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Kv4.3 Channel Dysfunction Contributes to Trigeminal
Neuropathic Pain Manifested with Orofacial Cold
Hypersensitivity in Rats
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Trigeminal neuropathic pain is the most debilitating pain disorder but current treatments including opiates are not effective.
A common symptom of trigeminal neuropathic pain is cold allodynia/hyperalgesia or cold hypersensitivity in orofacial area, a
region where exposure to cooling temperatures are inevitable in daily life. Mechanisms underlying trigeminal neuropathic
pain manifested with cold hypersensitivity are not fully understood. In this study, we investigated trigeminal neuropathic
pain in male rats following infraorbital nerve chronic constrictive injury (ION-CCI). Assessed by the orofacial operant behav-
ioral test, ION-CCI animals displayed orofacial cold hypersensitivity. The cold hypersensitivity was associated with the hyper-
excitability of small-sized trigeminal ganglion (TG) neurons that innervated orofacial regions. Furthermore, ION-CCI resulted
in a reduction of A-type voltage-gated K currents (IA currents) in these TG neurons. We further showed that these small-
sized TG neurons expressed Kv4.3 voltage-gated K™ channels, and Kv4.3 expression in these cells was significantly downregu-
lated following ION-CCI. Pharmacological inhibition of Kv4.3 channels with phrixotoxin-2 inhibited IA-currents in these TG
neurons and induced orofacial cold hypersensitivity. On the other hand, pharmacological potentiation of Kv4.3 channels
amplified IA currents in these TG neurons and alleviated orofacial cold hypersensitivity in ION-CCI rats. Collectively, Kv4.3
downregulation in nociceptive trigeminal afferent fibers may contribute to peripheral cold hypersensitivity following trigemi-
nal nerve injury, and Kv4.3 activators may be clinically useful to alleviate trigeminal neuropathic pain.

Key words: cold hyperalgesia; Kv4.3 channels; nerve injury; orofacial pain; trigeminal neuropathic pain; voltage-gated K*
channels
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Trigeminal neuropathic pain, the most debilitating pain disorder, is often triggered and exacerbated by cooling temperatures.
Here, we created infraorbital nerve chronic constrictive injury (ION-CCI) in rats, an animal model of trigeminal neuropathic
pain to show that dysfunction of Kv4.3 voltage-gated K™ channels in nociceptive-like trigeminal ganglion (TG) neurons
underlies the trigeminal neuropathic pain manifested with cold hypersensitivity in orofacial regions. Furthermore, we demon-
strate that pharmacological potentiation of Kv4.3 channels can alleviate orofacial cold hypersensitivity in ION-CCI rats. Our
results may have clinical implications in trigeminal neuropathic pain in human patients, and Kv4.3 channels may be an effec-
tive therapeutic target for this devastating pain disorder. /

conditions caused by lesions or diseases of trigeminal nerves. The

Introduction cause ' ' :
Trigeminal neuropathic pain such as trigeminal neuralgia (Bendtsen neuropathic pain occurs in orofacial regions when the V2
branches of trigeminal ganglion nerves (V2 TG) are involved.

et al,, 2019), traumatic trigeminal neuropathy (Devine et al., 2018),
and postherpetic neuralgia (Feller et al., 2017) are devastating pain ~ Trigeminal neuropathic pain is clinically treated with medications
such as anticonvulsants, surgery interventions, and alternative

medicine (Christoforou, 2018; Devine et al., 2018), but these treat-
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ments were not effective for many of the patients (Christoforou,
2018). Mechanisms underlying trigeminal neuropathic pain are
not well understood. This lack of knowledge has prevented us
from effectively treating trigeminal neuropathic pain.

A common symptom of trigeminal neuropathic pain is orofacial
cold allodynia/hyperalgesia or cold hypersensitivity (Zakrzewska
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and McMillan, 2011; Zakrzewska, 2013). In orofacial regions, stim-
uli such as cooling temperatures are mainly conveyed by thin affer-
ent fibers of trigeminal V2 branches. TRPM8 channels have been
identified as principal cold transducers expressed in a sub-popula-
tion of small-sized afferent fibers (McKemy et al., 2002; Peier et al,,
2002; McKemy, 2005; Bautista et al., 2007; Takashima et al., 2007).
TRPMS channels are shown to be involved in cold allodynia/hyper-
algesia following spinal nerve injury (Colburn et al, 2007).
Enhanced expression of TRPMS in nociceptive afferent neurons
have been suggested to be a mechanism underlying cold allodynia/
hyperalgesia (Xing et al., 2007; Stucky et al., 2009; Pina et al., 2019).
Consistently, genetic deletion of TRPM8-expressing afferent nerves
not only abolished aversive responses to noxious cold, but also sig-
nificantly attenuated cold pain associated with inflammation and
peripheral nerve injury (Knowlton et al.,, 2013). Although blockers
of TRPMS8 channels could alleviate allodynia/hyperalgesia in animal
neuropathic pain models (Zuo et al, 2013), systemic effects by
TRPMS blockers on body’s thermal regulation is a concern for their
clinical uses.

Sensory stimuli including skin cooling are encoded by action
potentials (APs) at afferent nerve endings following initial trans-
duction. Therefore, membrane excitability of afferent nerves sig-
nificantly affects peripheral sensitivity to cold stimuli. Membrane
excitability of nociceptive afferent nerves are controlled by multi-
ple types of ion channels including voltage-gated K" channels
(Waxman and Zamponi, 2014) and two pore-domain K™ chan-
nels (K2P; Gada and Plant, 2019). Previous studies have found
that, in addition to TRPMS8 channels, cold sensitivity in somato-
sensory neurons is also controlled by Kvl type of voltage-gated
K* channels (Madrid et al, 2009; Gonzalez et al., 2017) and
TASK-3 as well as TRESK types of K2P channels (Morenilla-
Palao et al.,, 2014; Castellanos et al., 2020; Sharif-Naeini, 2020).
Dysregulated ion channel expression in response to nerve injury
and inflammation can result in enhanced neuronal excitability
that underlies inflammatory and neuropathic pain (Waxman
and Zamponi, 2014). A-type K currents (IA) have drawn par-
ticular attention for their essential role in controlling neuronal
membrane excitability (Zemel et al., 2018). IA currents are medi-
ated by Kvl1.4, Kv3.3, Kv3.4, Kv4.1, Kv4.2, and Kv4.3 voltage-
gated K" channels, and dorsal root ganglion (DRG) neurons
mainly express Kvl.4, Kv3.4, Kv4.1, and Kv4.3 (Zemel et al,
2018). IA currents become reduced following chronic compres-
sion of DRGs, which may contribute to neuronal hyperexcitabil-
ity and hyperalgesia (Tan et al., 2006). A recent study shows that
IA currents in joint sensory neurons are reduced and excitability
of these neurons enhanced in a murine model of arthritis
(Qu and Caterina, 2016). Kv4.3 channels are found to be mainly
expressed in nociceptive DRG neurons (Huang et al, 2005;
Phuket and Covarrubias, 2009). Nociceptive DRG neurons also
express Kv3.4 and Kv1.4 channels (Rasband et al., 2001; Huang
et al., 2005; Phuket and Covarrubias, 2009). In a neuropathic
pain model induced by spinal nerve ligation in rats, expression of
both Kv3.4 and Kv4.3 in DRG neurons are found to be reduced
(Chien et al., 2007). In a rat model of hand-arm vibration syn-
drome, both Kv1.4 and Kv4.3 expression are downregulated in
nociceptive DRG neurons (Conner et al., 2016; Alvarez et al.,
2019). The potential roles of these IA channels in trigeminal neu-
ropathic pain have not been well studied. Trigeminal neuro-
pathic pain in human patients are often caused by trigeminal
nerve injury following chronic compressions of trigeminal nerves
by arteries, tumors, and other pathologic factors (Feller et al.,
2017; Christoforou, 2018; Devine et al., 2018; Bendtsen et al.,
2019). Therefore, in this study, we used infraorbital nerve
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chronic constrictive injury (ION-CCI) rat model to study roles
of IA cannels in trigeminal neuropathic pain.

Materials and Methods

ION-CCI model

Male Sprague Dawley rats (350-500 g) were used. Animal care and use
conformed to NIH guidelines for care and use of experimental animals.
Experimental protocols were approved by the Institutional Animal Care
and Use Committee (IACUC) of the University of Alabama at
Birmingham. Animals first underwent a two-week presurgical adapta-
tion training for orofacial operant test (see below, Orofacial operant be-
havioral assessments). The rats were then divided into two groups, the
sham and the ION-CCI group. In the ION-CCI group a chronic con-
striction nerve injury model was created by ligation of the trigeminal V2
branches (infraorbital nerves) as described in our previously studies
(Zuo et al., 2013; Abd-Elsayed et al., 2015). The infraorbital nerve liga-
tion was performed bilaterally unless otherwise indicated. In brief, the
rats were anesthetized with intraperitoneal injection of ketamine/xyla-
zine cocktail (100 mg/kg). The hairs above both eyes were shaved and
the rat head was immobilized. For each side, a 2-cm curvilinear incision
was made superior to the orbital cavity. A meticulous dissection was
made, and the muscle and fascia were retracted laterally. The infraorbital
nerve could be found ~1cm down against the floor of the maxillary
bone. The nerve was freed from the surrounding connective tissues and
two ligatures were made ~5 mm apart with a 5-0 absorbable chromic
gut suture Superion. The incision was closed with 6-0 non-absorbable
braided silk suture. For the sham group, rats underwent similar surgical
procedures but without any ligatures.

Orofacial operant behavioral assessments
Rats were placed in a standard rat cage with a plastic divider to create
two rooms, the testing room and the companion room. In the anterior
aspect of the cage there was an Ugo Basile apparatus with a drinking
window for the rat head to enter and acquire a reward (milk) located on
the opposing aspect of the drinking window. Nestle Carnation
Sweetened Condensed Milk was diluted with deionized water to 30%
and placed in a cylindrical plastic container with metal nipple drinker.
The apparatus also consisted of a thermal module in the drinking win-
dow. An infrared photo-beam was built on the exterior aspect of the
drinking window and wired to a computer to automatically detect head
accessing the feeding tube. Animals initially underwent two weeks of ad-
aptation training sessions before surgery. The adaptation training was
preceded by a 12-h fasting period. The training was started by placing a
rat in the testing room and another one in the companion room. After
the rats were given 10 min to familiarize themselves with their environ-
ment, the drinking window was opened and the testing rat was subse-
quently timed for 10 min to allow drinking the milk. After two weeks of
the presurgical adaptation training, the rats were divided into the sham
and the ION groups, and sham and ION-CCI surgeries were performed
as described in the previous section. After a two-week healing period,
the rats underwent a two-week period of postsurgical adaption training
performed in the same manner as the presurgical adaptation training.
Subsequently, experiments were performed with the thermal module
during postoperative period of four to eight weeks. The thermal module
consisted a metal tubing that surrounded the drinking window and the
tubing contained circulating ethylene glycol (Sigma-Aldrich) made in a
50/50 mixture with distilled water. The temperatures of the circulating
ethylene glycol solution were controlled by a thermal circulating bath
unit. The distance between the metal tube and the nipple of the milk bot-
tle was 14 mm. For cooling stimulation, thermal module was set at 5°C
in the present study. The day before each orofacial operant test, the ani-
mal’s orofacial region was shaved. Similar to the adaptation training, all
experiments were preceded by a 12-h fasting period, 10 min for the rats
to be familiarized with testing environment, and a subsequent 10 min to
allow for orofacial operant behavioral assessment. During orofacial oper-
ant test, the cheeks of animals were subjected to the cold stimuli by con-
tacting the metal tube as it poked its head through the opening of the
thermal module to obtain the milk. To test the effects of the Kv4.3
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activator NS5806 (Tocris) on cold sensitivity of ION-CCI rats, animals
were administered with NS5806 (1.67 mg/kg, i.p) 30 min before the oro-
facial operant tests. At different days, these animals were also adminis-
tered with vehicle (10% DMSO in saline) as control and then orofacial
operant tests were performed in the same manner. In a different set of
experiments, effects of the Kv4.3 blocker phrixotoxin-2 (Alomone Labs)
on orofacial cold sensitivity was examined in rats that did not undergo
ION-CCL. In these experiments, one group of animals were injected
intracutaneously in orofacial regions with phrixotoxin-2 (2 um, 50 pl,
phrixotoxin-injected group) and another group of animals were injected
intracutaneously in orofacial regions with vehicle solution (50 ul PBS,
control group). The injection of the aforementioned testing drugs in
the orofacial region was conducted in isoflurane-anesthetized animals.
Orofacial operant tests were then preformed 60min following the
administration of phrixotoxin-2. For each operant test mentioned above,
the events of head pokes were detected by the infrared photobeam,
recorded by a computer, and analyzed by the Oro software (Ugo Basile).
This computer software recorded and analyzed variables of the rat’s
behavior including the total time the beam was broken also defined as
the total contact time, and the count, which also was described as total
numbers of contacts.

Patch-clamp recordings from orofacial cutaneous TG afferent neurons in
ex vivo whole-mount TGs

TG neurons innervating the skin of orofacial regions (orofacial cutane-
ous TG afferent neurons) were retrogradely labeled by intracutaneous
injections of 1,I’-dioctadecy-3,3,3’,3’-tetramethylindocarbocyanine per-
chlorate (Dil; Molecular Probe) into the skin of orofacial regions. In
brief, rats were anesthetized with isoflurane and 5ul Dil solution
(25 mg/ml) was injected into the skin of ipsilateral cheeks of ION-CCI
or sham rats using a microsyringe. One week after the Dil injection, rats
were deeply anesthetized with isoflurane and decapitated. Ipsilateral TGs
with their attached nerve bundles (~15 mm) were rapidly dissected out
and placed in the ice cold Leibovitz-15 medium (Corning cellgro).
Connective tissues on the surface of the TG were carefully removed with
a fine forceps. TGs with their nerve bundles were then affixed in a re-
cording chamber by a tissue anchor and submerged in a normal Krebs’
solution that contained the following: 117 mm NaCl, 3.5 mm KCl, 2.5
mum CaCly, 1.2 mm MgCl,, 1.2 mm NaH,PO,, 25 mm NaHCO;, and 11
mum glucose. The Krebs™ solution was saturated with 95% O, and 5%
CO,, had pH 7.35 and osmolarity of 324 mOsm, and at room tempera-
ture of 24°C. TGs were exposed to 0.05% dispase II and 0.05% collage-
nase in the Krebs’ solution for 5min, and then TG was continuously
perfused at 2 ml/min with Krebs’ solution. Dil-labeled neurons were first
identified under epifluorescence illumination. Then under the DIC-IR
microscope, whole-cell patch-clamp recordings were performed on the
small-sized Dil-labeled V2 TG neurons which had diameters <35 um.
The electrode resistance after filling recording electrode internal solution
ranged from 5 to 6 M{). Recording electrode internal solution contained
the following: 105 mm K-gluconate, 35 mm KCl, 0.5 mm CaCly, 2.4 mm
MgCl, 5 mm EGTA, 10 mm HEPES, 5 mM Na,ATP, and 0.33 mm GTP-
TRIS salt; the pH of the solution was adjusted to 7.35 with KOH.

The junction potential of the recording condition was +12mV as
calculated based on ionic concentrations of internal and bath solutions
by using the pPCLAMP 10 software (Molecular Devices). After establish-
ing whole-cell access, recordings were performed under the voltage-
clamp configuration with neurons held at =72 mV (voltage command of
—60mV). Voltage steps were applied from —102 to +58 mV (voltage
command of —90 to +70 mV) with increments of 10mV each step and
a step duration of 500 ms. Unless otherwise indicated, membrane vol-
tages mentioned in the texts for this set of experiments have been cor-
rected for the calculated junction potentials of +12mV.

To determine membrane excitability of the small-sized Dil-labeled
V2 TG neurons, under the current-clamp configuration step currents
were applied to the neurons from —100 to 1800 pA with increments of
20 pA per step and the duration of each pulse was 1 s. The excitability of
the small-sized V2 TG neurons was also tested by applying ramp cur-
rents from 0 to 1500 pA over 1-s under the current-clamp configuration.
Neuronal excitability was characterized by AP threshold, rheobase, and
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numbers of APs evoked by a two-time rheobase stepwise current or by a
ramp current. Other passive and active electrophysiological parameters
were analyzed including cell capacitance, input resistance, resting mem-
brane potential, AP amplitude and AP width. Input resistance was meas-
ured with a 10-mV voltage step from the membrane holding voltage of
—72mV. AP amplitude or AP upstroke was measured from AP thresh-
old to AP peak. AP width was measured as the duration from 50% of AP
upstroke to 50% of AP repolarization.

To classify the types of small-sized Dil-labeled V2 TG neurons based
on the conduction velocity of their afferent fibers, APs were evoked at
the peripheral end of trigeminal V2 branches (the infraorbital nerves)
using a suction stimulation electrode. The suction stimulation electrode
was fire-polished and had its tip size of ~1 mm in diameter. The periph-
eral end of the infraorbital nerve was aspirated into the suction stimula-
tion electrode by a negative pressure. APs were evoked by monophasic
square wave pulses generated by an electronic stimulator (Master-8) and
delivered via a stimulation isolator and the suction stimulation electrode
to the peripheral ends of the infraorbital nerves. The duration of the
stimulation pulse was 50 us. Conduction velocity was calculated based
on the latency of APs and the length of axons. The latency of APs was
measured from the time of stimulation that was marked by a stimulation
artifact to the time when AP was initiated at the recorded TG neuron.
The length of the axon was the distance between the stimulation site and
the recording site. Signals of voltage-clamp experiments were amplified
using an Axopach 200B amplifier, filtered at 2kHz and sampled at
10 kHz using pCLAMP 10 software (Molecular Devices). Signals of cur-
rent-clamp recordings were low-pass filtered at 2kHz and sampled at
50 kHz.

Patch-clamp recordings of IA currents from small-sized V2 TG neurons

V2 TG neurons from TGs of sham and ION-CCI groups were acutely
dissociated and used for patch-clamp recordings to determine IA cur-
rents isolated from total outward currents. In brief, rats were deeply
anesthetized with isoflurane and killed by decapitation. V2 parts of TGs
were dissected out and incubated with dispase II (5mg/ml) and Type I
collagenase (2 mg/ml) in 2-ml bath solution at 35°C for 45 min. The bath
solution was the same one used for cell perfusion in electrophysiology
experiments (see below). After a rinse, isolated V2 TGs were triturated
to dissociate the neurons in the bath solution, and the dissociated V2 TG
neurons were plated on glass coverslips coated with poly-D-lysine and
maintained at room temperature. Whole-cell patch-clamp recordings
were performed within 1-4 h after cell plating. For patch-clamp record-
ings, the V2 TG neurons were perfused with normal bath solution flow-
ing at 1 ml/min in a 0.5 ml chamber on the stage of an Olympus IX70
microscope. The bath solution contained the following: 150 mm NaCl, 5
mM KCl, 2 mm MgCl,, 2 mm CaCl,, 10 mu glucose, and 10 mm HEPES,
pH 7.4, osmolarity of 320 mOsm. The recording electrode internal solu-
tion contained the following: 135 mm K-gluconate, 0.5 mm CaCl,, 2 mm
MgCl,, 5 mm KCI, 5 mm EGTA, 10 mm HEPES, 2 mm Na,-ATP, and 0.5
mum Na,-GTP, pH 7.2 and osmolarity of 315-325 mOsm. Recording
electrode resistance was ~5 M() after filling the recording electrode in-
ternal solution. The series resistance of each recording was below 30 MQ)
and was not compensated. Recording signals were amplified with
Axopatch 200B (Molecular Devices), filtered at 2kHz, and sampled at
5kHz using pCLAMP 10 (Molecular Devices). All recordings were made
from the small-sized V2 TG neurons (diameter <35 um) at the room
temperature of 24°C. TA currents were determined using a method
described in our previous study (Sarria et al., 2012). In brief, for K* cur-
rent isolation, bath solution contained the following: 130 mwm choline-Cl,
5 mm KCl, 1 mm MgCl,, 10 mm glucose, and 10 mm HEPES 10, pH 7.3
and 330 mOsm. K™ currents were activated by 480-ms depolarizing volt-
age steps (command voltages) to potentials ranging between —35 and
+45mV in 10 mV increments preceded by a 1-s prepulse voltage step to
either —100 mV (for total current) or —10 mV [non-inactivating (IK)
current only]. IA currents were then isolated by subtraction of the non-
inactivating outward currents from the total outward currents. To test
effects of Kv4.3 activator NS5806 on IA currents, IA currents were deter-
mined before and 10 min following the application of 50 um NS5806. In
a subset of experiments, IA currents were recorded from small-sized V2
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Figure 1.

Orofacial cold hypersensitivity following ION-CCI determined by the orofacial operant assessment. A, Image shows a drinking posture of a sham rat. B, Image shows a drinking posture with

a reversed head position in an ION-CCl rat. €, Image shows another unusual drinking posture in a different ION-CCl rat. The rat used its front paw to guard its orofacial region while drinking. In A-C, the
thermal module consisting of a metal pipe in the drinking window was set at 5°C. D, E, Two sample traces show the automatic recordings of drinking behavior in a 10-min testing session in a sham rat
(D) and a ION-CCl rat (). The thermal module temperature was set at 5°C. F~H, Total contact time (F), contact numbers (G), and mean contact time (H) of the orofacial operant test determined with
thermal module set at 5°C in the sham group (n =6, open bars) and the ION-CCI group (n = 6, dosed bar). Data represent mean == SEM; NS, no significant difference; **p << 0.01.

TG neurons in ex vivo whole-mount TGs rather than from the acutely
dissociated TG neurons, and the recording conditions were the same as
those performed in acutely dissociated V2 TG neurons. In this subset of
experiments, effects of Kv4.3 blocker phrixotoxin-2 on IA currents were
examined by determining IA currents before and 10 min following the
application of 70 nm phrixotoxin-2. During the aforementioned patch-
clamp recordings, we continually monitored whole-cell current transi-
ents in response to membrane seal tests with 10mV testing pulses. The
recording data were discarded if the whole-cell current transients were
significantly altered during the course of recordings. In addition, before
the test of effects of phrixotoxin-2 on IA currents, we performed control
experiments and found that IA currents were stable and no run down
occurred over the recording period of at least 45 min. Signals of voltage-
clamp experiments were amplified using an Axopach 200B or
Multiclamp 700B amplifier, filtered at 2kHz and sampled at 10kHz
using pCLAMP 10 software (Molecular Devices). Unless otherwise indi-
cated as commend voltages, membrane voltages mentioned in the texts
in this set of experiments have been corrected for the calculated junction
potentials of 28.6 mV.

Immunohistochemistry

TGs were harvested from animals five to six weeks following bilateral li-
gation of infraorbital nerves or sham surgery and used for immunostain-
ing to determine Kv4.3 channel expression. In brief, animals were

anesthetized with ketamine/xylazine (100:10 mg/kg, i.p), transcardially
exsanguinated with 0.1 M PBS, and perfused with 4% paraformaldehyde
(PFA) in 0.1 M PBS. Ipsilateral TGs were removed and placed in 30%
sucrose for cryoprotection for two nights. The TGs were then embedded
in OCT compound (Baxter Scientific) and cut on a cryostat (Leica
Biosystems) into 10-um sections. The sections of TGs were thaw-
mounted onto slides and allowed for air-dry. For each slide, three TG
sections from sham animals (control) and three TG sections from ION-
CCI animals were mounted on the same slide. These TG sections were
then encircled together with hydrophobic resin (PAP Pen, The Binding
Site) so that the two groups were paired for immunostaining. The slide-
mounted sections were rinsed with the BupHTM Modified Dulbecco’s
PBS (ThermoFisher Scientific) three times, and then sequentially incu-
bated at room temperature with ethanol solutions at the concentrations
of 50% for 10 min, 70% for 10 min, and 50% for 10 min. The slides were
rinsed three times with PBS and sections incubated with 10% normal
goat serum in PBS for 1 h at room temperature. The sections were incu-
bated with a polyclonal rabbit anti-Kv4.3 antibody (1:2000 diluted with
5% normal goat serum in PBS; Abcam) at 4°C for 2 nights. Following
three rinses with PBS solution, the sections were incubated with a sec-
ondary antibody for 1 night at room temperature. The secondary anti-
body (1:1000 in 5% normal goat serum in PBS) was a goat anti-rabbit
IgG conjugated with Alexa Fluor 594 (ThermoFisher Scientific). The
sections were rinsed three times with PBS solution, cover-slipped with
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Figure 2.  Patch-clamp recordings from small-sized V2 TG neurons innervating orofacial cutaneous regions of
the sham and the I0N-CCl rats. 4, lllustration of intracutaneous injection of Dil in orofacial (V2) regions. The injec-
tions were performed in the sham or the I0N-CCl group 57 d before patch-clamp recording experiments. B,
Illustration of patch-clamp recordings from Dil-labeled orofacial cutaneous afferent neurons in the whole-mount
ex vivo TG preparations. The relative positions of recording site, nerve ligation site, and stimulation site are indi-
cated. €, Image captured under a fluorescent microscope with a 5% object shows the distribution of Dil-labeled
neurons in the V2 region of a fresh TG. D, Bright field image (left) and fluorescent image (right; Dil) show in the
same field a small-sized Dil-labeled V2 TG neuron (arrow indicated) in a whole-mount ex vivo TG preparation of
the sham group. Patch-clamp recording was applied to the TG neuron. E, Similar to D except the TG preparation
was from the ION-CCI group. F, G, Diameters (F) and membrane capacitance (G) of the small-sized Dil-labeled V2
TG neurons in ex vivo TG preparation of the sham (n = 24) and the ION-CCI groups (n = 26) included in the patch-
clamp recording experiments. H, A sample trace of an AP recorded from a small-sized Dil-labeled V2 TG neuron of
the sham group (left) and another sample trace of an AP recorded from a small-sized Dil-labeled V2 TG neuron
of the ION-CCI group. Arrow in each trace indicates stimulation artifact. /, Summary data of conduction velocities
of APs propagated from peripheral stimulation sites on afferent nerve fibers to the recording sites on the somas of
the small-sized Dil-labeled V2 TG neurons. Open bar, sham group (n = 6); closed bar, ION-CI group (n=6). Data
represent mean == SEM; NS, no significant difference.

the Prolong Diamond Antifade Mountant medium (ThermoFisher
Scientific). Slices were viewed under an upright fluorescent microscope
(BX-43, Olympus) and images were captured in the TG V2 regions
using a CCD camera (DP80, Olympus).
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Semi-quantitative RT-PCR

Individual TGs were dissected out from the sham or the
ION-CCI groups. Each TG was placed in a 2 ml RNase-
free centrifuge tube that contained 600ul ice-cold
RNase-free lysis buffer with 1% 2-mercaptoethanol. The
TG in the tube was then homogenized using a Model
398 Tissue Tearor homogenizer (Biospec Products
Bartlesville) at the speed of 30,000 rpm. Following a cen-
trifuge at 21,000 x g at 4°C for 15 min, the supernatant
was transferred to another 2 ml RNase-free tube, and
600 pl of 70% ethanol made with RNase-free water was
added to the supernatant. Total RNAs were isolated
using the PureLink RNA mini kit (ThermoFisher
Scientific) following the manufacturer’s instructions.
Briefly, the mixture of the supernatant of tissue lysate
and ethanol was passed through a nucleic acid binding
column, centrifuged and sequentially washed with the
buffers provided in the PureLink RNA mini kit, and
then eluted in 30 pl of RNase-free water. The concentra-
tion of RNAs of each sample was quantitated by the
Qubit RNA HS Assay kit (ThermoFisher Scientific). The
RNAs of each sample at an equal amount of 1.5 ug were
reverse transcribed with the iScript cDNA Synthesis kit
(Bio-Rad) according to manufacturer’s instructions,
under the following thermal cycler conditions: 5 min at
25°C, 40 min at 42°C, 5 min at 85°C, and held for 5 min
at 4°C.

Primers were designed with NCBI/Primer-BLAST tool
and BLASTed against the rat Refseq mRNA database to
test for specificity and contained at least one sequence that
crossed an exon-exon boundary to avoid amplification of
genomic DNA. The specificity of all primers was confirmed
using gel electrophoresis. PCR primers were: Kv4.3 (acces-
sion number AB003587.1) forward CTCCAATGCCTA
CCTGCACA, reverse GGTGGAGGTTCGTACAGACA;
product: 202bp. GAPDH (NM017008.4) forward ACT
TTGGCATCGTGGAAGGG, and reverse ACTTGGCA
GGTTTCTCCAGG; product: 244bp. RT-PCR was per-
formed in a 25-pl reaction solution with the One Tag
Hot Start DNA polymerase (New England Biolabs) and
dNTP mixture (ThermoFisher Scientific) on an Applied
Biosystems 2720 Thermal Cycler (ThermoFisher Scientific)
with an initial 94°C Taq activation step for 5 min, followed
by 30 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C step
for 30 s, followed by one cycle at 72°C for 30 s and one cycle
at 68°C for 5 min. Following the cycling, samples were eval-
uated by gel electrophoresis on a 0.8—2% agarose gel and
imaged using the ChemiDoc-I* Tmagers (Ultra-Violet
Products Ltd.).

Data analysis

In orofacial operant behavioral tests, the dependent varia-
bles of the rat’s behavior were total contact time and total
contact numbers. For the data of electrophysiological
recordings, membrane parameters and voltage-activated
currents were analyzed using Clampfit 10 software. For
the immunostaining, fluorescent images of TG V2
regions were acquired using the Olympus CellSens imag-
ing software (Olympus), and Kv4.3-immunopositive and
Kv4.3-immunonegative neurons in TG V2 regions were
then identified from the fluorescent images based on their
relative fluorescent intensity. A cell with its fluorescent in-
tensity signal to background noise ratio of >3:1 is consid-
ered to be Kv4.3-immunopositive, and the ratio of <3:1
is considered to be Kv4.3-immunonegative. The percent
of Kv4.3-immunoreactivity (ir)-positive neurons was

then calculated. The quantification of the immunohistochemistry results
was not blinded as to whether a sample was from an ION-CCI animal or
a control animal. However, the quantification was performed by a lab
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personnel who did not know whether Kv4.3
expression in ION-CCI was expected to be A
increased, decreased, or no change. For RT-PCR
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experiments, RT-PCR product band density of Sham ION-CCI
Kv4.3 mRNAs was measured by densitometry Up to 2x
with ChemiDoc-It* Imagers (Ultra-Violet Pro- rheobase a
ducts Ltd.) and expressed as relative density to J 3
GAPDH RT-PCR product. Unless otherwise indi- d B <
cated, all data arepreported as mean = SEM of 0 pA = 472008 5 ms
n independent observations. Statistical compari- 1s
sons were made using GraphPad Prism 8 soft- D E
ware with *p <0.05, *p<0.01, and **p< 800- P=006 Rt TONEE) 800 * %%
0.001, Student’s ¢ test or two-way ANOVA with . - : 55 a A .
Bonferroni post hoc tests for multiple groups. g 6001 . ;,:; 600
= />\-60 " e
Results é 4004 :::. 5_65 . .Il % 4004
ION-CCI induces orofacial behavioral 2 200- == E -70 4 *g3e __Ei::: § 200-
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We created ION-CCI by infraorbital nerve 3 ¢ A . 80 P 0
ligation to induce trigeminal neuropathic ~ = Sham  ION-CCI *
pain in orofacial regions. The presence of
neuropathic pain manifested with cold F  6- * G Sham 10N-cCl H
hypersensitivity in orofacial regions was . 09 1207 ns
demonstrated by the use of the orofacial —-104 < 1001 .o, .

. > ° THLL
operant test with thermal module set at 5° &£ € ° - = 804 o —ges Tlhas=
C (Fig. 1). The orofacial operant test is £ ° -20 o..g. I:.-' 2 i ':;3';‘ ':"_‘
designed to create a conflictive condition 3 23t il 2 o0 .
for animals to obtain the reward of sweet- o 8 o .:.' g 407 .
ened milk while receiving cold stimulation. 0 i 407 oq, e o 20-

The operant test measures pain rather Shlam I ON-IC cl < 50 . < 0 . -
than a simple nociceptive reflex (Cha et al., ns Sham  ION-CCI

2012). Although the temperature of 5°C
was a noxious cold stimulus, sham animals
were still willing to rest their cheeks on the
thermal module and spend time to drink
milk (Fig. 1A). In contrast, ION-CCI rats
avoided to have prolonged contacts to the
cooling thermal module with their cheeks,
and sometimes they had some unusual
drinking postures such as turning their
heads upside down (Fig. 1B) or guarded
their orofacial regions with their front paws (Fig. 1C). We quan-
titatively measured orofacial operant behaviors using the total
contact time and contact numbers in the 10-min test session.
The total contact time was 188.1 +18.2 s (n=6) in the sham
group (Fig. 1D,F), significantly decreased to 49.9 = 17.3 s (n=6)
in the ION-CCI group (Fig. 1E,F). The total contact numbers
were not significantly different between the sham group (n=6)
and the ION-CCI group (Fig. 1G). Similar to total contact time,
the mean contact time was significantly shorter in the ION-CCI
group (1.8 0.2 s, n=6) than in the sham group (4.8 0.6 s,
n=6; Fig. 1H). The above experiments were performed in six
ION-CCI rats and six sham rats, and all six ION-CCI displayed
exacerbated orofacial pain behaviors manifested with cold-
hypersensitivity during the orofacial operant test. These results
demonstrate that our ION-CCI model reliably creates trigeminal
neuropathic pain with cold hypersensitivity in orofacial regions.

Figure 3.

ION-CCI induces neuronal hyperexcitability in small-sized
V2 TG neurons that innervates orofacial cutaneous region
Orofacial regions are innervated by maxillary nerves, the V2
branches of the TGs (V2 TGs). To identify V2 TG neurons
innervating orofacial cutaneous regions for patch-clamp

ION-CCl induces hyperexcitability in small-sized V2 TG neurons that innervates orofacial cutaneous regions. A,
Sample traces show APs recorded from a small-sized Dil-labeled V2 TG neuron of the sham group in responses to stepwise
depolarizing currents. B, Sample traces show APs recorded from a small-sized Dil-labeled V2 TG neuron of the ION-CCI group
in responses to stepwise depolarizing currents. (—H, Summary data of membrane input resistances (C), resting membrane
potentials (RMPs; D), theobase of APs (E), AP widths (F), AP thresholds (G), and AP amplitude (H) in small-sized Dil-labeled
V2 TG neurons of sham group (n=23-24, closed circles) and ION-CCl group (n = 24-26, closed squares). Data represent
mean = SEM; NS, no significant difference; *p << 0.05, ***p < 0.001.

recordings, we retrogradely labeled these V2 TG neurons by
intracutaneous injections of the fluorescent dye Dil in the cheeks
of the sham and the ION-CCI rats (Fig. 2A). One week after the
Dil injections, TGs with attached nerve bundles were dissected
out and ex vivo TG preparations were then made for patch-
clamp recordings (Fig. 2B). Under the fluorescent microscope,
many Dil-labeled TG neurons could be observed in the ex vivo
TG preparations and they were distributed in the V2 TG regions
(Fig. 2B,C). Since we were interested in nociceptive type of orofa-
cial cutaneous afferent neurons, we only applied patch-clamp
recordings to the small-sized Dil-labeled V2 TG neurons in both
the sham and the ION-CCI groups (Fig. 2B,D,E). In this set of
experiments, the small-sized Dil-labeled V2 TG neurons selected
for patch-clamp recordings had mean diameters of 24.6 = 0.6
pm (n=24) and 25.6 = 0.7 um (n=26) in the sham group and
the ION-CCI group, respectively (Fig. 2F). The whole-cell mem-
brane capacitance was 25.2 = 1.2pF (n=24) and 25.9 = 1.7 pF
(n=26; Fig. 2G) in the sham group and the ION-CCI group,
respectively. There were no significant differences in cell sizes
and membrane capacitance between the selected small-sized Dil-
labeled V2 TG neurons of the sham and the ION-CCI groups
(Fig. 2F,G, p>0.05). We determined whether the small-sized
Dil-labeled V2 TG neurons were primarily arisen from orofacial
cutaneous C-afferent fibers by measuring their conduction
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Figure 4. AP firing numbers in small-sized V2 TG neurons of sham group and ION-CCI

group. A, Two sets of sample traces show two types of AP firing patterns recorded from
small-sized Dil-labeled V2 TG neurons, the single AP firing pattern (left) and the multiple AP
firing pattem (right). The two sets of traces were from two small-sized Dil-labeled V2 TG
neurons of the sham group. B, Percentages of small-sized Dil-labeled V2 TG neurons showing
single AP firing pattern (open bars) and multiple AP firing pattern (closed bars) in the sham
group (n = 24) and the I0N-CCl group (n=26). ¢, Numbers of APs in small-sized Dil-labeled
V2 TG neurons with multiple AP firing in the sham (n =24, closed circles) and the ION-CCI
groups (n = 26, closed squares). In A-C, APs were elicited by stepwise currents of 2 times of
AP rheobases. D, Sample traces show APs evoked by ramp currents injected via recording
electrodes in a small-sized Dil-labeled V2 TG neuron of the sham group (left) and the small-
sized Dil-labeled V2 TG neuron of ION-CCI group (right). Inset, the ramp current amplitude
and duration. E, Percentages of small-sized V2 TG neurons showing single AP firing pattern
(open bars) and multiple AP firing pattern (closed bars) in the sham group (n = 20) and the
ION-CCI group (n=16). F, Numbers of APs of small-sized Dil-labeled V2 TG neurons with
multiple AP firing in the sham group (n =20, closed circles) and the ION-CCI group (n =16,
closed squares). In E, F, APs were elicited by ramp currents. Data represent mean =+ SEM;
NS, no significant difference; *:p < 0.01.

velocity. In this set of experiments, APs were recorded under
the current-clamp configuration from randomly sampled small-
sized Dil-labeled V2 TG neurons while electrical stimulation
was applied to the peripheral sites of trigeminal nerve bundles
(Fig. 2B,H). In each small-sized Dil-labeled V2 TG neuron
recorded, APs appeared after long latencies following the periph-
eral electrical stimulation, and each AP displayed a shoulder in
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Figure 5.  ION-CCl results in a decrease of voltage-activated outward currents in small-

sized V2 TG neurons that innervate orofacial cutaneous regions. A, Two sets of sample traces
of voltage-activated currents recorded from a small-sized Dil-labeled V2 TG neuron of the
sham group (left) and a small-sized Dil-labeled V2 TG neuron of the ION-CCl group. In each
panel, arrow indicates the transient inward currents, closed arrowhead indicates initial com-
ponents of the outward currents, and open arrowhead indicates late components of the out-
ward currents. B, left panel, |-V curves of initial components of the outward currents
recorded in small-sized Dil-labeled V2 TG neurons of the sham (open circles, n = 24) and the
ION-CCl groups (closed circles, n = 26). Right panel, AUC from the voltages of 0 to 58 mV for
the sham group (n =24, closed circles) and the I0N-CCl group (n= 26, closed squares). C,
Similar to B except graphs are late components of the outward currents of the sham group
(n=24) and the ION-CCI group (n = 26). Data represent mean == SEM; NS, no significant
difference; *p << 0.05, ***p << 0.001.

its repolarization phase (Fig. 2H). The conduction velocities of
action potentials were 0.71 = 0.04 m/s (n=6) and 0.78 = 0.03 m/
s (n=6) for the sham group and the ION-CCI group, respec-
tively, and were not significantly different between the two
groups (p>0.05; Fig. 2I). The conduction velocity of both
groups fell into the range of the speed of C-afferent fibers, sug-
gesting that they were orofacial cutaneous C-afferent neurons.
We determined whether ION-CCI resulted in an increase
in the excitability of the small-sized V2 TG neurons that inner-
vated orofacial cutaneous regions. In this set of experiments, APs
were evoked by stepwise currents injected through patch-clamp
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electrodes into the small-sized Dil-labeled V2 TG A
neurons. Similar to APs evoked by peripheral stimu-
lation (Fig. 2H), APs evoked by the stepwise currents
also displayed shoulders in their repolarization
phases in the small-sized Dil-labeled V2 TG neurons
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of both the sham and the ION-CCI groups (Fig. 34,
B). We characterized membrane and AP properties
of both the sham and the ION-CCI groups (Fig. 3C-
H). Membrane input resistance in the ION-CCI
group (283.9 = 30.3 M(}, n = 26; Fig. 3C) appeared to
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beled V2 TG neurons of the sham group, and was
significantly reduced to 2354 *21.8pA (n=26,
p <<0.01) in the small-sized Dil-labeled V2 TG neu-
rons of the ION-CCI group (Fig. 3E). AP widths
were 2.4 = 0.2ms (n=24) in small-sized Dil-labeled
TG neurons of sham group, and were significantly
broadened to 3.2+ 0.2ms (n=26, p<0.05) in the
small-sized Dil-labeled TG neurons of ION-CCI
group (Fig. 3F). AP thresholds (Fig. 3G) and AP
amplitudes (Fig. 3H) were not found to be signifi-
cantly different between the sham and the ION-CCI
groups.

We determined whether AP firing numbers and firing pat-
terns in the small-sized Dil-labeled V2 TG neurons were differ-
ent between the sham and the ION-CCI groups. In this set of
experiments, we first examined APs elicited by stepwise currents.
In both the sham and the ION-CCI groups, the majority of
small-sized Dil-labeled V2 TG neurons only fired single APs but
a small number of small-sized Dil-labeled V2 TG neurons fired
multiple APs in response to the stepwise current injections (Fig.
4A,B). As shown in Figure 4B, in the sham group, ~68% of
small-sized Dil-labeled V2 TG neurons fired a single AP and the
remaining 32% of the neurons fired multiple APs (total 24 cells;
Fig. 4B). In the ION-CCI group, 67% of small-sized Dil-labeled
V2 TG neurons fired a single AP and the remaining 33% of the
neurons fired multiple APs (total 26 cells; Fig. 4B). There were
no significant differences in the AP firing patterns between the
sham and the ION-CCI group (p > 0.05). For the neurons firing
multiple APs, the numbers of APs at 2x rheobase were not sig-
nificantly different between the sham and the ION-CCI groups
(Fig. 4C). We further tested the above neurons to determine their
AP firing patterns and firing numbers in responses to the injec-
tions of ramp currents (Fig. 4D). The majority of the small-sized
Dil-labeled V2 TG neurons fired multiple APs in responsible to
the ramp currents (Fig. 4E). As show in Figure 4E, in the sham
group, 80% of neurons fired multiple APs and remaining 20% of
the neurons fired a single AP (total 20 cells). In the ION-CCI
group, 75% of the neurons fired multiple APs and remaining
25% of the neurons fired a single AP (total 16 cells; Fig. 4E).
There were no significant differences in the firing patterns
between the sham and the ION-CCI group. However, for the
small-sized Dil-labeled V2 TG neurons firing multiple APs with
the injections of ramp currents, the numbers of APs were

Figure 6.

mV

ION-CCl results in a reduction of 1A currents in small-sized V2 TG neurons. A-C, Sample traces
show total outward currents (A), non-inactivating outward currents (B), and IA currents isolated from total
outward currents (C). IA currents were obtained by the subtraction of total outward currents (B) from non-
inactivating outward currents (4). The command voltages for generating total outward currents in A and
non-inactivating outward currents in B are indicated under the current traces. D, I-V curves of isolated IA cur-
rents recorded from small-sized V2 TG neurons of the sham group (n =14, open circles) and the 10N-CCI
group (n=11, closed squares). The voltages were corrected for the junction potential of 28.6 mV. E,
Summary data of the AUC in the sham group (n =14, open circles) and the ION-CCI group (n= 11, closed
squares). Data represent mean == SEM; *p < 0.05, *3p < 0.001.

significantly increased following ION-CCI (Fig. 4F). The AP
numbers were 9.5 = 1.3 APs/s (n=15) in the sham group, and
significantly increased to 16.6 * 1.8 APs/s (n=12, p<<0.01) in
the ION-CCI group (Fig. 4F)

ION-CCI results in a reduction of IA currents in small-sized
V2 TG neurons

To explore ion channel mechanisms underlying the changes of
membrane and AP properties of orofacial cutaneous C-afferent
neurons following ION-CCI, we examined voltage-activated cur-
rents in both the sham and the ION-CCI groups. Under the volt-
age-clamp configuration, voltage-activated currents were elicited
from the small-sized Dil-labeled V2 TG neurons by a series of
depolarizing voltage steps. As shown in Figure 5A, depolarizing
voltage steps evoked inward currents as well as outward currents
in the small-sized Dil-labeled V2 TG neurons of both the sham
and the ION-CCI groups. The inward current components were
transient, consistent with the currents mediated by voltage-gated
sodium channels (Fig. 5A). The outward currents consisted of
two phases, the initial component (Fig. 54,B) and the later com-
ponent (Fig. 54,C). The initial component is mainly composed
of the IA, and the late component mainly consisted of non-inac-
tivating voltage-activated K* current (IK; Viatchenko-Karpinski
et al,, 2018). Current-voltage relationship (I-V curve) of the ini-
tial components in the small-sized Dil-labeled V2 TG neurons
showed that these currents were smaller in the ION-CCI group
than in the sham group (Fig. 5B). For example, the initial compo-
nents evoked by the voltage step from —72 to 28 mV were
141.2 = 7.2 pA/pF (n=23) in the small-sized Dil-labeled V2 TG
neurons of ION-CCI group, and was significantly smaller than
the initial components of 170 * 10.6 pA/pF (n=24, p <0.05) in
the small-sized Dil-labeled V2 TG neurons of the sham group.
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total outward currents and determined
IA currents in both the sham and the
ION-CCI groups (Fig. 6). In this set of
experiments, the V2 TG neurons of the
sham and the ION-CCI groups were
recorded under voltage-clamp mode and
IA currents were isolated by an electro-
physiological approach. Figure 6A-C
shows the experimental protocol and
sample traces that demonstrate the isola-
tion of IA currents recorded in a small-
sized V2 TG neuron. I-V relationship
(Fig. 6D) shows that the isolated IA cur-
rents in the ION-CCI group (n=11)
were smaller than those in the sham
group (n=14). Comparison was also
made using the areas under the I-V curve

C D E (AUCs) of the isolated IA currents
600y Sham 600 IOL\I'CCI 20T between the sham (n = 14) and the ION-
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Figure 7.  1ON-CCl results in downregulation of Kv4.3 expression in small-sized V2 TG neurons. A, Image shows Kv4.3-ir in between the sham group and the ION-CCI
the V2 TG section from the sham group. B, Similar to A except the V2 TG section was from the ION-CCl group. In A, B, awhite ~ group. In the sham group with a total of
arrowhead indicates a large TG neuron that is Kv4.3 negative, and yellow arrows indicate Kv4.3-ir-positive TG neurons. C, 1975 V2 TG neurons examined, ~27%
Histograms of Kv4.3-ir-positive (red, 546 cells) and total V2 TG neurons (gray, 1975 cells, 6 rats) in the sham group. D, (27.3 = 0.8%, 18 TG sections from 6 rats,
Histograms of Kv4.3-ir-positive (red, n =363 cells) and total V2 TG neurons (gray, 2132 cells, 6 rats) in the ION-CCl group). £, = ¢; Fig. 7C,E) of them were Kv4.3-ir-pos-
Summary data of the percent of Kv4.3 V2 TG neurons in the sham group (n=1975 cells from 6 rats) and the ION-CCl group  jtive. In the ION-CCI group with a total
(n=2132 cells from 6 rats). F, Agarose gel photograph shows RT-PCR products of Kv4.3 mRNAs from a TG of shame group of 2132 V2 TG neurons examined, Kv4.3-

(lane 3) and a TG of ION-CCI group (lane 4). Lane 1, 50-bp DNA ladder; lane 2, GAPDH RT-PCR product. G, Summary data of
RT-PCR products of KV4.3 mRNAs in individual TGs of sham group (12 TGs from 6 rats) and of I0N-CCI group (12 TGs from 6
rats). RT-PCR product band density was measured by densitometry and expressed as relative density to GAPDH RT-PCR product.

Data represent mean == SEM; sp << 0.05, s=:p << 0.001.

Comparison was also made using the areas under the I-V curves
of the initial components and showed significantly lower values
in the ION-CCI group (n=26) than in the sham group (n=24;
Fig. 5B). In contrast, the late components in the small-sized Dil-
labeled V2 TG neurons showed no significant difference between
the sham (n =24) and the ION-CCI groups (n = 26; Fig. 5C).

To confirm that IA currents in the small-sized V2 TG were
reduced following ION-CCI, we isolated IA currents from the

ir-positive V2 TG neurons were ~17%
(169 = 1.1%, 18 TG sections of 6 rats,
n=6; Fig. 7D,E), significantly less than that
of the sham group (p<<0.001). We also
examined total numbers of V2 TG neurons
in both the sham group and the ION-CCI
group to see whether there was a net loss of the V2 TG neurons after
ION-CCL In the sham group the averaged numbers of V2 TG neu-
rons in each field of a V2 section were 101.4 = 3.3 (18 sections of 6
rats, n=18, not graphically illustrated), not significantly different
from those of the sham group (102.2 * 5.3 cells, 18 section of 6 rats,
n=18, not graphically illustrated). Consistent with the immuno-
staining results, downregulation of Kv4.3 mRNA expression in TG
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neurons following ION-CCI was shown
using a semi-quantitative RT-PCR approach
(Fig. 7F,G). As shown in Figure 7F,G, the rel-
ative band density of RT-PCR products for
Kv4.3 mRNAs was significantly lower in the
ION-CCI group (n=12, p<<0.05) than in
the sham group (n=12).

Phrixotoxin-2 suppresses IA currents in
small-sized V2 TG neurons and induces
orofacial behavioral cold
hypersensitivity

To determine whether Kv4.3 channels play
a significant role in mediating IA currents
in small-sized V2 TG neurons, we tested
whether IA currents in these neurons could
be significantly inhibited by phrixotoxin-2,
a blocker of Kv4.3 channels (Diochot et al.,
1999). In this set of experiments, the inhi-
bition was defined as a reduction of IA
currents by >15% following phrixotoxin-
2 applications based on data clustering
(Fig. 8A-C). We found that IA currents
in the majority of small-sized V2 TG neu-
rons (60%) were inhibited by 70 nm
phrixotoxin-2 (Fig. 84,C,D). In this group
of TG neurons, the IA currents were
55.8 £ 12.1 pA/pF in the control and sig-
nificantly reduced to 36.4 = 8.3 pA/pF (n=
12, p < 0.01) following the bath application
of phrixotoxin-2 (Fig. 8D). There were also
many small-sized V2 TG neurons (40%)
whose IA currents were not inhibited by
phrixotoxin-2 (Fig. 8B-D). In this phrixo-
toxin-2-insensitive group, the IA currents
were 97.8 = 25.5 pA/pF in the control and
were not significantly changed (98.7 %
25.1 pA/pF, n=_8) following the bath applica-
tion of phrixotoxin-2 (Fig. 8D). Differences
in phrixotoxin-2 sensitivity were also shown
by the I-V curves for both phrixotoxin-2-
insenstive (Fig. 8E) and phrixotoxin-2-sensi-
tive (Fig. 8F) neurons.

We next determined whether adminis-
tration of phrixotoxin-2 at peripheral sites
may affect orofacial cold sensitivity. In this
set of experiments, normal rats were used
and they were randomly divided into two
groups, the control group for which vehi-
cle (PBS saline) were bilaterally injected
(50 pl; intracutaneous) in orofacial regions,
and the phrixotoxin-2-injected group for
which phrixotoxin-2 (2 umM, 50 pl, intracu-
taneous) were bilaterally injected in orofa-
cial regions. Orofacial cold sensitivity was
then determined using the orofacial oper-
ant test. As shown in Figure 9, when orofa-
cial operant tests were performed with
thermal module set at 5°C, animals that
were injected with phrixotoxin-2 showed
significant decreases in the total contact
time (Fig. 9A,B, n=11) and total contact
numbers (Fig. 94,C, n=11) in comparison
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Figure 8.  Kv4.3 blocker phrixotoxin-2 inhibits IA currents in small-sized V2 TG neurons. A, Sample traces show iso-
lated 1A currents in a small-sized V2 TG neuron before (control, left) and following the application of 70 nm phrixo-
toxin-2 (right). B, Sample traces show isolated IA currents in another small-sized V2 TG neuron before (control,
left) and following the application of 70 nm phrixotoxin-2 (right). C, Graph shows changes of IA currents following
the application of phrixotoxin-2. IA currents following phrixotoxin-2 were scaled to control values (% of control).
Cells whose IA currents showed changes less than *=15% (gray area) were considered to be phrixotoxin-2-insensi-
tive (n = 8); cells whose IA currents showed the reduction >15% (white area) were considered to be phrixotoxin-
2-sensitive (n=12). D, Pooled data of IA currents before (control) and following the bath application of 70 nm
phrixotoxin-2. Left panel, Recordings from phrixotoxin-2-sensitive (n = 12) small-sized V2 TG neurons. Right panel,
Recordings from phrixotoxin-2-insensitive (n = 8) small-sized V2 TG neurons. In both C, D, IA currents were evoked
by a voltage step from —63.6 to 6.4 mV, and their mean values in the control and following the phrixotoxin-2
application were used for the statistical comparison. E, F, I-V curves of isolated IA currents before (control, open
circles) and following the application of phrixotoxin-2 (closed circles) in the phrixotoxin-2-insenstive group (left,
n=28) and phrixotoxin-2-sensitive group (right, n=12). In E, F, |A current of each voltage point was normalized to
the maximal current in control, and areas under the curves in the control and following the phrixotoxin-2 applica-
tion were used for the statistical comparison. Data represent mean = SEM; NS, no significant difference; #xp <
0.01, ssp << 0.001.
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(Fig. 10D, n=7). The remaining four
small-sized V2 TG neurons did not show
the potentiation by NS5806, most likely
because of the lack of Kv4.3 channel
expression on these TG neurons.

We next determined whether NS5806
could alleviate orofacial cold hypersensi-
tivity in ION-CCI animals. In this set of
experiments, rats of the sham surgery
group and ION-CCI group underwent
orofacial operant tests following the intra-
peritoneal administrations of vehicle or
1.67 mg/kg NS5806. The orofacial operant
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Figure 9.

with control group injected with PBS (n=8). In contrast, there
were no significant differences in total contact time and total
contact numbers between the control group (n=38) and the
phrixotoxin-2-injected group (n=11) when thermal module was
set at 24°C (Fig. 9B,C). No significant differences in mean con-
tact time were observed between the control group (n=8) and
phrixotoxin-2-injected group tested with thermal module set at
either 24°C or 5°C (Fig. 9D).

NS5806 increases IA currents in small-sized V2 TG neurons
and alleviates orofacial behavioral cold hypersensitivity in
ION-CClI rats

Since we found that orofacial behavioral cold hypersensitivity in
the ION-CCI rats was associated with the reduction of IA cur-
rents and downregulation of Kv4.3 channel expression in small-
sized V2 TG neurons, we determined whether pharmacological
enhancement of Kv4.3 activity could alleviate the orofacial cold
hypersensitivity. We first determined whether NS5806, an activa-
tor of Kv4.3 channels (Lundby et al., 2010), could potentiate IA
currents in small-sized V2 TG neurons of the ION-CCI group.
In this set of experiments, patch-clamp recordings were applied
to the small-sized V2 TG neurons of the ION-CCI group.
Isolated IA currents were recorded in the absence and presence
of 50 um NS5806. Of 11 small-sized V2 TG neurons tested, IA
currents were shown to be potentiated in seven cells following
the application of NS5806 (Fig. 10A-C). Comparison made by
using the areas under the I-V curves showed significant increases
of IA currents in these small-sized V2 TG neurons by NS5806

ns

Phrixotoxin-2 induces orofacial cold hypersensitivity. A, Sample traces show orofacial operant tests in a rat
injected with vehicle (PBS, top) and a different rat following the injection of phrixotoxin-2 (2 wum, 50 p, bottom).
Phrixotoxin-2 (2 um, 50 pul) was intracutaneously injected in orofacial regions. The orofacial operant test was performed 60 min
following the injections of PBS or phrixotoxin-2 and the thermal module was set at 24°C or 5°C. B—D, Summary data of total
contact time (B), total contact numbers (C), and mean contact time (D) of the vehicle-injected group (n =8, closed circles) and
phrixotoxin-2-injected group (n = 11, closed squares). Data represent mean == SEM; NS, no significant difference; *p << 0.05.
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tests were performed with the thermal
module set at 5°C. Under these conditions,
ION-CCI group showed significant reduc-
tion of total contact time in comparison
with the sham group when vehicle was
administered (Fig. 11A,B,D). The total
contact time was 146.8 + 16.8 s (n=6) in
the sham group, and was significantly
reduced to 65.8 6.2 s (n=6, p<<0.001)
in the ION-CCI group (Fig. 11A,B,D).
However, following the administration of
NS5806 the ION-CCI group had the total
contact time of 114.5 = 10.8 s (n=>5), sig-
nificantly longer than that of ION-CCI
group injected with vehicle (Fig. 11C,D).
The total contact numbers under the
above three conditions were not signifi-
cantly different (Fig. 11E). The mean con-
tact time showed a significant reduction
following ION-CCI in comparison with
the sham group when vehicle was adminis-
tered, and the mean contact time in the
ION-CCI group was significantly pro-
longed following the administration of NS5806 (Fig. 11F).

BS
hrixotoxin-2
ns

Discussion

In the present study, we have demonstrated that chronic con-
strictive injury of infraorbital nerves, the V2 branches of trigemi-
nal nerves, enhances the excitability of the small-sized V2 TG
neurons that innervate orofacial cutaneous regions and induces
orofacial cutaneous cold hypersensitivity. This cellular and be-
havioral sensitization is associated with the reduction of IA cur-
rents and downregulation of Kv4.3 channels in the small-
sized V2 TG neurons in the ION-CCI animals. Furthermore,
we have shown that the Kv4.3 blocker phrixotoxin-2 inhibits
IA currents in small-sized V2 TG neurons and induces orofa-
cial cold hypersensitivity. On the other hand, the Kv4.3 acti-
vator NS5806 (Lundby et al., 2010) enhances IA currents in
small-sized V2 TG neurons and alleviates orofacial cold
hypersensitivity. Our findings elucidate that Kv4.3 downreg-
ulation is an underlying mechanism of the trigeminal neuro-
pathic pain manifested with orofacial cold hypersensitivity.
This raises a possibility that targeting Kv4.3 channels with
their activators may be clinically useful in treating trigeminal
neuropathic pain.

In the present study, some of the electrophysiological record-
ings were performed in the whole-amount ex vivo TG prepara-
tions, which is modified from previous electrophysiological
studies using in vitro trigeminal slice preparations (Puil et al.,
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1986; Puil and Spigelman, 1988). Our ex vivo TG A
preparations have allowed us to make whole-
cell patch-clamp recordings from retrograde-
labeled orofacial cutaneous TG afferents and
to classify afferent types based on their con-
duction velocity. However, in our recordings
of TA currents, we used acutely dissociated
TG neurons to better isolate IA currents.
We used phrixotoxin-2 to inhibit and NS5806
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which allows us to characterize the essential
pharmacological properties of these currents
and their changes following ION-CCI. More
comprehensive characterization of the prop-
erties of IA current activation and inactiva-
tion (Amberg et al., 2002; Hu et al., 2006;
Bourdeau et al., 2007) was not conducted in
the present study. In the present study, we
conducted our electrophysiological record-
ings at the room temperature of 24°C rather
than the body temperature near 37°C because TG neurons
in ex vivo preparations could stay healthy for longer time at
24°C than at 37°C.

We have previously demonstrated that ION-CCI model
is a reliable rat model of trigeminal neuropathic pain and
the model well resembles the pain condition following
chronic compressions of trigeminal nerves seen clinically
(Cha et al., 2012; Abd-Elsayed et al., 2015; Ling et al,,
2017). Consistently, the present study also shows the ro-
bust behavioral cold hypersensitivity in orofacial areas of
ION-CCI rats tested. In the present study, we set the ther-
mal module at 5°C. With this setting, the skin temperatures
in orofacial regions of the testing animals would gradually
drop from innocuous to noxious cold, depending on con-
tact time. Therefore, both cold allodynia and hyperalgesia
may account for the orofacial behavioral outcomes in
our ION-CCI animals. The cold hypersensitivity shown by
our orofacial operant behavioral tests in ION-CCI recapit-
ulates the important symptom of trigeminal neuropathic
pain seen in human patients, making our study clinically
relevant.

The small-sized Dil-labeled V2 TG neurons recorded in
the present study are most likely arisen from orofacial cu-
taneous nociceptive C-afferent fibers based on their con-
duction velocity and AP shapes. We have shown that these
small-sized V2 TG neurons become more excitable follow-
ing ION-CCI. This is evidenced by the less negative resting
membrane potentials, the reduced AP rheobase, and the
increased AP firing numbers in these V2 TG neurons
following ION-CCI. The enhanced excitability of these
small-sized cutaneous V2 TG neurons is consistent with
the behavioral cold hypersensitivity in orofacial cutaneous

Figure 10.

#p < 0.05.

Kv4.3 activator NS5806 potentiates IA currents in small-sized V2 TG neurons of ION-CCI group. A, B,
Sample traces show isolated IA currents recorded from a small-sized V2 TG neuron before (A) and following the
application of 50 zm NS5806 (B). €, |-V curves of isolated IA currents before (open circles, n=7) and following the
bath applications of 50 wm NS5806 (closed squares, n=7). D, Summary data of the areas under the |-V curves
before (control, =7, closed circles) and following the bath application of NS5806 (n=7, closed squares).
Recordings were performed from small-sized V2 TG neurons from ION-CCI rats. Data represent mean * SEM;

regions shown in the ION-CCI animals. We show that the
enhanced excitability of these small-sized V2 TG neurons
is associated with the significant reduction of IA currents.
Since IA currents in primary afferent neurons counteract
membrane depolarization to control neuronal excitability,
it is conceivable that a reduction of IA currents following
ION-CCI would contribute to the enhanced excitability of
the V2 TG neurons. In DRG neurons, IA currents were
found to be mediated mainly by Kv1.4, Kv3.4, Kv4.1, and
Kv4.3. Of these Kv channels mediating IA currents, Kv4.3
channels were shown to be mainly expressed on small-
sized nociceptive DRG neurons that also expressed TRPV1
receptors and NaV 1.8 channels (Huang et al., 2005; Phuket
and Covarrubias, 2009). Consistently, we show that Kv4.3
channels were mainly expressed in small-sized V2 TG
neurons with nociceptor properties. Thus, Kv4.3-express-
ing V2 TG neurons are also most likely nociceptive affer-
ent neurons. In the present study, the reduction of IA
currents in small-sized V2 TG neurons is consistent with
the downregulation of Kv4.3 channel expression in the V2
TG neurons following ION-CCI. Downregulation of Kv4.3
channel expression has been observed in nociceptive DRG
neurons in a neuropathic pain model induced by spinal
nerve ligation in rats and in a rat model of hand-arm vibra-
tion syndrome (Chien et al., 2007; Conner et al., 2016).
The decreases of Kv4.3 expression in nociceptive DRG
neurons have been suggested to be an underlying mecha-
nism leading to hyperexcitability of nociceptive DRG neu-
rons and pathologic pain (Chien et al., 2007; Conner et al.,
2016). We have recently shown that Kv4.3 channels are
downregulated in V2 TG neurons in a chemotherapy-
induced neuropathic pain model which manifested with
mechanical allodynia and cold allodynia/hyperalgesia



Kanda etal.  Kv4.3 Dysfunction Contributes to Neuropathic Pain

J. Neurosci., March 10, 2021 - 41(10):2091-2105 - 2103

A .
Sham/Vehicle
0 1 2 3 4 5 6 7 8 9 10
B (min)
ION-CCI/Vehicle
0 1 2 3 4 5 6 7 8 9 10
C (min)
ION-CCI/NS5806
0 1 2 3 4 5 6 7 8 9 10
(min)
250 — *kk E ns F
80 _ = ns 8-
[ J * . * *
— 200 9] [ ] )
i < 9
£ * £% " A E67 A
- (e} @
8 Ta. Sad|® ] LN €44 o T
5 *9 T g LT T 38 e
o 100 — AA o [ ) ] P
] = o c - a u A
© | s - T © ]
2 50 ﬁ.-':' 2 20 m¥m L a4 S24]| o i
[ ]
=J
0 0 0
Sham |ON-CCl ION-CCI Sham ION-CCl ION-CCI Sham |ION-CCl ION-CCI
vehicle vehicle NS5806 vehicle vehicle NS5806 vehicle vehicle NS5806

Figure 11.

NS5806 alleviates orofacial cold hypersensitivity in ION-CCl rats. A—C, Sample traces show orofacial operant tests in a sham rat injected with vehicle (A), an ION-CCl rat injected

with vehicle (B), and an ION-CCI rat injected with NS5806 (C). The thermal module was set at 5°C and each animal underwent a 10 min session of the orofacial operant test. D—F, Summary
data of total contact time (D), total contact numbers (), and mean contact time (F) of the following three groups of animals, sham group injected with vehicle (n =6, closed circles), ION-CCI
group injected with vehicle (n=§6, closed squares), and I0N-CCl group injected with NS5806 (n =6, closed triangles). NS5806 was intraperitoneally injected at 1.67 mg/kg. Data represent

mean % SEM; NS, no significant difference; =p << 0.05, #=:xp < 0.001.

(Viatchenko-Karpinski et al., 2018). In the present study
with ION-CCI model, downregulation of Kv4.3 channel
expression in V2 TG neurons may contribute to the hyper-
excitability of nociceptive V2 TG neurons including the
reduction of AP rheobase, the depolarized resting mem-
brane potentials, and the increased nociceptive V2 TG
neurons with the multiple AP firing pattern. This
enhanced neuronal excitability may facilitate the occur-
rence of trigeminal neuropathic pain manifested with cold
hypersensitivity.

The present study has focused on Kv4.3 channels because
they are mainly expressed in the small-sized nociceptive-like V2
TG neurons. However, it should be noted that ION-CCI may
also lead to the downregulation of other voltage-gated K chan-
nels that are involved in nociceptor excitability. In fact, previous
studies have shown that downregulation of Kv1 type of voltage-
gated K channels underlies cold allodynia following peripheral
nerve injury (Gonzilez et al., 2017). In nociceptive DRG neu-
rons, previous studies have shown that Kv3.4 and Kv1.4 channels
are expressed on nociceptive DRG neurons (Rasband et al., 2001;

Huang et al., 2005) and undergo downregulation under patho-
logic conditions (Alvarez et al., 2019). Therefore, it will be inter-
esting to determine in the future whether these two IA types of
Kv channels may be also expressed on nociceptive-like V2 TG
neurons and undergo downregulation following ION-CCL
Kv3.4 channels are activated at high voltages and their primary
role is to drive rapid AP repolarization (Zemel et al., 2018).
Reduced expression or function of Kv3.4 channels would retard
AP repolarization to broaden AP width (Liu et al., 2017). In our
study, AP widths of small-sized cutaneous V2 TG neurons
became significantly broadened, raising a possibility that this
may be because of a downregulation of Kv3.4 following ION-
CCIL

We show that Kv4.3 channel blocker phrixotoxin-2 decreases
IA currents in small-sized V2 TG neurons and induces orofacial
cold hypersensitivity. On the other hand, the Kv4.3 channel acti-
vator NS5806 (Lundby et al., 2010) enhanced IA currents in the
small-sized V2 TG neurons of ION-CCI rats and alleviated cold
hypersensitivity in the ION-CCI group. These results strengthen
the idea that Kv4.3 downregulation contributes to orofacial cold
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hypersensitivity and restoring Kv4.3 channel activity can prevent
the peripheral sensitization. These results also suggest that Kv4.3
channels may serve as therapeutic targets for treating trigeminal
neuropathic pain clinically. Since Kv4.3 channel expression is
limited to nociceptive type of somatosensory neurons, these
channels may provide a desirable pharmacological target for
intervening peripheral nociceptive hypersensitization and neuro-
pathic pain. Potent and selective activators of Kv4.3 should be of
great interests for future pharmaceutical development of novel
pain medicine in treating patients with trigeminal neuropathic
pain.
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