesia, which
was reversed by the Cava2dl antagonist gabapentin and by the expression of
Cava2d1-targeting interfering RNA in trigeminal ganglion (TG)-V3 neurons. pT-ION
induced increased expression of PKC and TRPA1, which was reversed by
Cava2d1-targeting interfering RNA, and PKC inhibition reversed the upregulation of
TRPAL and gap junction (GJ) proteins induced by pT-ION. Cavo2341 overexpression
in TG-V2 neurons induced the upregulation of PKC, TRPAL, and the GJ proteins in

the TG and trigeminal subnucleus caudalis and induced hypersensitivity in the V3
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skin area, which was reversed by TRPA1, GJ, or PKC blockade. Thus, we conclude
that Cava261 contributes to the development of secondary hyperalgesia through its
downstream PKC-TRPAL/GJ signaling pathways.

Perspective: This study demonstrates that the activation of Cava2dl and the
downstream PKC-TRPA1/GJ signaling pathway contributes greatly to trigeminal
nerve injury-induced secondary mechanical and cold hyperalgesia. This suggests that
inhibitors of Cave261, TRPA1, or GJs might be effective treatments for nerve
injury-induced spreading of orofacial pain.

Keywords

0281 subunit, orofacial pain, transient receptor potential ankyrin 1, connexin,

trigeminal ganglion

Introduction

Chronic pain is a common clinical syndrome that has significant negative effects on
quality of life-and leads to enormous social and economic problems, and among
chronic pain conditions orofacial pain can be the most severe and debilitating ****°.
Such pain can derive from orofacial inflammation and tissue and nerve injuries and is
characterized by primary mechanical hyperalgesia (hypersensitivity at the site of
injury) and secondary mechanical hyperalgesia (extra-territorial hypersensitivity
outside the injured zone) *>*". In addition, hypersensitivity to cold simulation is very

commonly reported and considered to be among the most severe symptoms suffered

by orofacial pain patients. The molecular mechanisms responsible for the secondary
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hyperalgesia, especially cold hypersensitivity, remain unknown, and this has severely
limited the development of specific and effective treatments for chronic orofacial
pain.

The calcium channel subunit 0261 (Cava2d1l) is a structural subunit of the
voltage-gated calcium channels (VGCCs) =, and Cava281 in the spinal cord and
dorsal root ganglion plays a key role in the processing of neuropathic pain > %> . Luo
et al. found that chronic constriction injury of the infraorbital nerve
(CCI-I0ON)-induced Cava261 up-regulation might contribute to orofacial neuropathic
pain through improper formation of excitatory synapses and increased release of
presynaptic excitatory neurotransmitters 2°. Clinical trials have shown that Gabapentin
(GBP), a drug that binds to Cava281 #°; is an effective treatment for neuropathic
orofacial pain ® “®. Therefore Cave281 might be a potential candidate for mediating the
secondary hyperalgesia associated with trigeminal neuropathic pain.

Transient receptor potential ankyrin 1 (TRPA1) has been suggested to be a putative
noxious cold sensor ** and to be involved in mechanosensation ’, and thus it has been
suggested to contribute to cold hyperalgesia and allodynia 2. Channel silencing and
pharmacological antagonism of TRPAL in the peripheral nerves reduce the chemical,
thermal, and mechanical hypersensitivity in different pain models *%°. It has also been
proposed that expression of TRPAL in the soma of trigeminal ganglion (TG) neurons
mediates glyceryl trinitrate-induced pain in a migraine mouse model ?°. Moreover,
pain response behaviors in a model of trigeminal neuropathic pain are mediated by the

TRPAL channel *°. However, little is known of the role of TRPAL in secondary
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orofacial hyperalgesia.

Gap junctions (GJs) are composed of two hexameric connexins (Cxs) and are
intercellular membrane channels that allow small molecules to pass directly between
cells **, which facilitates communication between neurons and glia cells * *2. Protein
expression of Cx26, Cx36, and Cx40 is increased in the TG following capsaicin or
complete Freund’s adjuvant injection into the temporomandibular joint °. Given that
the nature of secondary hyperalgesia is the spreading of hypersensitivity from the
injured area to the uninjured area, it is plausible that increased GJ coupling between
neuronal or glial cells in the mouse TG plays a role in secondary orofacial
hyperalgesia following peripheral injury.

Increased interaction of Cava261 with thrombospondin-4 (TSP4) contributes to the
pathogenesis of chronic pain following nerve injury through the activation of the
downstream protein kinase C (PKC) signaling pathway 2. Additional evidence for a
role for PKC in neuropathic pain comes from a report showing that GBP (the

Cavo291 antagonist) inhibition of PKC signaling in the spinal cord of rats blocks such

49 24

pain *. PKC also has a putative role in enhancing TRPALl-mediated pain
Furthermore, activation of PKC modulates the phosphorylation, assembly, and thus
the activity of GJs ***". In the present work, we examined the underlying role of
Cavo2d1 expression and the activity of the downstream PKC-TRPA1 pathway and GJ

signaling in trigeminal nerve injury-induced secondary hyperalgesia, especially cold

hyperalgesia, in an orofacial neuropathic pain mouse model.
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Materials and methods

Animals, surgery, and human tissues

The experiments were performed on adult male C57BI/6 mice at 7~9 weeks of age.
The mice were supplied by the Experimental Animal Center, Chinese Academy of
Sciences, Shanghai, China. The mice were maintained under constant conditions (23 +
0.5 °C and a 12:12 hour light/dark cycle) with food and water available ad libitum.
Eight animals were housed per cage and allowed to acclimate to these conditions for
at least 1 week before inclusion in the experiments. All animal procedures in this
study were conducted in strict accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and the ethical standards of the
International Association for the Study of Pain. All efforts were made to minimize
both the number of animals used and their suffering. For each experiment, the animals
were randomly divided into groups, and the sample size was calculated based on our
previous work. The mice were subjected to peripheral neuropathy that was produced
by partial transection of the infraorbital nerve (pT-ION). In brief, the oral cavity was
exposed under anesthesia with sodium pentobarbital (50 mg/kg, intraperitoneally
(i.p.)). Then an incision was made in the palatal-buccal mucosa to expose the ION.
The deep branches of the ION that innervate the ventral part of the left vibrissal pad
and the upper lip were tightly ligated with 4.0 catgut and sectioned distal to the
ligation, removing 1-2 mm of the distal nerve stump (Fig 1A). Care was taken to
avoid touching or stretching the ION. The incision was closed using tissue glue. For

the sham surgeries, the ION was exposed as described above, but the nerve was not
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ligated or cut. The human TGs from fixed postmortem tissue (two non-diseased donor
corpses of a 60-year-old male and 54-year-old male) were kindly provided by the
Fudan University body receiving station of the Shanghai Red Cross.

Mechanical hyperalgesia

Behavioral tests were conducted by experimenters blinded to the group allocation. To
reduce any effects of restraint on the behavioral assessment of the mice, we adopted a
less stressful method 2 to test mechanical hypersensitivity in the skin of the
infraorbital area (V2) and the mandibular nerve area (V3). The mice were placed in a
box (7 x 7 x 10 cms) made of black wire mesh and-in which the mice were allowed to
freely move. All mice were habituated to the box in a behavioral room for at least 30
min per day for 3 consecutive days prior to behavioral testing. To avoid head
movement induced by tactile stimulation of the whisker hairs, the ipsilateral whisker
hairs in the V2 and V3 measured region were removed. When the mouse’s head was
steady, a series of von Frey filaments (Stoelting, USA) were inserted through the
mesh walls. The von Frey filaments had bending forces ranging from 0.07 gto 2.0 g
and were applied to the skin between the border of the left whisker pad and the left
eye within the V2 area and on the skin within the V3 area. Movement of the head
away from the probing filament was defined as a positive response. Each von Frey
filament was applied 5 times at intervals of a few seconds. The bending force (g) of
the von Frey filament at which three positive responses were seen out of five
stimulations was defined as the threshold. For the von Frey testing under red light in

mice with intact whiskers, the mice were first habituated to stand on their hind paws
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and to lean against the experimenter’s hand wearing a regular cotton work glove in a
quiet room under red light. The habituation required 0.5 h before the animals were
tested with von Frey filaments on a region between the border of the left whisker pad
and the left eye, carefully avoiding touching any whiskers.

Cold hypersensitivity

Cold hypersensitivity was assessed by measuring the response to acetone-evoked
evaporative cooling. The mice were gently restrained, and a 50 pl drop of 90%
acetone (diluted in distilled water) was applied to the ipsilateral V3 skin by means of a
customized 25-gauge needle (blunt and slightly bent) attached to a 1 ml syringe
(Hamilton, Reno, NV), and care was taken to avoid any acetone getting in the eyes or
nose. The nociceptive behavior evaluated in this study was rubbing and scratching the
skin within the V3 area using the ipsilateral forepaw or hindpaw . The total wiping
time was recorded with an arbitrary maximum cutoff time of 2 min, and cold
allodynia was assessed as increased rubbing and scratching after exposure to acetone
compared to basal values and to sham-operated controls *. Before testing, the mice
were habituated to the experimental environment over a period of 2 to 3 consecutive
days by taking a series of baseline measurements.

Rotarod test

To determine whether locomotor functions were altered in mice following GBP
treatments, the rotarod test (ENV-575M, Med Associates, USA) was performed with
saline or GBP (50 or 100 mg/kg i.p.)-treated mice. The drum was slowly accelerated

from a speed of 4 rpm to 24 rpm over 180 seconds, and the length of time before
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falling off the rotarod within this period was recorded by the Rotarod CUB software.
The mice were habituated to the apparatus the day before testing by performing three
unrecorded trials with a break of 30 min between each trial. The procedure was
repeated on the testing day, and the mean time before falling off the rotarod was used
for analysis.

Tissue immunofluorescence

The mice were deeply anesthetized with 1.5% sodium pentobarbital (50 mg/kg, i.p.)
and then intracardially perfused with saline followed by 4% paraformaldehyde (PFA).
The TG and trigeminal subnucleus caudalis (\Vc) were removed, postfixed in 4% PFA
for 12 hours, and allowed to equilibrate in 30% sucrose in a phosphate buffer for 5-7
days at 4 °C. The segments were embedded and frozen in encompassing agent (Leica,
Germany) and then sectioned on a freezing microtome (Leica 2000, Germany) at a
thickness of 8-10 um for the TG and 30 pum for the Vc. After washing with PBST
(phosphate-buffered saline with 0.3% Triton X-100) three times, the sections were
blocked with 5% donkey serum for 1.5 h at room temperature and then incubated
overnight at 4 °C with the following primary antibodies: mouse anti-Cavo2d61
antibody (1:100 dilution, sc-271697, Santa Cruz Biotechnology), rabbit anti-Cavo261
antibody (1:200 dilution, NBP1-86683, Novus), rabbit anti-NeuN antibody (1:500
dilution, ab177487, Abcam), goat anti-CGRP antibody (1:500 dilution, ab36001,
Abcam), mouse anti-neurofilament 200 antibody (NF-200, 1:50 dilution, N5389,
Sigma-Aldrich), rabbit anti-PKCa antibody (1:200 dilution, ab32376, Abcam), rabbit

anti-phosphorylated PKCa antibody (phosphor S657+Y 658, p-PKCa) (1:500 dilution,
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ab23513, Abcam), goat anti-TRPA1 antibody (1:50 dilution, sc32356, Santa Cruz
Biotechnology), mouse anti-Cx36 antibody (1:50 dilution, sc398063, Santa Cruz
Biotechnology), mouse anti-Cx26 antibody (1:100 dilution, 13-8100, Thermo Fisher),
and mouse anti-Cx43 antibody (1:100 dilution, 35-5000, Thermo Fisher). The sections
were then washed with PBST three times and incubated with a mixture of Alexa
488-conjugated secondary antibodies, Alexa 594-conjugated secondary antibodies,
and Alexa 647-conjugated IB4 antibodies (1:1,000 dilution, Invitrogen, USA) for 1.5
h at room temperature. All sections were washed three tirries and coverslipped with a
mixture of 80% glycerin in 0.01 M PBS. Images were captured using a multiphoton
laser point scanning confocal microscopy system (FV1000, Olympus, Tokyo, Japan).
Relative immunofluorescence density was evaluated by using ImageJ (version 1.47).
For immunohistochemistry of human TG samples, the procedure was the same as
above but omitting the intracardial perfusion and adding antigen retrieval with the
Quick Antigen Retrieval Solution for Frozen Sections kit (P0O090, Beyotime, China).
Tissue immunohistochemistry

Immunohistochemistry staining was used to determine the location of Cava2dl,
TRPA1, PKCa, Cx26, Cx36, and Cx43 in the human TG tissue. The tissue specimens
were embedded in paraffin and sliced into thin sections (5 um) after fixing in 4%
formaldehyde. Xylene, an alcohol gradient, and distilled water were used for
deparaffinization of the sections, followed by treatment with 3% H,0, to block the
endogenous peroxidase activity. Endogenous peroxidase blockage and heat-induced

epitope retrieval were performed according to the manufacturer’s protocol. The
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expression of Cava261, TRPAI, PKCa, Cx26, Cx36, and Cx43 was observed using an
Olympus Cx31 microscope with the Image-Pro Plus medical image analysis system.
Tissue western blot

The mice were anesthetized with sodium pentobarbital (50 mg/kg, i.p.). The TG and
V¢ were quickly removed, and the V2 and V3 regions of the V¢ (Vc-V2 and Vc-V3)
were separately aspirated with a 50 ml syringe. The TG, Vc-V2, and Vc-V3 were
ultrasonically disrupted in radioimmunoprecipitation assay (RIPA) lysis buffer
(Beyotime, Shanghai, China), followed by centrifugation at 12,000 x g. The total
protein level in the supernatant was measured using the Pierce bicinchoninic acid
(BCA) Protein Assay Kit (Thermo Scientific, Rockford, IL, USA). The protein
samples were separated by 10% SDS-PAGE and then transferred onto polyvinylidene
fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). After blocking with 5%
nonfat milk dissolved in 1% TBST (20 mM Tris—HCI, pH 7.5, 150 mM NaCl, and
0.05% Tween-20) for 1.5 h at room temperature, the membranes were probed with the
following primary antibodies: mouse anti-Cava2d1 antibody (1:1,000 dilution,
sc-271697, Santa Cruz Biotechnology), HRP-conjugated mouse anti-p-actin antibody
(1:10,000 dilution, 4967, Cell Signaling Technology), rabbit anti-phosphorylated
PKCa antibody (phosphor S657+Y658, p-PKCa) (1:500 dilution, ab23513, Abcam),
goat anti-TRPA1 antibody (1:50 dilution, sc32356, Santa Cruz Biotechnology),
HRP-conjugated rabbit anti-GAPDH antibody (1:10,000 dilution, HRP-60004,
Proteintech), mouse anti-Cx36 antibody (1:50 dilution, sc398063, Santa Cruz

Biotechnology), mouse anti-Cx26 antibody (1:100 dilution, 13-8100, Thermo Fisher),
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and mouse anti-Cx43 antibody (1:100 dilution, 35-5000, Thermo Fisher) at 4 °C
overnight. The blots were washed in TBST and incubated with the following
secondary antibodies: HRP-conjugated goat anti-mouse IgG (H+L) secondary
antibody (1:10,000 dilution, SAOQ00001-1, Proteintech), HRP-conjugated goat
anti-rabbit 1gG (H+L) secondary antibody (1:10,000 dilution, SAO00001-2,
Proteintech), and HRP-conjugated rabbit anti-goat 1gG (H+L) secondary antibody
(1:10,000 dilution, SA00001-4, Proteintech) for 1-2 h at room temperature. Western
blot images were captured on an ImageQuant LAS4000 mini image analyzer (GE
Healthcare, Buckinghamshire, UK), and band intensities were quantified using the
Quantity One analysis software (Version 4.6.2, Bio-Rad Laboratories, Hercules, USA).
The protein band densities were normalized against the density of B-actin or GAPDH.
The fold change of the control group was set as 1 for quantifications.

Drug administration

In order to determine the role of Cava2d1 in pT-ION-induced trigeminal neuropathic
pain, the Cavo251 inhibitor GBP (ab120219, Abcam) was delivered i.p. using a 1 ml
syringe. In order to block the function of PKC, TRPA1, and GJs, the PKC inhibitor
GF109203X (GFX, Selleck, USA), the selective TRPAL inhibitor HC030031 (Selleck,
USA), and the GJ inhibitor carbenoxolone (CBX) (a special GJ blocker, ab143590,
Abcam) were administered i.p. The administration time and dosage were determined
by preliminary experiments.

Adeno-associated virus 2/6 (AAV2/6) preparation and injection

Cava2d1-specific short hairpin RNA (shRNA) was packaged as an AAV2/6 virus
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(PAOV-SYN-MCS-EGFP-3FLAG-alpha2deltal micro30 shRNA) by OBIO
Technology Co., Ltd. (Shanghai, China). The AAV-scrambled shRNA-EGFP was used
as the control. The human synapsin promoter was chosen because it has previously
been shown to result in neuron-specific transduction ** *. For the Cava251
overexpression experiment, the full-length coding sequence of mouse Cava2d1
(NM_001110843) in the AAV2/6 vector was designed and purchased from OBIO
Technology Co., Ltd. For virus injection, mice were anesthetized with 1.5% sodium
pentobarbital (50 mg/kg, i.p.). After disinfecting with alternating applications of
ethanol and betadine solution, 6 pl of virus used for overexpressing (Ove) Cava2d1
(AAV-Cavo261-Ove virus) was injected subcutaneously at three points (2 pl/point) in
the V2 area (the skin within the infraorbital territory and the whisker pad) of naive
mice, and 6 pl of virus used for interfering (Int) (AAV-Cava2dl-Int virus) was
injected subcutaneously at three points in the V3 area (lower jaw and pre-auricular
area) of pT-ION mice at 1 ul/min using a 10 pl syringe (Hamilton Company). Care
was taken to minimize damage to the injection site as much as possible. The dose of
AAV-Cave251-Int virus in the subcutaneous delivery was 1.27 x 10 viral genome
(v.g.)/ml, and the dose of AAV-Cava281-Ove virus was 2.14 x 10** v.g./ml.
Experiments in the SH-SY5Y cell line

Cell line and culture

Human SH-SY5Y cells were obtained from the Shanghai Institute of Cell Biology,
Chinese Academy of Sciences (Shanghai, China). The cells were cultured in DMEM

supplemented with 10% fetal bovine serum, 2 mmol/L glutamine (Gibco, Grand
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Island, NY, USA), penicillin (100 U/mL), and streptomycin (100 ug/mL) and
maintained at 37 °C and 5% CO; in a humidified environment. The culture medium
was replaced twice each week.

Transfection of short hairpin RNA (shRNA) and overexpression RNA

SH-SY5Y cells (2 x 10°) were seeded onto a culture dish with a diameter of 10 cm.
Transfection of ShRNA was performed using Lipofectamine 3000 (Invitrogen, USA)
according to the manufacturer's instructions. The Cava2d1-specific ShARNAs (Y3779:
GCA ATG AAG TTG TCT ACT A; Y3780: GCA TGC AGC GGT CCATAT T; and
Y3781: GCC AAA GCC TAT TGG TGT A) and the Cavo2d1 overexpression RNA
(NM_001110843) were purchased from OBIO Technology Co., Ltd. Thirty-six hours
after sShRNA or overexpression RNA ftransfection, the transfection efficiency was
determined using an ordinary fluorescence microscope (Olympus, Japan).
Immunohistochemistry staining

For immunohistochemistry, SH-SY5Y cells were fixed with 4% PFA for 30 min and
permeabilized with 0.2% Triton X-100 for 15 min at room temperature and processed
as described previously “. Cell preparations were incubated with the following
primary antibodies: mouse anti-Cava2d1 antibody (1:100 dilution, sc-271697, Santa
Cruz Biotechnology), rabbit anti-phosphorylated PKCo antibody (phosphor
S657+Y658, p-PKCa) (1:500 dilution, ab23513, Abcam), and goat anti-TRPA1
antibody (1:50 dilution, sc32356, Santa Cruz Biotechnology). The sections were then
washed with PBST three times and incubated with a mixture of Alexa 488-conjugated

secondary antibodies or Alexa 594-conjugated secondary antibodies. All signals were
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analyzed with a multiphoton laser point scanning confocal microscopy system
(FV1000, Olympus, Tokyo, Japan).

Western blotting

After being collected by centrifugation, the SH-SY5Y cells were suspended in
ice-cold lysis buffer and homogenized. The homogenates were centrifuged at 10,000
x g at 4 °C for 10 min to obtain the supernatants and the pellets, and the protein
concentrations were determined using the Bio-Rad protein assay kit. Equal protein
amounts were electrophoresed on 10% SDS gels and transferred to PVDF membranes.
Membranes were blocked with 5% nonfat milk dissolved in 1% TBST for 1.5 h at
room temperature, then incubated overnight at 4 °C with the following primary
antibodies: mouse anti-Cavo261 antibody (1:1,000 dilution, sc-271697, Santa Cruz
Biotechnology), HRP-conjugated mouse anti-pB-actin antibody (1:10,000 dilution,
4967, Cell Signaling Technology), rabbit anti-phosphorylated PKCa antibody
(phosphor S657+Y658, p-PKCa) (1:500 dilution, ab23513, Abcam), goat anti-TRPA1
antibody (1:50 dilution, sc32356, Santa Cruz Biotechnology), and HRP-conjugated
rabbit anti-GAPDH antibody (1:10,000 dilution, HRP-60004, Proteintech). The
immunoblot membranes were then incubated with the HRP-conjugated goat
anti-mouse 1gG (H+L) secondary antibody (1:10,000 dilution, SAO00001-1,
Proteintech), the HRP-conjugated goat anti-rabbit 1gG (H+L) secondary antibody
(1:10,000 dilution, SA00001-2, Proteintech), and the HRP-conjugated rabbit anti-goat
IgG (H+L) secondary antibody (1:10,000 dilution, SA00001-4, Proteintech) for 1-2 h

at room temperature. The immunoreactive proteins were visualized on an ImageQuant
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LAS4000 mini image analyzer (GE Healthcare). Densitometry was performed with
the Quantity One analysis software (Version 4.6.2, Bio-Rad Laboratories).
Quantitative PCR (gPCR) analysis

Total RNA was extracted from the TG and Vc tissues using Trizol-chloroform (Sigma)
and then treated with DNase | (Invitrogen). The cDNA was prepared using the Prime
Script RT reagent Kit (Takara). Quantitative PCR was performed using the Takara
SYBR Green reagents on an Applied Biosystems 7300 plus according to the
manufacturer’s protocol. The thermal cycling conditions were as follows: 1 cycle at
95 °C for 30 s followed by 40 cycles at 95 °C for 5 s and 60 °C for 34 s. The primers
were mouse Cava261 forward, GCA GCC AAC GGA TTA AAC CTG and mouse
Cavo2d1 reverse, CGT GGG AAT ATG GAC CGC T. Relative mRNA levels were
calculated using the 2 AACT method and normalized to the Gapdh level in the same
sample.

Statistical analysis

The animal data are shown as the mean + SEM (standard error of the mean). All
statistical analyses were performed in GraphPad Prism 6 (GraphPad Software Inc.,
San Diego, CA, USA). The statistical significance of differences between groups was
analyzed with Student’s t-test or one-way analysis of variance (ANOVA) followed by
a Dunnett multiple comparison test or Tukey’s test. Analysis of the time course of
mechanical and cold hyperalgesia was performed using two-way repeated-measures
ANOVA followed by a Tukey’s test or Sidak’s test. Pearson’s correlation was used for

the linear correlation analysis. p < 0.05 was used as the threshold of significance in all
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analyses.

Results

Trigeminal nerve injury induced up-regulation of the Cava2dl subunit proteins
that correlated with orofacial hyperalgesia and the therapeutic effects of
gabapentin.

The trigeminal nerve can be divided into the ophthalmic (V1), maxillary (V2), and

mandibular (V3) areas *

, and we previously reported that CCI-ION mice exhibit
long-lasting mechanical hyperalgesia in areas innervated by injured and uninjured
nerves *. In this work, we developed the pT-ION model of neuropathic pain in mice
(Fig 1A). Consistent with the CCI-ION model, the pT-ION model exhibits both
primary hyperalgesia and secondary hyperalgesia. Mechanical hyperalgesia was
measured as reductions compared to baseline in the response threshold to mechanical
stimuli using von Frey filaments. The ipsilateral orofacial V2 response thresholds of
the pT-ION mice were significantly decreased from the 3rd day after surgery, and the
effect was stable from the 7th day and lasted for at least 28 days after surgery
(two-way ANOVA and Tukey’s test, F221 = 786.7, p < 0.0001, Fig 1B), while the V3
nociceptive threshold was also decreased over the same time frame (two-way ANOVA
and Tukey’s test, F2,1 = 999.3, p < 0.0001, Fig 1C). It should be noted that the
decrease in thresholds in the V3 area was a little bit smaller compared with the V2
area at 3 days after surgery, indicating a trend of delayed occurrence of secondary

hyperalgesia compared with primary hyperalgesia. In addition to the presence of

long-lasting mechanical hyperalgesia in both the V2 and V3 areas, cold hyperalgesia
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in the V3 area was also elicited using the acetone test. Compared with the sham group
and baseline, the pT-ION mice had a significantly longer duration of wiping on the
orofacial V3 area than that recorded in sham mice starting from 3 days and persisting
for up to 28 days after surgery (two-way ANOVA and Tukey’s test, F21 = 294.6, p <
0.0001, Fig 1D), indicating the occurrence of secondary cold hyperalgesia in the
pT-ION model. Because of the difficulty in avoiding acetone being sprayed into the
eyes, we did not test primary cold hyperalgesia by administering acetone to the V2
area. We obtained similar results when performing the von Frey testing under red light
in mice with intact whiskers (Fig S1).

To confirm that Cava261 plays a role in mediating neuropathic orofacial pain, we
injected GBP, a drug that binds to the Cava2dl protein and has anti-allodynia
properties, into pT-ION mice with established hyperalgesia on the 15th day after
surgery to determine whether it could reverse pT-ION-induced hyperalgesia. Bolus i.p.
injection of 5 mg/kg GBP resulted in a small and statistically insignificant attenuation
of pT-ION-induced hyperalgesia. However, increasing the GBP dose to 50 and 100
mg/kg resulted in a significant attenuation of injury-induced orofacial hyperalgesia
(two-way ANOVA and Tukey’s test, von Frey Test-V2: F435 = 702.1, p < 0.0001; von
Frey Test-V3, F435 = 1214, p <0.0001, Fig 1E,F) from 0.5 h to 8 h, and these effects
peaked at 4 h after administration. Unlike saline, the i.p. administration of GBP
attenuated the development of cold hyperalgesia in the pT-ION mice (two-way
ANOVA and Tukey’s test, Fa3s = 73.72, P < 0.0001, Fig 1G). In contrast, no

significant effect of GBP was observed in sham mice (Fig S2). To test whether GBP
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treatment impaired locomotor functions, rotarod tests were performed before and 4 h
after i.p. GBP injection, which was the time point that correlated with maximal
attenuation of orofacial hyperalgesia in GBP-treated pT-ION mice. We found that 100
mg/kg GBP impaired the motor performance of the mice, while 50 mg/kg showed no
significant impairment in motor performance (one-way ANOVA and Dunnett’s test, F
= 7.727, p < 0.0001; pT-ION+GBP (100 mg/kg) vs. pT-ION+saline: p = 0.0006;
pT-ION+GBP (50 mg/kg) vs. pT-ION+saline: p = 0.9717; Fig 1H). These data suggest
that Cava2d1 is highly likely to be involved in primary and secondary hyperalgesia
processing in the pT-ION mouse model.

If pT-ION induces the Cavo241 dysregulation that plays a role in orofacial pain,
there should be a correlation between changes in Cava2dl expression in the TG
and/or V¢ and the development of orofacial hyperalgesia. To test this hypothesis, we
examined the expression level of Cava2d1 in the TG, Vc-V2, and Vc-V3 at different
stages of orofacial hyperalgesia development. Our results showed that the expression
of Cava2dl was significantly increased by the 3rd day after pT-ION and was
maintained at high levels until the final examination on the 28th day in the TG
(one-way ANOVA and Dunnett’s test, F = 5.099, p = 0.0017) and Vc-V2 (one-way
ANOVA and Dunnett’s test, F = 13.98, p < 0.0001) (Fig 2E, F). This was negatively
correlated with the orofacial response threshold (g) observed in the V2 area (Linear
regression analysis, TG-Cava281: R? = 0.7671, Y = —0.7948 * X + 2.23, p < 0.0001;
Ve-V2-Cava2dl: R? = 0.7243, Y = —2.268 * X + 4.735, p < 0.0001; Fig 2H). In

Vc-V3, the expression of Cava2d1 was increased by the 5th day, peaked on the 14th
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day, and was maintained at high levels until the final examination on the 28th day
(one-way ANOVA and Dunnett’s test, F = 7.006, p = 0.0002; Fig 2G). Cava2dl
expression in the TG and Vc-V3 was negatively correlated with the orofacial response
threshold (g) observed in the V3 area (TG-Cavo251: R? = 0.6902, Y = —0.7566 * X +
2.295, p < 0.0001; Vc-V3-Cavo2ol: R? = 0.6144, Y = —0.6393 * X + 2.007, p =
0.0001; Fig 2I) and positively correlated with duration of wiping (s) in the V3 area
(TG-Cava281: R? = 0.6529, Y = 0.1715 * X + 0.0608, p < 0.0001; Vc-V3-Cavo251:
R? = 0.6018, Y = 0.1438 * X + 0.0275, p = 0.0002; Fig 2J). This correlation between
injury-induced Cavo261 up-regulation and hyperalgesia suggests that increased
Cava261 might play a critical role in the induction of primary and secondary orofacial
processing. It should be noted that Cava261 mRNA expression was increased only in
TG but not in V¢ samples (Fig 2A,B,C,D), indicating a potential specific presynaptic
up-regulation of Cava261.

To determine the location of Cava2ol expression in the TG in response to
injury-induced -orofacial pain, we measured the Cavo2dl immunoreactivity in TG
samples from the injury side from pT-ION mice. Confocal microscopy of
immunofluorescent staining showed Cava261 expression in small, medium, and
large-size TG neurons (Fig S3D). To further characterize the neurochemical properties
of Cavo2o1-positive neurons, we performed staining for Cava2d1 along with staining
for CGRP, a marker of peptidergic C-nociceptors; 1B4, a marker of nonpeptidergic
C-nociceptors; and NF200, a marker of A-fiber afferents. Cava2d1 was colocalized

with all three markers in TG-V2 and TG-V3 (Fig S3A,B,C), suggesting that Cava2d1
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is expressed in TG neurons with different neurochemical properties.
The expression of p-PKC and TRPAL in the TG and Vc was increased after nerve
injury.

8 involved in

TRPAL has been suggested to be a putative noxious cold sensor
mechanosensation ’ and contributing to cold hyperalgesia and allodynia *2. Previous
studies reported that GBP binds to Cava261 and modulates PKC signaling in the
spinal cord dorsal horn *°**2. PKC is involved in the regulation of pain by modulating
the thermo-sensitive transient receptor potential (TRP) channels, including TRPAL #,
and among all of the isoforms of PKC, the PKCa-dependent ERK1/2 signaling
pathway has been reported to contribute to neuronal hyperexcitability in TG neurons
*1 To test whether PKC-TRPAL signaling mediates primary and secondary orofacial
hyperalgesia downstream of Cava281 activation after nerve injury, we determined the
distribution and expression of phosphorylated PKCa (p-PKCa), the active form of
PKCa, and TRPALI in the V2 and V3 areas of both TG and Vc samples in sham and
pT-ION mice.  Double staining results showed that p-PKCo and TRPAI were
colocalized with Cava2d1 in both the V2 and V3 areas of the TG (Fig 3A,B,C) and
Vc (mostly expressed in superficial layers, Fig 3G,H). pT-ION induced a significant
increase in the expression of p-PKC and TRPAL in the TG (one-way ANOVA and
Dunnett’s test, TG-p-PKC: F = 14.66, p = 0.0001; TG-TRPAL: F = 17.2, p < 0.0001,
Fig 3D,E,F), Vc-V2 (one-way ANOVA and Dunnett’s test, V2-p-PKC: F = 16.74, p <
0.0001; V2-TRPAL: F = 18.97, p < 0.0001; Fig 3I1,J,K), and Vc-V3 (one-way ANOVA

and Dunnett’s test, V3-p-PKC: F = 6.886, p = 0.004; V3-TRPAL: F = 9.542, p = 0.001,
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Fig 3L,M,N) from the 7th day after surgery and throughout the 28 days of observation.
The expression levels of p-PKC and TRPA1l were positively correlated with the
expression of Cava281 in the TG (TG-p-PKC: R? = 0.2585, Y = 1.251 * X + 0.2008,
p = 0.0221; TG-TRPAL: R? = 0.4481, Y = 0.944 * X + 0.1627, p = 0.0012; Fig 30),
Vc-V2 (V2-p-PKC: R? = 0.4019, Y = 0.5245 * X + 0.8101, p = 0.0027; VV2-p-PKC:
R? = 0.5557, Y = 0.5976 * X + 0.7375, p = 0.0002; Fig 3P), and Vc-V3 (V3-p-PKC:
R? = 0.2131, Y = 0.8646 * X + 0.5999, p = 0.0405; V3-p-PKC: R? = 0.2676, Y =
0.7239 * X + 0.9904, p = 0.0211; Fig 3Q).

Subcutaneous treatment with Cava201 shRNA in AAV2/6 vectors in the V3 skin
area in pT-ION mice reversed secondary hyperalgesia and up-regulated
p-PKC-TRPAL protein levels in the TG and Vc-V3.

To further determine whether pT-ION-induced Cava231 up-regulation plays a critical
role in mediating secondary hyperalgesia and whether PKC-TRPA1 signaling serves
as the downstream signaling pathway, we administered a single injection of Cava2461
shRNA or control shRNA in the AAV2/6 virus vector subcutaneously at three sites (2
ulsite, 1.27 % 10" v.g./ml) within the V3 region of the skin (the anterio-ear and lower
jaw) on the 7th day after pT-ION when the injured mice had developed stable
hyperalgesia in order to determine whether knock-down of Cava2d1 could block or
diminish pT-ION-induced secondary hyperalgesia by decreasing downstream
PKC-TRPAL levels. Because there is still some debate as to whether GBP might target
other molecules than Cavo281 !, we used shRNA packaged in the AAV virus to

specifically down-regulate the expression of Cava2d1. Briefly, three plasmids (Y3779,
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Y3780, and Y3781) were designed and transfected into SH-SY5Y cells, and the
proteins in the SH-SY5Y cells were extracted when the transfection efficiency
reached 60%. Western blot results showed that all three plasmids successfully
down-regulated the expression of Cavo2d1, with Y3781 showing the most significant
knock-down effects (Fig S4). Using SYN as a promoter of mature neurons, the Y3781
plasmid was packaged into the AAV2/6 vector, which specifically transfects mature
neurons. The affect of transfection was tested in SH-SYS5Y cells and shown to be
significant (Fig S6B-C). To down-regulate the expressioni of Cava2d1 in the TG-V3
specifically, the virus was injected into the facial V3 area (Fig 4A). The von Frey test
and cold allodynia test were performed at 14 days and 21 days after the virus injection.
Here we developed a method that allowed us to explore the mechanisms of primary
and secondary hyperalgesia separately by specifically targeting protein expression in
the TG-V2 or TG-V3 by subcutaneously injecting virus through the V2 or V3 skin,
respectively. The AAV2/6 viral vector can traffic from the nerve terminal in the skin
of the whisker pad in a retrograde manner, reach the neuronal body, and specifically
transfect these neurons without affecting the adjacent neurons *. A strong EGFP
signal from the virus was observed only in the Vc-V3 area 21 days after virus
injection (Fig 4B, Fig S5). As indicated in Fig 4F,G,H, subcutaneous treatments with
the interfering, but not control, virus resulted in a time-dependent attenuation of
secondary hyperalgesia (von Frey Test-V2: two-way ANOVA and Sidak’s test,
pT-ION+AAV-Cava2d1-Int virus vs. pT-ION+AAV-control virus, Fy16 = 0.2011, p =

0.6598; wvon Frey Test-V3: two-way ANOVA and Sidak’s test, pT-ION+
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AAV-Cava2d1-Int virus vs. pT-ION+AAV-control virus, F;16 = 18.65, p = 0.0005;
Acetone Test-V3: two-way ANOVA and Sidak’s test, pT-ION+ AAV-Cava2d1-Int
virus vs. pT-ION+AAV-control virus, Fi16 = 43.15, p < 0.0001). The interfering
effects had an onset time of 14 days after treatment initiation (i.e. 21 days after nerve
injury) and lasted throughout the whole observation period (i.e. 21-28 days after
nerve injury). In contrast, the injection of AAV-Cava2d1-Int virus did not affect the
pain thresholds in naive mice (Fig S7). To determine whether the knock-down effects
were due to blockade of pT-ION-induced up-regulation of Cava231 and the potential
downstream PKC-TRPAL signaling, we examined Cava2d1 and PKC-TRPAL protein
levels in dorsal Vc-V3 and TG samples collected from pT-ION mice 21 days after the
initial treatment with Cavo2d1 interfering or control virus. Data from western blot
analyses indicated that treatments with interfering virus, but not with control virus,
caused statistically significant reversal of the injury-induced increase of Cava2d1 and
PKC-TRPAL in both the TG and Vc-V3 (Fig 4C,D). The expression change in
Cava281 and PKC-TRPAL showed a positive correlation (TG-p-PKC: R? = 0.6619, Y
=1.052 * X'+ 01777, p=0.0013; TG-TRPAL: R?=10.7931, Y = 0.8708 * X + 0.1133,
p = 0.0001; Vc-V3-p-PKC: R? = 0.6801, Y = 1.036 * X + 0.1282, p = 0.001,
Vc-V3-TRPAL: R? = 0.8431, Y = 1.098 * X — 0.0337, p < 0.0001; Fig 4E), indicating
that PKC-TRPA1 possibly acts downstream of Cava2dl. This correlation in
interfering virus-mediated blockade between injury-induced secondary hyperalgesia
and Cava2dl and PKC-TRPA1l up-regulation supports the hypothesis that

pT-ION-induced Cavo261 and PKC-TRPAL up-regulation in the TG and Vc-V3 plays
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a critical role in the development of secondary hyperalgesia.

Cava2dl overexpression in TG-V2 neurons induced primary and secondary
hyperalgesia and up-regulated Cav261 and p-PKC-TRPA1 proteins in the TG,
Vc-V2, and Vc-Va.

Changes in Cavo261 expression can lead to changes in calcium channel current
density and thus can affect the normal processing of sensory information. However,
nerve injury might also result in altered expression of other genes and proteins that
might also contribute to the development of chronic neuropathic pain. Thus, the
causal link between the Cava2d1 up-regulation induced by pT-ION and neuropathic
pain remains unclear. To determine whether increased expression of Cava2dl is
sufficient to mediate abnormal sensations associated with the induction of primary
and secondary hyperalgesia and whether PKC-TRPAL is the downstream signaling
pathway, we specifically overexpressed Cava2d1 in TG-V2 neurons. To study the
relationship between Cava2dl and PKC-TRPA1, we first determined whether
Cavo2d1 overexpression in TG-V2 neurons increased PKC-TRPAL expression.
Briefly, the H6856 plasmid was designed and transfected into SH-SY5Y cells, and the
proteins in the SH-SY5Y cells were extracted when the transfection efficiency
reached 60%. Western blot results showed that the H6856 plasmid successfully
overexpressed Cava2d1 (Fig S8). SYN was used as a promoter of mature neurons,
and the H6856 plasmid was packaged into AAV2/6, which specifically transfects
mature neurons. We used subcutaneous injection of AAV-Cava261-Ove virus into the

whisker pad V2 area (at three sites, 2 plsite, 2.14 x 10" v.g./ml, Fig 5A), which
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effectively induced transgene expression in TG-V2 neurons. Transfection with
AAV-Cava2s1-Ove virus significantly increased Cava2d1 protein levels and the
expression of PKC-TRPAL in the TG, Vc-V2, and Vc-V3 (Fig 5B,C). The results
from SH-SY5Y cells were consistent with this finding (Fig S9). Cava2dl
overexpression in TG-V2 neurons caused mechanical and cold hyperalgesia in the
whisker pad V2 and V3 areas from 14 days after virus injection, whereas injection of
AAV-control virus had no effect (two-way ANOVA and Tukey’s test, von Frey
Test-V2: F328 = 16.73, p < 0.0001; von Frey Test-V3: Fs0s = 11.32, p < 0.0001;
Acetone Test-V3: F328 = 10.94, p < 0.0001; Fig 5D,E,F). The pain hypersensitivity
induced by Cava2d1 overexpression was readily reversed by systemic injection of
HC03001, a specific TRPAl _ antagonist, at 1 h after injection
(Naive+AAV-Cavo251-Ove virus vs. Naive+AAV-Cava21-Ove virus +HC03001,
two-way ANOVA and Sidak’s test, von Frey Test-V2: Fy14 = 2.505, p = 0.1358, 1h - p
= 0.0434; von Frey Test-V3: Fi14 = 2.451, p = 0.1398, 1h - p = 0.0325; Acetone
Test-V3: Fy14=1.046, p = 0.3238, 1h - p = 0.0391; Fig 5D,E,F).

GJ expression was upregulated in the TG in response to nerve injury.

Consistent with our previous reports "3

, the current study found that nerve injury
induced hyperalgesia outside of the injury area, i.e. secondary hyperalgesia. However,
the mechanisms of secondary hyperalgesia remain obscure. Our previous work found
that the serotonergic descending facilitation from the rostral ventromedial medulla

contributes to the maintenance of secondary hyperalgesia in a mouse CCI-ION model

7 In the present study, secondary hyperalgesia was detected at a very early stage, i.e.
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from the 3rd day after nerve injury, almost simultaneously with the primary
hyperalgesia. Cava2d1 overexpression in TG-V2 neurons could mimic the above
effect. Therefore, we conclude that in the very periphery, there should be rapid
activation of TG-V3 neurons by TG-V2 neurons through a Cavo2d1-associated
pathway. Cx26 and Cx36 have been shown to be increased in the TG following
capsaicin or complete Freund’s adjuvant injection into the temporomandibular joint *°,
and Cx43 has been shown to be increased in the TG following CCI-ION surgery .
Therefore GJs might be potential candidates for the rapid activation between adjacent
neurons within the TG, and so we first examined the expression and distribution of
Cx26, Cx36, and Cx43 in sham and pT-ION mice. Antibodies directed against the
three Cxs were used to determine their cellular expression and localization in the TG
obtained from sham animals and from animals with nerve injury known to cause
primary and secondary hyperalgesia. Based on the immunohistochemistry and
western blot data, Cx26, Cx36, and Cx43 were well colocalized with Cava2d1 (Fig
6A,B,C), and the expression of all three Cxs was significantly increased starting from
the 7th day after nerve injury (one-way ANOVA and Dunnett’s test, TG-Cx26: F =
7.32, p = 0.0032; TG-Cx36: F = 8.569, p = 0.0017; TG-Cx43: F = 6.595, p = 0.0048;
Fig 6D,E,F,G). The expression of Cxs was positively correlated with the expression of
Cava281 in the TG (TG-Cx26: R* = 0.3630, Y= 0.6365 * X + 0.5297, p = 0.0049;
TG-Cx36: R? =0.2122, Y=1.295 * X + 0.3026, p = 0.0409; TG-Cx43: R* =0.3448, Y
=0.8541 * X + 0.2680, p = 0.0065; Fig 6H)

Cava201 overexpression in TG-V2 neurons up-regulated Cx26, Cx36, Cx43 in the
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TG and induced hyperalgesia that was inhibited by the GJ blocker carbenoxolone.
To determine whether GJs are involved in rapid activation of TG-V3 neurons by
TG-V2 neurons, we first determined whether Cava281 overexpression in TG-V2
neurons increased GJ expression. Transfection with AAV-Cava2d1-Ove virus
significantly increased Cava2d1 protein levels and the expression of Cx26, Cx36, and
Cx43 in the TG, Vc-V2, and Vc-V3 (Fig 7A,B,C). The mechanical hypersensitivity
induced by Cavo241 overexpression was reversed by systemic injection of CBX (100
mg/kg), a specific GJ blocker, starting from 0.5 h up to 2 h after injection (two-way
ANOVA with Tukey’s test, von Frey Test-V2: F325 = 36.81, p < 0.0001; von Frey
Test-V3: Fs28 = 29.59, p < 0.0001; Fig 7D,E). In addition, CBX also significantly
reversed the cold allodynia in the whisker pad V3 area only at the testing point at 0.5
h after injection (Acetone Test-V3: F325 = 11.57, p < 0.0001; Fig 7F).

Nerve injury and Cava2d1 overexpression in TG-V2 neurons up-regulated TRPA1L,
Cx26, Cx36, and Cx43 in the TG/Vc and induced hyperalgesia that was inhibited by
the PKC inhibitor GFX.

To further determine whether PKC acts downstream of Cava2d1 and upstream of
TRPAL and GJs in the development of primary and secondary hyperalgesia, we tested
the effects of PKC blockade on hyperalgesic behavior and the expression of TRPA1
and GJs. At 14 days after pT-ION, the systemic administration of the PKC inhibitor
GFX (0.2 mg/kg) significantly reversed mechanical hypersensitivity induced by nerve
injury starting from 0.5 h up to 4 h (V2) and 6 h (V3) after injection (two-way

ANOVA with Tukey’s test, von Frey Test-V2: Fs36 = 313.1, p < 0.0001; von Frey
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Test-V3: Fy36 = 222.9, p < 0.0001; Fig 8A,B). GFX also significantly reversed the
cold allodynia in the whisker pad V3 area only at the testing point at 1 h after
injection (Acetone Test-V3: F43s = 23.86, p < 0.0001; Fig 8C). At 21 days after
surgery, the systemic administration of the PKC inhibitor GFX transiently reversed
mechanical hypersensitivity induced by Cava2d1 overexpression at 0.5 hand 1 h (V2
and V3) after injection (two-way ANOVA with Tukey’s test, von Frey Test-V2: F3 25 =
18.98, p < 0.0001; von Frey Test-V3: F32 = 16.50, p < 0.0001; Fig 8D,E). GFX also
significantly reversed the cold allodynia in the whisker pad /3 area only at the testing
point at 1 h after injection (Acetone Test-V3: F3,3 = 6.183, p = 0.0023; Fig 8F). The
increase in the expression of TRPAL, Cx26, Cx36, and Cx43 in the TG (Fig 8G),
Vc-V2 (Fig 8H), and Vc-V3 (Fig 81) was significantly reversed by the PKC inhibitor
GFX.

Cava2ol, PKC-TRPA1, Cx26, Cx36, and Cx43 are expressed in the human TG.
Finally, we checked the expression of Cava251, PKC-TRPA1L, Cx26, Cx36, and Cx43
in the TG from fixed postmortem human tissues. Immunohistochemistry data showed
that Cava2ol, PKCa-TRPAL, Cx26, Cx36, and Cx43 were expressed in the human
TG (Fig 9A,B). Moreover, PKCa, TRPA1, NF-200, CGRP, and IB4 were colocalized
with Cava2d1 (Fig 9B,C). These results suggest the possible involvement of Cava2d1
signaling in human pain conditions.

Discussion

There are very few effective treatments for orofacial neuropathic pain, and

development of therapeutic interventions has been limited due to a poor understanding
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of the underlying mechanisms behind the etiology of such pain. The main findings of
this study are that injury to the secondary branch of the trigeminal nerve leads to
up-regulation of Cava241 in the TG and the dorsal VVc-V3 area that correlates with the
mechanical and cold hyperalgesia in the whisker pad V3 area, both of which could be
blocked by specifically knocking down Cava261 expression in TG-V3 neurons. The
mechanical and cold hyperalgesia were attenuated by GBP, a drug that binds to
Cave251 %°. In addition, pT-ION induced the upregulation of PKC-TRPA1/GJ
proteins (Cx26, Cx36, and Cx43) in the TG, Vc-V2, and Vc-V3 that correlated with
the increased expression of Cava2d1 and mechanical and cold hyperalgesia in the
injured and uninjured area, which could be mimicked by the overexpression of
Cavo261 in TG-V2 neurons. Moreover, both the TRPA1 antagonist and the GJ
blocker significantly reversed the secondary mechanical and cold hyperalgesia as well
as the primary mechanical hyperalgesia. Together, these findings support the
hypothesis that Cava261 up-regulation induced by trigeminal nerve injury mediates
secondary mechanical and cold orofacial hypersensitivity through a mechanism
involving PKC-TRPA1/GJ signaling (Fig 9D).

We used a mouse model of pT-ION to produce constant and long-lasting primary
hyperalgesia in the V2 area and secondary hyperalgesia in areas innervated by the
mandibular branch. Selectively targeting TG-V3 neurons by subcutaneous AAV2/6
injection through the whisker pad V3 area provided a useful tool to investigate the
underlying mechanisms of primary and secondary hyperalgesia separately. We tested

cold allodynia using acetone applied onto the facial skin of the V3 area following
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pT-ION in the mice, and the results were consistent with a previous report %. Also, the
mice used in the present study exhibited pain-related behaviors that were consistent
with the pain that occurs in patients with trigeminal neuralgia *°. Cold allodynia is a
common symptom in patients with trigeminal neuropathic pain and spinal cord injury
% In the present study, rAAV2/6 transduced to TG-V3 neurons after subcutaneous
delivery. Further optimization of subcutaneous delivery of rAAV2/6, might make it an
alternative to herpes simplex virus in human gene therapy for pain, and rAAV is
currently the only viral vector being studied in clinical trials for neurological disease.
Gabapentinoids, including GBP and pregabalin, bind to Cava251 and are widely
used in the treatment of neuropathic pair and epilepsy °. However, although
gabapentinoids have been used clinically for several decades, the molecular
mechanisms behind their therapeutic effects are poorly understood. In addition,
studies on the effects of gabapentinoids on VGCCs have come to different
conclusions. For example, chronic treatment with GBP has been shown to reduce
VGCC activity-in dorsal root ganglion neurons **, but other studies have reported that
GBP has no effect on VGCC-mediated neurotransmitter release or on VGCC
trafficking in cultured neurons **°. The present study found that the effects of GBP
only lasted a few hours, indicating the inhibition of the function but not the expression
of Cava2d61 by GBP, which is consistent with previous work reporting that GBP
showed analgesic effects even when the upregulation of Cava2d1 expression was
absent !, and this might be why GBP impairs Cava231 expression but does not seem

to have any effect on VGCC currents. The inconsistent effects of GBP on VGCCs
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might also be due to the weak interaction between Cava261 and VGCC al subunits 27,
It should also be noted that the expression of both Cava261 mRNA and protein were
increased in TGs, whereas only the expression of Cave2d1 protein but not mMRNA was
increased in V¢, which indicates that the increased protein of Cava2d1 in Vc comes
from the presynaptic terminals due to increased synthesis in the cell bodies of TG
neurons but not V¢ neurons.

GBP has been reported to regulate PKC signaling in the spinal cord of rats in a
model of neuropathic pain *. Increased expression of TSP4 might therefore contribute
to the pathogenesis of chronic pain following nerve injury by disrupting intracellular
calcium signaling through its interaction with Cava2d1 and subsequent activation of
the PKC signaling pathway. In addition, Pan et al. recently reported that Cava261
interacts with NMDARSs °. Therefore, Cava281 might act as a scaffold protein by
interacting with both TSP4-and NMDARs. According to the above, pT-ION induces
increased binding of Cava2ol to either TSP4 or NMDA receptors, which upon
activation will increase the amount of Ca®" entering the neurons and thus activate
PKC and the downstream signaling molecules.

The function or expression of TRPA1 might be directly or indirectly modulated by
PKC ?# 23! the downstream effector of Cava281. The present study indicates that
upregulation of TRPA1l in the TG and Vc-V3 plays an important role in the
development of secondary mechanical and cold hyperalgesia. In terms of how TRPAL
was upregulated and activated in TG-V3, one possibility is that an unidentified

mechanism is activated within the injured V2 nerve trunk and neurons leading to the
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activation of neighboring TG-V3 neurons, which subsequently causes the
upregulation and activation of TRPAL. In the present study, PKC was found to be
simultaneously upregulated together with TRPA1L, indicating TRPAL as a possible
downstream of PKC. TRPA1 has been suggested to be a putative noxious cold sensor

18 that is involved in mechanosensation ’

and contributes to cold hyperalgesia or
allodynia *. Therefore, it is reasonable that blockade of TRPAL by an antagonist
could alleviate the secondary mechanical and cold hyperalgesia detected in the
whisker pad V3 area. The SH-SY5Y cell line maintains many properties of nerve cells,
providing a useful model for investigating the characterization of endogenously
expressed Cava281 channels *. In the present study, the upregulation of PKC-TRPAL
induced by Cava2d1 overexpression was confirmed in SH-SY5Y cells.

It should be noted that Cava2d1 was expressed in most TG neurons of different
sizes, predominantly in small (< 20 um) and medium (20-0 pm) neurons after nerve
injury (Fig S3) in- mice. Meanwhile, nerve injury increased the number of
Cavo2o1-immunoreactive profiles over 25 pum in diameter with a trend of more
pronounced increases in larger diameter profiles in a rat CCI-ION model °. However
PKC and TRPAL only locate in a subset of TG neurons, and TRPAL and TRPV1 are
usually considered to be co-localized in nociception-specific neurons. Therefore, the
Cava261-PKC-TRPAL signaling pathway might underlie the role of
nociception-specific neurons in pain-related behavior. Given that Cavo2él is a

subunit of all subtypes of VGCCs (including T-type, L-type, etc.), the downstream

pathway might be versatile. The influx of Ca®* subsequent to the activation of VGCCs
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might activate many kinds of Ca®*-dependent kinases, such as CaMK II, PKA, etc.,
other than PKC. In a rat model, CCI-ION leads to abnormal excitatory synapse

formation %

, Which is always the result of CaMKII activation. Therefore, it is
possible that other Ca”*-dependent kinases and pathways might contribute to the
development of secondary hyperalgesia.

GJs are the other target besides TRPA1 modulated by PKC, the downstream
effector of Cavo251 *. Dong and colleagues *® provided direct evidence for electrical
coupling between neurons and between neurons and SGCs, and they discovered that
adjacent neurons tend to be activated together following injury. Such activation of
coupled neurons thus represents a novel mechanism behind mechanical or cold
hyperalgesia and allodynia ®. The TG expresses several kinds of Cxs, including Cx26
located between neurons, Cx36 located between neurons and SGCs, and Cx43 located
between SGCs *°. We found. in the present study that secondary mechanical and cold
hyperalgesia developed very early, on the 3rd day after pT-ION, almost
simultaneously with primary hyperalgesia. Therefore it is reasonable to assume that
rapid activation of TG-V3 neurons by TG-V2 neurons through GJs underlies the rapid
initiation of hyperalgesia in the V3 area. Hyperalgesia outside the site of injury, which
in this case was hyperalgesia in the skin of the V3 area, is common in chronic pain
conditions and is thought to be related to activity within the central nervous system *°.
The present work proposes a potential GJ-mediated peripheral mechanism. We found

that the expression of GJ proteins was upregulated after Cava231 overexpression and

that CBX significantly alleviated the Cavo23d1 overexpression-induced secondary
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hyperalgesia. It is possible that GJs in the TG mediate the activation of TG-V3
neurons by the initial injured nerve; however, the action of central GJs cannot be
excluded due to the ability of CBX to cross the blood brain barrier.

In conclusion, our results support the hypothesis that pT-ION leads to up-regulation
of Cavo26l in the TG and Vc and that this contributes to the development of
secondary orofacial neuropathic pain through the PKC-TRPAL/GJ signaling pathway.
The mechanisms presented here suggest potential targets for drug development, and
TRPAL or GJ blockade might prove useful in clinical practice. Future studies should
investigate new cofactors of this pathway alone or in combination with GBP in terms
of their therapeutic benefits for the management of chronic orofacial neuropathic pain.
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Figure 1. The time course of primary and secondary hyperalgesia after nerve injury
and the therapeutic effect of intraperitoneal injection of gabapentin. The schematic
diagram of pT-ION and orofacial nerve innervation in the trigeminal system (A).
pT-ION induced long-lasting primary hyperalgesia in the ipsilateral V2 skin (B) and
secondary hyperalgesia in the ipsilateral V3 skin (C) as shown by reduced thresholds
to mechanical stimuli. Secondary cold hyperalgesia was also induced in the V3 skin
as shown by increased duration of wiping in response to acetone stimulation (D).

Intraperitoneal (i.p.) injection of gabapentin at the doses indicated suppressed both
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primary (E) and secondary (F) mechanical hyperalgesia. Behavioral testing was
performed on the injury side before the injection of gabapentin and at the indicated
time points after the injection. Effects of i.p. administration of gabapentin on cold
hyperalgesia elicited by pT-ION (G). Rotarod tests showed that the high dose of
gabapentin (100 mg/kg) decreased the latency to fall in the rotarod test (H). Rotarod
tests were performed before and 4 h after intraperitoneal gabapentin injection, the
time point that correlated with the maximal attenuation of orofacial hyperalgesia in
GBP-treated pT-ION mice. Data presented are the means = SEM, n = 8 mice for each
group, *p < 0.05, **p < 0.01, ***p < 0.001 compared with the sham group, # p <
0.05, ## p < 0.01, ### p < 0.001 compared with the pT-ION group, &&& p < 0.001
compared with the pT-ION+saline group. The red arrows indicate the GBP treatment
time points. The behavioral data were analyzed by two-way ANOVA with Tukey’s test.

The rotarod test data were analyzed by one-way ANOVA with Dunnett’s test.
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Figure 2. Expression of Cava261 in the TG and V¢ after nerve injury. The anatomy of
the orofacial and trigeminal systemi is shown (A). The Cava261 mRNA expression in
the ipsilateral TG, Vc-V2, and Vc/V3 from sham (n = 4) and pT-ION mice (n = 4) at
day 14 after surgery (B-D); ***p < 0.001 compared with the sham group according to
one-way ANOVA analysis. The time course of Cavo2d1 expression after pT-ION in
the TG, Vc-V2, and Vc-V3 (the Cava2d1 expression in sham group was evaluated at
day 14 after surgery) (E-G); n = 4 mice for each group, *p < 0.05; **p < 0.01, ***p <
0.001 compared with sham group according to one-way ANOVA analysis. There was
a linear correlation between the expression of Cava261 and the orofacial response
threshold (g) observed in the V2 area (H, TG-Cava281: R? = 0.7671, p < 0.0001;
Vc-V2-Cavo251: R? = 0.7243, p < 0.0001) and V3 area (I, TG-Cava251: R? = 0.6902,

p < 0.0001; Vc-V3-Cavo2s1: R? = 0.6144, p = 0.0001). There was also a linear
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correlation between the expression of Cava2d1 and duration of wiping (s) in the V3
area (J, TG-Cava281: R? = 0.6529, p < 0.0001; Vc-V3-Cavo251: R? = 0.6018, p =

0.0002).
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TG (A). The black dashed lines indicate the borders of the three large divisions (V1,
V2, and V3) in the TG. The red square boxes indicate where the images in B and C
were taken. The colocalization of Cava261 (green) with p-PKC (red) (B) and TRPAL
(red) (C) in the TG samples is shown. Scale bar: 50 um. pT-ION increased p-PKC and
TRPAL expression in the ipsilateral TG, and representative blots show the time course
of p-PKC and TRPAL protein expression in the TG (D). The histograms show the
quantitative results (E and F). Schematic diagram showing the three divisions of the
mouse Vc. The I, II, HI/IV refer to different layers of the mouse Vc (G). The
colocalization of Cava2d1 (green) with p-PKC (red) and TRPAL (red) in the Vc
samples is shown (H). Scale bar: 50 pm. Western blots show the significantly
increased expression of p-PKC and TRPAL in both Vc-V2 (1) and Vc-V3 (L) from 7
days after pT-ION. The histograms show the quantitative results (J, K, M, and N).
Protein loading was normalized to the expression of GAPDH. *p < 0.05, **p < 0.01,
***p < 0.001 compared with the sham group according to one-way ANOVA analysis,
n =4 mice for each group. The linear correlation between the expression of Cava2d1

and the expression of p-PKC and TRPAL in the TG (O, TG-p-PKC: R? = 0.2585, p

0.0221; TG-TRPAL: R? = 0.4481, p = 0.0012), Vc-V2 (P, V2-p-PKC: R? = 0.4019, p

= 0.0027; V2-TRPAL: R? = 0.5557, p = 0.0002), and Vc-V3 (Q, V3-p-PKC: R?

0.2131, p = 0.0405; V3-TRPAL: R* = 0.2676, p = 0.0211).
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Figure 4. Genetically interfering with the expression of Cava261 in TG-V3 neurons
reversed the upregulation of PKC-TRPAL and secondary hyperalgesia induced by
pT-ION. Mice with established secondary hyperalgesia at 7 days after pT-ION were
given a single subcutaneous injection of interfering (Int) (AAV- Cavo261-Int) or
control (AAV-control) virus at three sites within the whisker pad V3 area. The
injection sites in the TG-V3 area are shown (A). eGFP expression in the TG-V3
neurons following subcutaneous injection of AAV2/6 (B). Scale bar: 50 pm.
Knock-down of Cavo241 reversed the increased expression of PKC-TRPA1L induced
by pT-ION (C and D). Data are expressed as means + SEM, n = 4 mice for each group.
*p < 0.05; **p < 0.01; ***p < 0.001 vs. the control group according to one-way

ANOVA followed by Tukey’s test. The expression of PKC-TRPAL in the TG and
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Vc-V3 was positively correlated with the expression of Cava281 (E, TG-p-PKC: R* =
0.6619, p = 0.0013; TG-TRPAL: R? = 0.7931, p = 0.0001; Vc-V3-p-PKC: R? = 0.6801,
p = 0.001; Vc-V3-TRPAL: R? = 0.8431, p < 0.0001). Behavioral tests were performed
at the designated time points on the injury side. Knock-down of Cave2d1 in TG-V3
neurons attenuated the secondary hyperalgesia but not the primary hyperalgesia (F-H).
Data presented are the means £ SEM, n = 9 mice for each group. *p < 0.05; **p <
0.01, compared with the pT-ION+AAV-control virus group according to two-way

ANOVA with Sidak’s test.
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Figure 5. Cava251 overexpression in TG-V2 neurons caused PKC-TRPA1-mediated
pain hypersensitivity in the whisker pad V2 and V3 areas. The injection sites are
shown (A). Cava2d1 overexpression in TG-V2 neurons significantly increased the

expression of PKC-TRPAL in the TG, Vc-V2, and Vc-V3 (B and C). Data are
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expressed as means + SEM. *p < 0.05; **p < 0.01 vs. the control group according to
Student’s t-test (B) and one-way ANOVA followed by Tukey’s test (C), n = 4 mice for
each group. The time course of changes in mechanical and cold hyperalgesia after a
single subcutaneous injection of the Cava2d1 overexpression (AAV- Cava2s1-Ove) or
control (AAV-control) virus into the whisker pad V2 area (n = 8 mice in each group)
(D-F, left). At 21 days after surgery, the systemic administration of the selective
TRPAL receptor antagonist HC-030031 transiently reversed mechanical and cold
hypersensitivity induced by Cava2d1 overexpression at 1 h after injection. The figures
D—F right are the expanded views of the grey areas in D—F left. Data are expressed as
means £ SEM. *p < 0.05 vs. the respective baselines according to two-way repeated

ANOVA analysis.
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Figure 6. The levels of Cx26, Cx36, and Cx43 protein were significantly increased in
the TG after nerve injury. Representative confocal images of colocalization of Cx26,
Cx36, and Cx43 with Cava281 from the TG-V2 and TG-V3 of pT-ION mice (A-C).
Scale bar: 50 pm. The time course of Cx26, Cx36, and Cx43 protein expression in the

TG from sham and pT-ION mice (D-G). The linear correlation between the

expression of Cxs and the expression of Cava28l in the TG (H, TG-Cx26: R?
0.3630, p = 0.0049; TG-Cx36: R* = 0.2122, p = 0.0409; TG-Cx43: R* = 0.3448, p =
0.0065). Data presented are the means £ SEM, n = 4 mice for each group. *p < 0.05;

**p < 0.01; ***p < 0.001vs. the sham group according to one-way ANOVA analysis.
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Figure 7. Cava2dl overexpression in TG-V2 neurons caused GJ-mediated pain
hypersensitivity in the whisker pad V2 and V3 areas. The injection sites are shown

(A). Cava2ol overexpression in TG-V2 neurons by AAV-Cava2d1-Ove virus
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significantly increased the expression of Cx26, Cx36, and Cx43 in the TG, Vc-V2,
and Vc-V3 (B and C). Data are expressed as means + SEM, n = 4 mice for each
group. *p < 0.05; **p < 0.01; ***p < 0.001 vs. the control group (administered with
AAV-control virus) according to Student’s t-test (B) and one-way ANOVA followed
by Tukey’s test (C). Time course of changes in mechanical and cold hyperalgesia after
a single subcutaneous injection of the AAV-Cava241-Ove or AAV-control virus into
the whisker pad V2 area (D-F, left). At day 21 after surgery, the systemic
administration of the GJ blocker CBX (100 mg/kg) transiently reversed mechanical
hyperalgesia (starting from 0.5 h lasting to 2 h after drug injection) and cold
hyperalgesia (at 0.5 h, the only testing point) induced by Cava23d1 overexpression in
TG-V2 neurons (D-F, left). The Figs D-F right are the expanded views of the grey
areas in D—F left. Data are expressed as means + SEM, n = 8 mice in each group. *p <
0.05; **p < 0.01; ***p < 0.001 vs. the respective baselines according to two-way

repeated ANOVA analysis. GJ, gap junction.
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Figure 8. The pain hypersensitivity in the whisker pad V2 and V3 areas and the
expression of TRPAL and GJs induced by nerve injury or Cava2d1 overexpression
were blocked by PKC blockade. The time course of changes in mechanical and cold
hyperalgesia after nerve injury (A-C) and a single subcutaneous injection of the
Cavo2d1 overexpression (Ove) (AAV- Cava2d1-Ove) or control (AAV-control) virus
into the whisker pad V2 area (D-F). At Day 14 after pT-ION, the systemic
administration of the PKC inhibitor GFX significantly reversed mechanical and cold

hypersensitivity induced by nerve injury starting from 0.5 h after injection and lasting
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for a few hours in both V2 and V3 areas (A-C). At Day 21 after surgery, the systemic
administration of the PKC inhibitor GFX transiently reversed mechanical and cold
hypersensitivity induced by Cavo2d1 overexpression at 0.5 h and 1 h (V2 and V3)
after injection (D-F). Data are expressed as means £ SEM, n = 8 or 9 mice in each
group. *p < 0.05; **p < 0.01; ***p < 0.001 vs. the respective baselines according to
two-way repeated ANOVA analysis. The increase in the expression of TRPAL, Cx26,
Cx36 and Cx43 in TG (G), Vc-V2 (H) and Vc-V3 (1) was significantly reversed by
the PKC inhibitor GFX. Data are expressed as means £ SEM, n = 4 mice in each
group. **p < 0.01; ***p < 0.001 vs. sham group; #p < 0.05; ##p < 0.01 vs.

pT-ION+Vehicle group according to one-way ANOVA analysis.
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Figure 9. Cavo2dl, PKC-TRPA1, Cx26, Cx36, and Cx43 were expressed in the
human TG. The immunohistochemistry results demonstrated that Cavo261, Cx26,
Cx36, Cx43 were expressed in the human TG (A). PKCo and TRPA1 were
co-expressed with Cava2d1, respectively (B). Cavo261 showed colocalization with
the markers (NF200, CGRP, and 1B4) of all three types of neurons in the TG (C).
Scale bars: 100 um. Schematic illustration of the proposed mechanism (D). pT-ION
induces the upregulation of Cavo261 and the downstream activation of PKC-TRPAL,
which leads to hyperactivity of primary TG-V2 subdivision neurons. The nociceptive

signal input leads to dorsal horn V2 neuron activation in the Vc, and neuronal
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activation then ascends to the thalamus and the cerebral cortex. Meanwhile, the
sensitization of TG-V2 neurons subsequently activates the TG-V3 neurons through
gap junctions (Cx26, Cx36, and Cx43). Cava2dl and downstream PKC-TRPAL are
activated in both the bodies and central terminals of TG-V3 neurons, resulting in
central terminal sensitization of injury nerve fibers and a spread of behavioral
hypersensitivity to nearby uninjured facial skin. pT-ION, spared nerve injury of the
infraorbital nerve; TG, trigeminal ganglion; Cx, connexin; V¢, trigeminal subnucleus

caudalis; N, neuron.
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