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A B S T R A C T   

Chronic pain arising from peripheral nerve injuries represents a significant clinical challenge because even the 
most efficacious anticonvulsant drug treatments are limited by their side effects profile. We investigated pain 
behavior, changes in axonal signal conduction and excitability of trigeminal neurons, and expression of voltage- 
gated sodium channels (NaVs) in the infraorbital nerve and trigeminal ganglion (TG) after infraorbital nerve 
entrapment (IoNE). Compared to Sham, IoNE rats had increased A- and C-fiber compound action potentials 
(CAPs) and Aδ component of A-CAP area from fibers innervating the vibrissal pad. After IoNE, A- and C-fiber 
CAPs were more sensitive to blockade by tetrodotoxin (TTX), and those fibers that were TTX-resistant were more 
sensitive to blockade by the NaV1.8 selective blocker, A-803467. Although NaV1.7 blocker, ICA-121431 alone, 
did not affect Aδ-fiber signal propagation, cumulative application with A-803467 and 4,9-anhydro-TTX signif-
icantly reduced the Aδ-fiber CAP in IoNE rats. In patch clamp recordings from small- and medium-sized TG 
neurons, IoNE resulted in reduced action potential (AP) depolarizing current threshold, hyperpolarized AP 
voltage threshold, increased AP duration, and a more depolarized membrane potential. While the transcripts of 
most NaVs were reduced in the ipsilateral TG after IoNE, NaV1.3, NaV1.7, and NaV1.8 mRNAs, and NaV1.8 
protein, were significantly increased in the nerve. Altogether, our data suggest that axonal redistribution of 
NaV1.8, and to a lesser extent NaV1.3, and NaV1.7 contributes to enhanced nociceptive signal propagation in 
peripheral nerve after IoNE.   

Introduction 

Peripheral branches of the trigeminal nerve provide sensory inner-
vation to most craniofacial structures, and the cell bodies of their axons 
are housed in the Gasserian ganglion, which projects centrally into the 
brainstem trigeminal sensory nuclear complex. Compression or entrap-
ment of trigeminal nerve branches from craniofacial trauma or iatro-
genic procedures may result in chronic neuropathic orofacial pain 
(Benoliel et al., 2008). Although dissatisfactory due to side effects such 
as ataxia, fatigue, drowsiness, and memory impairment, membrane 
stabilizing drugs, including gabapentin and oxcarbazepine, have 
remained the first-line monotherapy for most peripheral neuropathy 
patients (Benoliel et al., 2012). Drugs that selectively modulate subtypes 
of voltage-gated ion channels, specifically those targeting voltage-gated 
sodium channels (NaVs) in nociceptors, may circumvent many of the 
undesirable effects associated with current medications, holding 

potential for efficacious treatment of neuropathic and other chronic pain 
disorders (Alsaloum et al., 2020; Waxman and Zamponi, 2014). NaVs 
regulate neuronal excitability and their activation is crucial for afferent 
signaling in nociceptors (Waxman et al., 1999). Numerous studies have 
reported the involvement of NaV1.3, NaV1.7, NaV1.8, and NaV1.9 in 
neuropathic pain pathophysiology, and clinical studies have shown 
abnormal expression of these NaV subtypes in peripheral axons or 
neuroma of trigeminal neuralgia and neuropathy patients (Bird et al., 
2013; Siqueira et al., 2009). 

The involvement of NaVs in neuropathic pain pathogenesis is mainly 
attributed to their increased expression and gain of function, and each 
NaV subtype is unique in its contribution (Lai et al., 2004). For example, 
NaV1.8 contributes to pain pathogenesis through its axonal redistribu-
tion in sensory neurons to the site of sciatic nerve constriction injury 
(Novakovic et al., 1998), and axonal depletion of NaV1.8 mRNA at-
tenuates mechanical allodynia and thermal hyperalgesia after sciatic 
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nerve entrapment (Ruangsri et al., 2011). Similarly, axonal depletion of 
NaV1.8 protein attenuates chronic pain symptoms after spinal nerve 
ligation injury (Gold et al., 2003). NaV1.3 channels, whose expression is 
normally highest during embryonic development, are significantly 
increased in somatosensory neurons after peripheral nerve injuries and 
contribute to increased neuronal excitability and mechanical allodynia 
(Samad et al., 2013; Waxman et al., 1994). In contrast, NaV1.7 gene- 
knockout studies have shown that its expression is essential in both 
somatosensory and sympathetic neurons for neuropathic pain develop-
ment (Minett et al., 2012). 

We previously showed that the increased peripheral nerve signal 
propagation and tetrodotoxin (TTX) resistance after sciatic nerve 
entrapment (SNE) in rats were related to the axonal redistribution of 
NaV1.8 mRNA and protein (Thakor et al., 2009). Although the neuronal 
mechanisms that underly the development of neuropathic pain are 
generally similar in somatic and orofacial regions, there are subtle yet 
significant differences between trigeminal and spinal nerves that affect 
responses to injuries and eventual development of neuropathic pain 
symptoms (DaSilva and DosSantos, 2012; Hargreaves, 2011; Sugimoto 
et al., 1986). For example, chronic constriction injury of infraorbital 
nerve (IoN) or inferior alveolar nerve (IaN) branches causes increased 
background activity and spontaneous afferent discharges in affected 
axons, which appear to persist longer in Aδ-fibers innervating the per-
ioral region (Kitagawa et al., 2006; Robinson et al., 2004). Moreover, a 
recent study has shown that carbamazepine (CBZ) was more potent at 
inhibiting injury-induced neuropathic pain symptoms and increased 
axonal signal propagation of IoN than sciatic nerve, providing a possible 
explanation for the clinical effectiveness of CBZ in trigeminal neuralgia 
patients (Pineda-Farias et al., 2021). We hypothesized that these dif-
ferences in electrophysiological properties of trigeminal and spinal 
nerves could be due to differential axonal accumulation of specific NaV 
subtypes likely via subcellular redistribution of their cognate mRNAs 
after peripheral nerve injuries. Here we used a rat model of trigeminal 
neuropathy induced by unilateral IoN entrapment to investigate the 
changes in axonal signal propagation and excitability of trigeminal 
ganglion neurons and the individual NaV subtypes contributing to these 
changes. Concomitantly, we examined changes in the expression of both 
mRNA and protein levels of individual NaV subtypes separately in pe-
ripheral nerve and trigeminal ganglion. 

Materials and methods: 

Animals and drugs 

Adult male Sprague-Dawley rats (Envigo, Placentia, CA) weighing 
300–325 g were used throughout the study. Rats were housed in the 
vivarium under a 12 h light–dark cycle (lights on at 6AM) with ad libitum 
access to food and water during the entire experiment. All experimental 
methods involving animal surgeries, behavioral testing, euthanasia, and 
tissue collection were carried out in accordance with the National 
Institute of Health guidelines for the care and use of laboratory animals 
and with approval from the Animal Research Committee of the Uni-
versity of California, Los Angeles. All drugs were obtained from Cayman 
Chemicals (Ann Arbor, MI). Stock TTX-citrate was dissolved in dH2O, 
while A-803467, 4,9-anhydro-TTX, and ICA-121431 were dissolved in 
dimethyl sulfoxide (DMSO). For cumulative application of lipophilic 
drugs in nerve recordings, 5% DMSO in ACSF was used as vehicle. 

Infraorbital nerve entrapment (IoNE) 

The IoNE model was adapted from the sciatic nerve entrapment 
model developed by Mosconi and Kruger (Mosconi and Kruger, 1996). 
Neuropathy was induced by placing two inert non-constrictive fixed 
diameter tygon cuffs around the infraorbital nerve (IoN). The surgical 
procedure to expose the IoN was as described previously (Kernisant 
et al., 2008). Briefly, in isoflurane-anesthetized rats, a rostro-caudal 

incision of ~7 mm long was made above left eye following the curva-
ture of the frontal bone and the adherent muscle was gently teased from 
the bone to retract the orbital contents (Fig. 1A-B). The exposed IoN was 
separated from its surrounding connective tissue and slightly raised 
from the orbital floor with the aid of 4–0 nylon or chromic gut suture. 
Two sterile polyethylene (Tygon®, Fisher Scientific, Pittsburgh, PA) 
cuffs (OD: 2.4 mm, ID: 1.9 mm, 1.2–1.5 mm long) were placed around 
the IoN to induce entrapment injury. The incision above the eye was 
closed with 5–0 nylon suture. In Sham rats, the left IoN was exposed and 
separated from the surrounding connective tissue and the surgical 
incision was closed without placing cuffs. All animals were treated with 
a post-operative analgesic (carprofen 5 mg/kg, s.c., Zoetis Inc., Kala-
mazoo, MI) once daily for 2 days and an antibiotic (trimethoprim sul-
famethoxazole 5 mL in 500 mL of drinking water, Pharmaceutical 
Associates Inc., Greenville, SC) for 7 days. 

Mechanical allodynia testing 

A series of calibrated von Frey filaments (range: 1–30 g) were used to 
test for head withdrawal thresholds after vibrissal pad stimulation. Prior 
to actual testing, each animal was habituated in a Durham holder 
(Stoelting Co., Wood Dale, IL) for 5 min every day for 3 days. An average 
of 3 trials were performed on ipsilateral and contralateral vibrissal pads 
at baseline, 1-week, and 2-weeks post-surgery. Data were expressed as 
change from baseline. 

Sample collection 

2–3 weeks following IoNE or Sham surgeries, rats were deeply 
anesthetized with isoflurane, decapitated, and the heads were quickly 
submerged in cold (0–4 ◦C) Ca2+ free artificial cerebrospinal fluid 
(ACSF) containing (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2 MgCl2, 
26 NaHCO3, 10 glucose, saturated with 95% O2 and 5% CO2. The heads 
were hemisected longitudinally and microdissected in cold Ca2+ free 
ACSF to isolate ipsilateral IoN and trigeminal ganglion (TG). The IoN 
was incubated in regular ACSF (with 2 mM CaCl2) for 1 h at room 
temperature before performing compound action potential (CAP) re-
cordings and the TG was used for acute dissociation of TG neurons for 
patch clamp recordings. For quantitative measurements of mRNA and 
protein, the IoN and TG were placed immediately in RNAlater (Thermo 
Fisher Scientific, Carlsbad, CA) or − 80 ◦C. 

Compound action potential (CAP) recordings 

All CAP recordings were performed at room temperature (~24 ◦C) in 
an acrylic chamber continuously perfused with regular ACSF saturated 
with 95% O2 and 5% CO2. Borosilicate glass suction electrodes were 
used for recordings. The distal (peripheral) end of the nerve was inserted 
into a stimulating electrode and the proximal (central) end into a 
recording electrode. An artifact suppression electrode was placed next to 
the recording electrode. Signals from the recording and artifact sup-
pression electrodes were fed into a differential amplifier (Dam 50, WPI, 
Sarasota, FL) in AC mode. A calibration pulse was included in the CAP 
recordings to estimate the resistance at the nerve/recording electrode 
junction. Signals from CAP recordings were further amplified (Brownlee 
Precision Instruments, Model 440, Santa Clara, CA), digitized at 10–20 
kHz (Digidata 1440A, Molecular Devices, Union City, CA) and displayed 
on a computer screen using the pCLAMP 10 software (Molecular De-
vices). Nerve conduction was assessed by delivering square wave cur-
rent pulses of fixed amplitude (0.2, 0.3, 0.5, 0.8, 1, 2, 3, 5, 8, and 10 mA, 
0.1 ms duration for A-fiber CAP; 0.2, 0.3, 0.5, 1, 2, 3, 5, 8, 10, and 15 
mA, 1 ms duration for C-fiber CAP), and the data for each stimulus 
strength were acquired by averaging 3 trials. Aβ-, Aδ-, and C-fiber CAPs 
were identified based on their conduction velocities (Djouhri and Law-
son, 2004; Harper and Lawson, 1985; Villiere and McLachlan, 1996; 
Zotova and Arezzo, 2013), estimated by measuring the ratio of nerve 

Y. Mulpuri et al.                                                                                                                                                                                                                                



Neurobiology of Pain 11 (2022) 100084

3

length (m) to conduction latency (s). The time it took for the signal to 
travel from the beginning of the stimulus artifact to the peak of CAP 
amplitude was determined as conduction latency. Recordings were 
monitored for CAP stabilization for 60–90 min before acquiring the 
stimulus-output response data and for 30–60 min after vehicle (5% 
DMSO) or drug application. CAP areas and amplitudes were normalized 
to the calibration pulse using pCLAMP 10 software. Investigators per-
forming the IoN extractions and CAP recordings could not be blinded to 
the treatment of experimental animals. 

Acute dissociation of trigeminal ganglion (TG) neurons 

TG tissue corresponding to the maxillary division was microdissected 
in a cold (~4 ℃) modified Tyrode’s solution containing (in mM): 130 
NaCl, 20 NaHCO3, 3 KCl, 4 CaCl2, 1 MgCl2, 10 HEPES, and 12 glucose 
with antibiotic/antimycotic solution (0.5%; Fisher Scientific, Hanover 
Park, IL). The minced tissues were incubated in collagenase (1 mg/ml, 
type I; Fisher Scientific) for 1 h at 37 ◦C, then in collagenase with 
trypsin/EDTA (0.2%; Fisher Scientific) for 1 h at 37 ◦C, followed by a 2 
× wash with modified Tyrode’s solution and gentle trituration with a 
fire-polished Pasteur glass pipette. Next, the cell suspension was mixed 
with bovine serum albumin (15%; Fisher Scientific) and centrifuged at 
900 rpm for 10 min to remove myelin and debris. The pellet was 
resuspended with Neurobasal A (Fisher Scientific) containing B27 (2%), 
L-glutamine (0.2%), and antibiotic/antimycotic solution (0.1%), and 
cells were plated onto glass coverslips coated with poly-D-lysine/ 
laminin (Fisher Scientific). The cells were incubated at 37 ◦C in a hu-
midified 5% CO2 chamber and used for recordings 1–6 h after plating. 

Patch clamp recordings and analysis 

The recording chamber (1 mL capacity) (Warner Instruments, Hol-
liston, MA) was placed on the stage of an upright microscope (Olympus, 
Waltham, MA) and continuously perfused with an external solution at 2 
mL/min using a peristaltic pump (Ismatec, Wertheim, Germany). All 
recordings were performed at room temperature (~24 ◦C). Healthy 
neurons were identified by their smooth and non-coarse cell surface. 
Neuron size was estimated by calculating the mean of the longest and 
shortest cross-sectional diameters with the aid of a calibrated eyepiece 
reticle under phase contrast illumination. Neurons were defined as 

small- (<30 µm), medium- (30–45 µm), and large- (>45 µm) diameter. 
In current clamp recordings, patch pipettes had resistance of 3–5 MΩ 
when filled with (in mM): 100 K-gluconate, 40 KCl, 0.3 CaCl2, 1 EGTA, 
10 HEPES, 2 Mg-ATP, 0.2 Na2GTP; (pH 7.2 adjusted with KOH, 290 
mOsm). Bath solution contained (in mM): 140 NaCl, 4 KCl, 2 CaCl2, 2 
MgCl2, 10 HEPES, 10 glucose; (pH 7.4 adjusted with NaOH, 315 mOsm). 
Recordings began 3 min after establishing whole-cell configuration to 
ensure stable recording conditions. Electrophysiological signals were 
amplified (Multiclamp 700B, Molecular Devices), low-pass filtered at 1 
kHz, and digitized at 10 kHz (Digidata 1440A, Molecular Devices). Data 
were acquired and analyzed off-line using pCLAMP 10 software (Mo-
lecular Devices). Cells were held at − 70 mV for current-clamp mea-
surements of intrinsic membrane parameters. Recordings were 
discarded if current injection >20 pA/pF was needed to keep the holding 
potential at − 70 mV. Action potential (AP) amplitude was determined as 
the distance from the − 70-mV holding potential to the peak. Threshold 
voltage was determined as the most depolarized membrane potential 
achieved without firing an AP. Only cells with AP amplitudes >70 mV 
were included in the analysis. Current threshold (pA) was the smallest 
amount of depolarizing current sufficient to evoke an action potential. 
All patch clamp recordings and analysis were performed by an investi-
gator blinded to the treatment of the experimental animals. All solutions 
were made fresh daily. 

Quantitative PCR 

Total RNA was isolated from IoN and TG samples using PureLink 
RNA Mini Kit (Thermo Fisher Scientific). RNA (200 ng) was reverse 
transcribed with Advantage RT for PCR kit (Takara Bio USA, Inc., 
Mountain View, CA) and the relative mRNA levels of NaV subtypes were 
determined using a quantitative polymerase chain reaction method with 
the following TaqMan probes from Thermo Fisher Scientific: NaV1.1 
(Rn00578439_m1), NaV1.3 (Rn01485332_m1), NaV1.5 
(Rn00565502_m1), NaV1.6 (Rn00570506_m1), NaV1.7 
(Rn00591020_m1), NaV1.8 (Rn00568393_m1), NaV1.9 
(Rn00570487_m1), and GAPDH (Rn01775763_g1). The relative gene 
expression level was calculated with the 2− ΔΔCt method, where GAPDH 
was used as an internal reference control. 

Fig. 1. Increased sensitivity to mechanical stimulation of vibrissal pad after infraorbital nerve entrapment (IoNE). A. Schematic illustration of a rat model of tri-
geminal neuropathy induced by placing 2 fixed-diameter non-constrictive tygon cuffs (OD: 2.4 mm; ID: 1.9 mm; Length: 1.2–1.5 mm) around the infraorbital nerve. 
B. The upper photographic image shows the site of surgical incision marked with red ink and the lower image shows 2 tygon cuffs placed around the infraorbital 
nerve lying on the orbital floor. The 1 mm scale bar in the lower image is shown to indicate the approximate size of tygon cuffs relative to the infraorbital canal. C. 
Time course of head withdrawal thresholds in response to von Frey stimulation expressed as change from baseline on the ipsilateral (ipsi) and contralateral (contra) 
sides of Sham and IoNE rats. **, p < 0.01; ***, p < 0.001 ipsi-Sham vs ipsi-IoNE; †††, p < 0.001 ipsi-IoNE vs contra-IoNE, two-way RM ANOVA (n = 8/group). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Quantitative protein analysis 

Plasma membrane protein isolation 
Total cellular membrane fraction from frozen ipsilateral IoN and TG 

samples were isolated and samples were further processed to extract the 
plasma membrane fraction. Briefly, samples were lysed in an ice-cold 
homogenization buffer supplemented with protease inhibitor cocktail 
(Abcam, Cambridge, MA) using a tissue homogenizer (Tissue Ruptor II, 
Qiagen), centrifuged in 700g for 10 min at 4 ◦C, and the total membrane 
pellet was collected to extract plasma membrane fraction following 
manufacturer’s protocol (Abcam). The extracted plasma membrane 
proteins were dissolved in 0.5% Triton X-100 in PBS, and the protein 
concentration was determined with a BCA protein assay (Thermo Fisher 
Scientific). 

Wes protein analysis 
For quantification of target proteins, we used the Wes system (Pro-

teinSimple, San Jose, CA), an automated size-based separation and 
immunoassay platform for detection and characterization of protein 
molecular weights in denatured protein lysates. The Wes system auto-
matically performs all the manual steps associated with traditional 
Western analysis and provides true quantification of results. Briefly, 
samples (0.5 mg/mL) were diluted in a Wes sample buffer, reduced, and 
denatured according to the manufacturer’s protocol and run on a 
66–440 kDa separation module (SM-W008, ProteinSimple). Primary 
antibodies for target proteins were diluted in Wes antibody diluent 2 as 
follows: NaV1.3 (1:20), NaV1.6 (1:20), NaV1.7 (1: 150), NaV1.8 
(1:100), and NaV1.9 (1:20) (Alomone Labs, Jerusalem, Israel). Wes anti- 
rabbit detection module (DM-001, ProteinSimple) was used for chemi-
luminescent detection. Spectral peaks were quantified on Compass for 
Simple Western software. All NaV antibodies used in this study recog-
nized two spectral peaks at 165 kDa and 265 kDa, similar to those shown 
in the manufacturer’s Western blot results. However, only the 265 kDa 
peaks, which correspond to the predicted size of NaV proteins, were 
included in the quantitative analysis (Baroni et al., 2014; Salvatierra 
et al., 2018; Sun et al., 2018). All target proteins were normalized to 
total protein for quantification. Specificity of each antibody was verified 
by comparing spectral peaks with or without pre-adsorption with a 
control antigen at 2 × Ab concentration. 

Data analysis 
Data were expressed as mean ± standard error of mean (S.E.M). Two 

group comparisons were made with unpaired t-test. Analysis of variance 
(ANOVA) with Sidak’s multiple group comparison test was used for 
post-hoc comparisons. The F-statistic values of ANOVA are reported in 
Table 1. P < 0.05 was considered statistically significant. All statistical 
analyses were performed using Prism 7 software (GraphPad Software 
Inc., La Jolla, CA). 

Results 

Mechanical allodynia, increased infraorbital nerve signal propagation, and 
enhanced sensitivity to TTX and NaV1.8 blocker after IoNE 

Approximately two weeks after Sham or IoNE surgery (Fig. 1A, B), 
significant mechanical allodynia was observed in the IoNE group in 
response to von Frey stimulation of ipsilateral but not contralateral 
vibrissal pads (Fig. 1C). Subsequently, rats were euthanized, and ex vivo 
ipsilateral IoNs were prepared for CAP recordings (Fig. 2A-C). A-fiber 
CAP areas and C-fiber CAP amplitudes were significantly increased in 
the IoNE group compared to Sham group (Fig. 2D, E). To determine NaV 
contribution to the changes in axonal signal propagation after IoNE, the 
non-selective NaV blocker, TTX (100 nM and 300 nM) and NaV1.8 
specific blocker, A-803467 (5 μM) were applied consecutively and the 
percent of pre-drug A-CAP area and C-CAP amplitude remaining after 
35 min of each application estimated (Fig. 3A, B). The decrease in A- and 

C-fiber CAPs after applying TTX (100 nM) was not significantly different 
between IoNE and sham groups (Fig. 3C, D). However, the decrease in A- 
fiber CAP area (Sham: 45.4 ± 9.8%; IoNE: 8.9 ± 3.2%; p < 0.01) and C- 
fiber CAP amplitude (Sham: 71.5 ± 9.8%; IoNE: 42.8 ± 5.2%; p < 0.05) 
after TTX (300 nM) was significantly greater from IoNE compared to 
Sham rats, implying greater TTX sensitivity of axonal conduction block 
after IoNE. In addition, applying TTX (300 nM) with the NaV1.8 specific 
blocker, A-803467 (5 μM) further reduced A-fiber (Sham: 34.3 ± 8.4%; 
IoNE: 1.2 ± 0.4%; p < 0.05) and C-fiber (Sham: 66.3 ± 8.9%; IoNE: 31.3 
± 5.1%; p < 0.01) CAPs, with greater decreases in the IoNE group 
compared to Sham. This result suggested that IoNE induced increases in 
NaV1.8 expression or function in a subset of axons resistant to axonal 
conduction block by TTX. 

Changes in axonal signal conduction of vibrissal pad afferents after IoNE 

Allodynia is a prominent symptom of trigeminal neuropathies (Shi-
noda et al., 2021), and IoNE but not sham surgery induced significant 
mechanical allodynia in the ipsilateral vibrissal pad region (Fig. 1C). To 
investigate if the mechanical allodynia caused by IoNE is related to 
changes in the axonal conduction of affected axons, we recorded CAPs 
from the IoN fiber bundles selectively innervating the vibrissal pad 
(Fig. 4A). Recordings revealed prominent Aβ- and Aδ-fiber CAPs 
(Fig. 4B), but only a very small C-CAP that could not be resolved in most 
of these recordings (not shown). IoNE had no significant effect on Aβ- 
fiber CAP area (Fig. 4C). By contrast, the Aδ-CAP area was significantly 
increased at higher stimulus strengths in the IoNE group compared to 
Sham (Fig. 4D). 

Role of NaV subtypes in axonal signal conduction of vibrissal pad afferents 
after IoNE 

Next, we investigated the role of NaV subtypes contributing to the 
increased signal propagation of Aδ-fibers through the cumulative 
application of subtype-specific NaV blockers and determining the 
percent of pre-drug CAP remaining 35 min after each application 
(Fig. 4E-F). The concentrations of selective blockers were chosen based 
on published efficacy and selectivity studies (Klein et al., 2017; 
McCormack et al., 2013; Rosker et al., 2007; Vysokov et al., 2019; Xie 
et al., 2019). Since the sensitivity of IoN to axonal conduction block by 
TTX was significantly increased after IoNE, and the TTX-sensitive 

Table 1 
F-statistic values of mean differences obtained from two-way ANOVA 
comparisons.  

Figure Column Factor Row Factor Interaction 

Fig. 1C Group F (3, 28) =
13.77; p < 0.001 

Time F (2, 56) =
16.05; p < 0.001 

Group × Time F (6, 56) 
= 9.01; p < 0.001 

Fig. 2D Group F (1, 270) =
7.175; p < 0.01 

Stimulus F (9, 270) =
34.12; p < 0.001 

Group × Stimulus F (9, 
270) = 0.56; p>0.05 

Fig. 2E Group F (1, 110) =
18.51; p < 0.001 

Stimulus F (9, 110) =
47.88; p < 0.001 

Group × Stimulus F (9, 
110) = 1.84; p>0.05 

Fig. 3C Group F (1, 36) =
17.68; p < 0.001 

Treatment F (2, 36) =
25.67; p < 0.001 

Group × Treatment F 
(2, 36) = 2.07; p>0.05 

Fig. 3D Group F (1, 39) =
16.2; p < 0.001 

Treatment F (2, 39) =
7.11; p < 0.01 

Group × Treatment F 
(2, 39) = 2.26; p>0.05 

Fig. 4C Group F (1, 14) =
1.07; p>0.05 

Stimulus F (9, 126) =
30.02; p < 0.001 

Group × Stimulus F (9, 
126) = –0.91; p>0.05 

Fig. 4D Group F (1, 140) =
5.88; p < 0.05 

Stimulus F (9, 140) =
29.11; p < 0.001 

Group × Stimulus F (9, 
140) = 1.83; p>0.05 

Fig. 4E Group F (1, 49) =
1.8; p>0.05 

Treatment F (3, 49) =
95.45; p < 0.001 

Group × Treatment F 
(3, 49) = 1.47; p>0.05 

Fig. 4F Group F (1, 49) =
39.05; p < 0.001 

Treatment F (3, 49) =
40.11; p < 0.001 

Group × Treatment F 
(3, 49) = 4.12; p>0.05 

Fig. 6A Group F (1, 97) =
85.89; p < 0.001 

mRNA F (6, 97) =
11.81; p < 0.001 

Group × mRNA F (6, 
97) = 11.81; p < 0.001 

Fig. 6B Group F (1, 98) =
38.32; p < 0.001 

mRNA F (6, 98) =
3.81; p < 0.01 

Group × mRNA F (6, 
98) = 3.81; p < 0.01  
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NaV1.7 channel has a crucial role in nociception (Chew et al., 2019; 
Hoffmann et al., 2018), we first applied a NaV1.7 specific blocker, ICA- 
121431 (1 μM). In both groups, there were no significant changes in the 
Aβ- or Aδ-CAP area after normalizing to the vehicle control. The cu-
mulative application of a NaV1.8 specific blocker, A-803467 (5 μM) with 
the NaV1.7 blocker, significantly reduced the Aδ-fiber CAP area in the 

IoNE group (Sham: 100.9 ± 4.6%; IoNE: 84.6 ± 2%; p < 0.05). More-
over, the cumulative application of NaV1.7 and NaV1.8 blockers and 
4,9-anhydro-TTX (0.5 μM) further reduced the Aδ-fiber CAP area in the 
IoNE group compared to Sham (Sham: 87.2 ± 4.7%; IoNE: 69.2 ± 2.2%; 
p < 0.01). This increased sensitivity of Aδ-fiber CAP in the IoNE group 
was also observed after applying the NaV1.8 blocker with TTX (100 nM) 

Fig. 2. Infraorbital nerve entrapment (IoNE) increases A- and C-fiber axonal signal propagation measured at 2–3 weeks post-surgery. A. Schematic illustration of 
recording arrangement. The distal end of the nerve was placed into a stimulating suction electrode and the evoked compound action potentials (CAPs) were recorded 
from the proximal end of the nerve with a recording suction electrode. Signals from the artifact suppression and recording electrodes were fed into a differential 
recording amplifier, digitized, and stored for off-line analysis. B-C: Sample recording traces show A-fiber CAP area (B) and C-fiber CAP amplitude (C) along with 
stimulus artifacts. D. Stimulus-output plot of A-fiber CAP area for infraorbital nerves ipsilateral to IoNE (n = 15) and Sham (n = 14) surgery rats. E. Stimulus-output 
plot of C-fiber CAP amplitude of infraorbital nerves ipsilateral to IoNE (n = 7) and Sham (n = 6) surgery rats. **, p < 0.01; ***, p < 0.001 IoNE vs Sham; two- 
way ANOVA. 
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(Sham: 74.1 ± 8.6%; IoNE: 39.4 ± 5%; p < 0.001). These findings 
suggest that increased activation of NaV1.8 contributes to axonal signal 
conduction after IoNE, at least in the stimulated Aδ fibers innervating 
the vibrissal pad. The increased sensitivity of the Aδ-fiber CAP area to 
4,9-anhydro-TTX and TTX implies that other TTX-sensitive channels, 
including NaV1.3, may contribute to the enhanced axonal signal prop-
agation of these afferents after IoNE. 

Increased excitability of dissociated TG neurons after IoNE 

Current clamp recordings revealed significant differences in the 
membrane properties of small-medium diameter TG neurons between 
Sham and IoNE groups. The average size of TG neurons from Sham and 
IoNE rats in current-clamp recordings was 26.9 ± 2.3 μm (small-diam-
eter: 8 neurons, medium-diameter: 6 neurons) and 27.1 ± 2.0 μm (small- 
diameter: 13 neurons, medium-diameter: 3 neurons), respectively. Ac-
tion potential (AP) waveforms generated in TG neurons of Sham and 
IoNE rats by square-pulse stimulation are shown in Fig. 5A. The 
threshold current intensities for evoking APs were significantly 
decreased in the IoNE vs Sham group (Fig. 5B). In the absence of dif-
ferences in AP amplitude (Fig. 5C), the AP duration was significantly 
increased in the IoNE group (Fig. 5D), and the voltage threshold for first 
AP was significantly more hyperpolarized in the IoNE group (Fig. 5E). 
The resting membrane potential was significantly more depolarized in 
the IoNE group compared to Sham group (Fig. 5F). 

Changes in NaV mRNA levels in IoN and TG after IoNE 

In our previous RNA-Seq study we observed changes in axonal 
localization of several hundred mRNAs induced by sciatic nerve 
entrapment (Hirai et al., 2017). To determine the effect of IoNE on the 
levels and relative localization of various NaV subtype mRNAs, we 
measured their steady-state levels separately in ipsilateral TG and IoN of 
Sham and IoNE rats at two weeks post-surgery. Two-way ANOVA 
revealed a significant increase in the expression of NaV1.3, NaV1.7, and 
NaV1.8 mRNAs in the IoN of IoNE group compared to Sham group 
(Fig. 6A). By contrast, in the TG of IoNE rats, NaV1.1, NaV1.5, NaV1.6, 
NaV1.8, and NaV1.9 mRNAs were significantly decreased compared to 
Sham rats (Fig. 6B). These data suggested relative redistribution of select 
NaV subtype mRNAs from the TG somata to their peripheral axons after 
IoNE. 

Changes in NaV protein levels in IoN and TG after IoNE 

In order to better relate the contribution of different NaV subtypes to 
IoNE-induced changes in signal propagation of peripheral axons and 
excitability of TG neuronal somata, we quantified the NaV subtype 
proteins in the plasma membrane fractions of ipsilateral IoN and TG 
from Sham and IoNE rats. Analysis revealed a significant increase in the 
membrane expression only of NaV1.8 protein in the IoN of IoNE group vs 
Sham group (Fig. 7A-E). In the TG, only the plasma membrane expres-
sion of NaV1.7 protein was significantly decreased in the IoNE group vs 
Sham group (Fig. 7F-J). These data confirmed the increased contribution 
of NaV1.8 to the signal propagation of IoN fibers after IoNE. 

Discussion 

Anticonvulsants targeting NaVs have been used clinically to treat 
trigeminal neuralgia and other orofacial neuropathies for more than 
three decades. However, the role of individual NaV subtypes in the 
electrophysiological changes of primary afferents after trigeminal nerve 
injuries remains to be investigated. The current study investigated IoNE- 
induced alterations in excitability of trigeminal ganglion neurons and 
the role of NaVs in axonal signal propagation. Our results show signif-
icantly increased signal propagation in A- and C-fibers after IoNE 
compared to Sham, with enhanced sensitivity to axonal conduction 

Fig. 3. Increased sensitivity of infraorbital nerve to axonal conduction block by 
tetrodotoxin (TTX) and NaV1.8 blocker after IoNE. A-B: Sample recording 
traces from an IoNE rat show decreases in A-fiber CAP (10 mA; 0.1 ms) area and 
C-fiber CAP (15 mA; 1 ms) amplitudes after TTX and NaV1.8 blocker, A-803467 
(A8). C-D: Decreases in A-fiber CAP area and C-fiber CAP amplitude are 
significantly greater in IoNE compared to Sham after bath application of TTX 
(300 nM) and TTX (300 nM) + A-803467 (5 μM). However, the decrease in A- 
and C-fiber CAP measurements of IoNE group are not significantly different 
from Sham after TTX (100 nM). *, p < 0.05; **, p < 0.01 Sham vs IoNE; two- 
way ANOVA, Sidak’s multiple comparison test (n = 7–8/group). 
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Fig. 4. Infraorbital nerve entrapment (IoNE) selectively increases the axonal signal propagation of Aδ-fibers innervating the vibrissal pad. A. Schematic of recording 
arrangement showing the peripheral end of vibrissal pad afferents placed into a stimulating suction electrode and the compound action potentials (CAP) recorded 
from the proximal end of the nerve with a recording suction electrode. The signals from the artifact suppression and recording electrodes were fed into a differential 
recording amplifier, digitized, and stored for off-line analysis. B. Sample recording traces show CAP areas (indicated by dotted lines) of Aβ- and Aδ-fibers of IoNE and 
Sham nerves acquired at 10 mA stimulus strength, 0.1 ms duration. The vertical dotted lines indicate an approximate conduction velocity of 8.5 m/s, used to 
segregate Aβ- and Aδ-fiber CAP areas C-D: Stimulus-output response plots show no significant difference in CAP areas of Aβ-fibers between IoNE and Sham nerves. In 
contrast, IoNE significantly increased the Aδ-fiber CAP area of infraorbital nerve samples at higher stimulus strengths compared to Sham nerves. E-F: Changes in Aβ- 
and Aδ-fiber CAP areas expressed as percent of vehicle control (DMSO) after cumulative application of NaV1.7 blocker (ICA-121431, 1 μM), NaV1.8 blocker (A- 
803479, 5 μM), 4,9-anhydro-TTX (0.5 μM), and TTX (100 nM). *, p < 0.05; **, p < 0.01; ***, p < 0.001 Sham vs IoNE; two-way ANOVA, Sidak’s multiple comparison 
test (n = 5–8/group). 
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block by 300 nM TTX, as well as increased sensitivity of the TTX- 
resistant component to the NaV1.8 selective blocker. While an in-
crease in TTX permeability might have contributed to its enhanced 
sensitivity after IoNE, due to the disruption of tight junctions and blood- 
nerve barrier from nerve injury (Reinhold et al., 2018), the lack of such 
effects in the SNE neuropathy model (Thakor et al., 2009) suggests that 
these changes are specific to the IoN. The increased CAP size and its 
sensitivity to TTX after IoNE could be due to increased contributions 
from the various TTX-sensitive NaV subtypes. We found a trend to in-
creases in all TTX-sensitive NaV mRNAs, but significant upregulation of 
only NaV1.3 and NaV1.7 axonal mRNAs, supporting their role in 
increased CAPs and TTX sensitivity after IoNE. Contrary to our mRNA 
findings, we did not observe a significant change in any of the TTX- 
sensitive NaV membrane protein levels. However, a previous study 
has shown increased axonal expression of NaV1.3 protein after the IoN 
injury (Liu et al., 2020). This discrepancy in observations on NaV1.3 
expression might have resulted from measuring the total vs. plasma 
membrane protein levels. Although we did not measure NaV1.1 protein 
levels in this study, a previous study has shown its axonal upregulation 
after IoN injury, which correlates with its significant role in axonal 
conduction after the IoN injury (Pineda-Farias et al., 2021). We suspect 
that similar increased contributions of NaV1.1 and NaV1.3 channels to 
action potential propagation could mediate the increased TTX sensi-
tivity after IoNE. 

The enhanced sensitivity of the TTX-resistant component of CAP to 
blockade by the selective NaV1.8 inhibitor after IoNE is consistent with 
the increased TTX resistance of the sciatic nerve seen in spinal nerve 
(Gold et al., 2003) and sciatic nerve (Thakor et al., 2009) injury models, 
both of which exhibited increased axonal levels of NaV1.8 mRNA or 

protein. In these studies, antisense- or shRNA-mediated selective 
depletion of axonal NaV1.8 could be directly related to the suppression 
of injury-induced pain behaviors (Gold et al., 2003; Ruangsri et al., 
2011). In the current study, increased sensitivity to the selective NaV1.8 
inhibitor after IoNE could also be related to the increases in IoN steady- 
state levels of both NaV1.8 mRNA and protein. Thus, increased contri-
bution of NaV1.8 signaling appears common to trigeminal and spinal 
nerve injuries. 

After IoNE, we observed significant increases in the Aδ but not Aβ 
component of A-fiber CAP during selective activation of vibrissal pad 
afferents. These findings resemble the reported persistent increases in 
the Aδ-fiber vibrissal pad afferent excitability after the IoN injury 
(Kitagawa et al., 2006). Interestingly, the NaV1.7 specific inhibitor 
alone did not affect the Aδ-fiber signal conduction, whereas cumulative 
application of NaV1.7, NaV1.6, and NaV1.8 specific inhibitors and TTX, 
reduced the Aδ-fiber CAP area to a significantly greater extent in the 
IoNE compared to Sham group. The main implication of these findings is 
that functional NaV1.3 and NaV1.8 channels participate in the IoNE- 
induced increases in axonal signal conduction in Aδ afferents inner-
vating the vibrissal pad. Although both NaV1.7 and NaV1.8 channels are 
expressed in spinal A and C nociceptors (Black et al., 2012; Daou et al., 
2016), the lack of effect of NaV1.7 blocker on the Aδ CAP of vibrissal pad 
afferents suggests that these fibers may not depend on functional NaV1.7 
channels for axonal conduction. It was shown in a recent study that 
NaV1.7 is essential for axonal propagation between cutaneous terminals 
and DRG neurons in only around two-thirds of nociceptive neurons 
(Goodwin et al., 2021). Suppressing the activity of NaV1.8-expressing 
neurons suppresses cutaneous allodynia after neuropathic injury 
(Daou et al., 2016), and NaV1.8 expression is also essential for ongoing 

Fig. 5. Membrane properties of trigeminal 
ganglion (TG) neurons from Sham and IoNE 
groups. A. Sample traces of action potential 
(AP) waveforms in response to depolarizing 
square wave currents from TG neurons of 
Sham and IoNE rats collected at 2 weeks 
post-surgery. B. Threshold intensities for 
evoking APs. C. AP amplitude. D. AP dura-
tion measured at half-amplitude. E. Resting 
membrane potential (RMP). F. The voltage 
threshold for first AP. **, p < 0.01; ***, p <
0.001, Sham (n = 14 neurons/6 rats) vs IoNE 
(n = 16 neurons/7 rats), unpaired t-test.   

Y. Mulpuri et al.                                                                                                                                                                                                                                



Neurobiology of Pain 11 (2022) 100084

9

or spontaneous activity in injured C- and A-fiber neurons, including the 
fast-conducting Aδ-fibers (Roza et al., 2003). The current findings 
resemble those reported in a previous study where the addition of 
NaV1.8 inhibitor, A-803467 silenced the subset of skin afferents not 
silenced by NaV1.7 blockade alone in mouse thoracic skin-nerve prep-
arations (Jurcakova et al., 2018). Although A-803467 could not trans-
late to the clinic due to poor oral bioavailability, dexpramipexole, an 
inhibitor of eosinophilic inflammation with good oral bioavailability 
and clinical safety profile, was shown to selectively inhibit NaV1.8 
channels and provide analgesia in sciatic nerve injury, chemotherapy- 
induced peripheral neuropathy, and diabetic peripheral neuropathy 
models (Bozik et al., 2011; Urru et al., 2020). 

We could not investigate the changes in signal conduction of vibrissal 
pad C-fiber afferents because of the small C-CAP amplitude, which could 
not be resolved in most recordings. The relative proportion of myelin-
ated and unmyelinated fibers in the stimulated nerve influences the size 
and shape of A- and C-fiber CAPs (Gasser and Grundfest, 1939), and 
previous studies have identified significant differences in the histologi-
cal composition of trigeminal vs. spinal nerves. Though many studies 
showed that spinal nerves contain higher proportion of unmyelinated C- 
fibers (low A/C-fiber ratio) (Alpsan and Lal, 1980; Smith et al., 2012), 
trigeminal branches innervating the perioral region are predominantly 
composed of medium-large diameter myelinated afferents (high A/C- 
fiber ratio) (Sugimoto et al., 1986; Sugimoto et al., 1988). We suspect 
that the very small C-fiber CAP amplitudes observed in current IoN re-
cordings could be due to low abundance of C-fibers in the stimulated 
vibrissal pad afferents. Overall evidence suggests that these subtle var-
iations in the composition and spatial organization of primary afferent 
fibers in the injured trigeminal branches influence pain quality, location, 
and temporal features of trigeminal neuropathies (DaSilva and Dos-
Santos, 2012). Moreover, the phenotypic characteristics of abnormal Aδ- 
fiber signaling such as paroxysmal attacks of electric shock-like pain 
observed in many trigeminal neuralgia patients suggest that Aδ-fibers 
play a crucial role in the pathophysiology of trigeminal neuropathic pain 
disorders (Koh et al., 2021). 

It was shown in a previous study that 4,9-anhydro-TTX blocks mouse 
NaV1.6 currents with an IC50 of 7.8 nM (Rosker et al., 2007). Although 
its specificity for rat NaV1.6 has not been extensively investigated, their 
findings found that 4,9-anhydro-TTX inhibits rat NaV1.3 with an IC50 of 
341 nM. In our IoN recordings, application of 4,9-anhydro-TTX at 
10–300 nM showed no significant effect on A-fiber CAP area (Supp. 
Fig. 1). However, the further reduction of Aδ-fiber CAP area in the IoNE 
group after the cumulative application of 4,9-anhydro-TTX (0.5 μM) 
with NaV1.7 and NaV1.8 blockers could have resulted from the inhibi-
tion of NaV1.3 channels to some extent. The involvement of NaV1.3 is 
also supported by findings from our molecular studies showing axonal 
upregulation of NaV1.3 mRNA after IoNE. The current findings are also 
in agreement with a previous study showing a significant reduction of 
Na currents after the cumulative application of 4,9-anhydro-TTX (0.5 
μM) with NaV1.7 and NaV1.8 blockers in cultured DRG neurons sub-
jected to distal axotomy in vitro (Vysokov et al., 2019). Similar species 
differences in NaV selectivity have also been reported for ICA-121431, a 
selective blocker of human and mouse NaV1.1 and NaV1.3 channels 
(IC50 = 19 nM), which also exhibits potent inhibition of rat NaV1.7 
(McCormack et al., 2013). 

IoNE significantly increased the excitability of small-medium sized 
TG neurons, as observed by their reduced current threshold for evoking 
APs, hyperpolarized AP voltage threshold, increased AP duration, and a 
more depolarized RMP. The changes in AP thresholds could be due to 
alterations in the function of somatic NaV subtypes. However, changes 
in AP duration and RMP suggest alterations of K+ channels which are 
known to influence the RMP and AP repolarization. These include 
members of the KCNK family leakage K+ channels which contribute to 
the RMP and the A-type Kv4.3 voltage-gated K+ channels which 
contribute to AP repolarization, both of which are downregulated 
following IoN chronic constriction injury (IoN-CCI) in rats (Kanda et al., 
2021; Takeda et al., 2011). The large-conductance Ca2+-activated K+

channels (BKCa), which contribute to AP afterhyperpolarization, are 
also downregulated after IoN-CCI (Liu et al., 2015). In contrast, 
expression of KCNQ2/3 channels which mediate the M-type outward K+

Fig. 6. Changes in the expression of voltage gated sodium channel (NaV) mRNAs in the ipsilateral infraorbital nerves and trigeminal ganglia of Sham and infraorbital 
nerve entrapment (IoNE) rats measured at 2 weeks post-surgery. A. IoNE selectively increased NaV1.3, NaV1.7, and NaV1.8 mRNAs in the infraorbital nerve, 
expressed as fold change vs. sham. B. However, in the trigeminal ganglion, IoNE significantly reduced the mRNA levels of NaV1.1, NaV1.5, NaV1.6, NaV1.8, and 
NaV1.9. Expression of all NaV mRNAs were normalized to the loading control, GAPDH mRNA and to the mean of Sham group. *, p < 0.05; **, p < 0.01; ***, p <
0.001 Sham vs IoNE, two-way ANOVA (n = 8 rats/group). 
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currents is increased after IoN-CCI, suggesting compensatory attempts to 
limit injury-induced trigeminal hyperexcitability (Ling et al., 2018; Abd- 
Elsayed et al., 2015). 

We observed that IoNE increased the axonal mRNA levels of NaV1.3, 
NaV1.7, and NaV1.8 while decreasing the transcript levels of most NaVs 
in the TG. The current findings on the axonal upregulation of NaVs after 
IoNE to some extent resemble RT-PCR findings from the gingival bi-
opsies of trigeminal neuralgia patients showing upregulation of NaV1.3 
and NaV1.7 mRNAs, although the neuronal origin of these transcripts 
was not investigated (Siqueira et al., 2009). Though the evidence is 
limited, studies show that NaV1.7 and NaV1.8 expression is also reduced 

in the spinal dorsal horn after sciatic nerve injury, suggesting that these 
channels are redistributed mostly to the periphery (Fukuoka et al., 2015; 
Vysokov et al., 2019). Despite a significant increase in the TTX- 
sensitivity of A- and C-fiber CAPs after IoNE, our quantitative protein 
analysis of plasma membrane fraction revealed no significant changes in 
the expression of NaV1.3 and NaV1.7. In this study, we specifically 
investigated the expression of NaV proteins in the plasma membrane 
fraction because it represents a functional expression of cell surface ion 
channels and receptors. While the amount of mRNA within a cell ex-
emplifies a direct mechanism for regulating protein abundance, there 
are several instances where a direct correlation between mRNA and 

Fig. 7. Quantitative protein analysis of the plasma membrane fraction of ipsilateral infraorbital nerve and trigeminal ganglion samples showing voltage gated 
sodium channel (NaV) subtype expression in Sham and infraorbital nerve entrapment (IoNE) rats measured at ~2 weeks post-surgery. A-J. Spectral graphs on left 
show group averages (n = 8/group) of target peaks: NaV1.3 (A, F); NaV1.6 (B, G); NaV1.7 (C, H); NaV1.8 (D, I); NaV1.9 (E, J). Bar graphs on the right are group 
averages of target proteins normalized to total protein and to the mean of the Sham group. *, p < 0.05; **, p < 0.01 Sham vs IoNE, unpaired t-test. Note: The plasma 
membrane expression of NaV1.8 is significantly increased in the infraorbital nerve of IoNE rats compared to sham rats. 
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protein levels is not observed (Maier et al., 2009). Protein expression is a 
highly regulated process exerted by numerous mechanisms, including 
post-translational modifications that can regulate membrane insertion 
and function of ion channels and receptors (Curran and Mohler, 2015). 
In neurons, proteins derived from axonal mRNAs differ from those 
synthesized in the cell bodies both in their post-translational modifica-
tion status and cellular functions they exert (Bierhaus et al., 2012; Lee 
et al., 2021). Although it is not in the scope of the current study to 
determine the post-translational modification status of NaVs, we expect 
that the increased TTX sensitivity mainly resulted from a gain of func-
tion of TTX-sensitive NaVs derived from axonal mRNAs presumably via 
distinct post-translational modifications. 

Localized mRNA translation has a fundamental role in neuronal 
development, maintenance, and repair and is key to nociceptor plas-
ticity that drives persistent pain symptoms in many chronic pain states 
(Kandasamy and Price, 2015; Khoutorsky and Price, 2018; Lackovic 
et al., 2021; Yousuf et al., 2021). We have shown previously that 
neuropathy-induced axonal mRNAs differ from those restricted to 
neuronal soma in their 3′ untranslated regions (UTRs). In the case of 
NaV1.8 mRNA, the alternative cleavage and polyadenylation of its 3′

UTR region promote peripheral axonal trafficking after nerve injury 
(Hirai et al., 2017). The subcellular localization of mRNAs, stability, and 
local translation are regulated by RNA binding proteins, including poly 
(A)-binding proteins necessary for the expression of inflammatory pain 
(Barragan-Iglesias et al., 2018; Turner-Bridger et al., 2020). Thus, it 
remains to be investigated if the axonal redistribution of NaV1.3, 
NaV1.7, and NaV1.8 mRNAs after IoNE is driven by the same RNA- 
binding proteins. If so, targeting the mechanisms of their axonal redis-
tribution would provide a novel means to reduce abnormal activation of 
injured trigeminal nerves. 

The current study has several limitations that could be addressed in 
future experiments. One limitation is that we did not explore possible 
sex differences in the contribution of NaV subtypes to IoNE-induced 
changes in axonal signal propagation. In addition, we did not investi-
gate changes in behavioral responses to heat and cold stimuli after IoNE. 
Although current data provides electrophysiology and molecular evi-
dence for the peripheral axonal redistribution of NaV1.3, NaV1.7, and 
NaV1.8 after IoNE, we did not explore how these changes contribute to 
IoNE induced pain behaviors. Our interpretation of the electrophysio-
logical data is also limited by the lack of full concentration–response 
data for the various NaV blockers used. Another limitation is that while 
our qPCR data shows axonal upregulation of NaV1.3, NaV1.7, and 
NaV1.8 mRNAs, the relative expression levels of these NaVs in Aβ-, Aδ-, 
and C-fiber types remains to be investigated. In addition, while we are 
aware of the preferential localization of some NaVs in distal axons (Akin 
et al., 2019; Klein et al., 2017), we did not localize changes in expression 
of NaVs along the entire length of the affected TG neurons. Some of these 
limitations could be addressed with molecular imaging and retrograde 
labeling approaches. Overall, our data suggest that increased axonal 
expression of NaV1.8 and enhanced sensitivity to axonal conduction 
block by A-803467 after IoNE contributes to increased axonal signal 
propagation after infraorbital nerve injury. Our data also highlight the 
involvement of select TTX-sensitive NaVs in IoNE-induced increases in 
axonal signal conduction. 
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