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Abstract 41 

Small-diameter vesicular glutamate transporter 3-lineage (Vglut3lineage) dorsal root ganglion 42 

(DRG) neurons play an important role in mechanosensation and thermal hypersensitivity; 43 

however, little is known about their intrinsic electrical properties. We therefore set out to 44 

investigate mechanisms of excitability within this population. Calcium microfluorimetry analysis 45 

of male and female mouse DRG neurons demonstrated that the cooling compound menthol 46 

selectively activates a subset of Vglut3lineage neurons. Whole-cell recordings showed that small-47 

diameter Vglut3lineage DRG neurons fire menthol-evoked action potentials and exhibited robust, 48 

transient receptor potential melastatin 8 (TRPM8)-dependent discharges at room temperature. 49 

This heightened excitability was confirmed by current-clamp and action potential phase-plot 50 

analyses, which showed menthol-sensitive Vglut3lineage neurons to have more depolarized 51 

membrane potentials, lower firing thresholds, and higher evoked firing frequencies compared 52 

with menthol-insensitive Vglut3lineage neurons. A biophysical analysis revealed voltage-gated 53 

sodium channel (NaV) currents in menthol-sensitive Vglut3lineage neurons were resistant to entry 54 

into slow inactivation compared with menthol-insensitive neurons. Multiplex in situ hybridization 55 

showed similar distributions of tetrodotoxin (TTX)-sensitive NaVs transcripts between TRPM8-56 

positive and -negative Vglut3lineage neurons; however, NaV1.8 transcripts, which encode TTX-57 

resistant channels, were more prevalent in TRPM8-negative neurons. Conversely, 58 

pharmacological analyses identified distinct functional contributions of NaV subunits, with NaV1.1 59 

driving firing in menthol-sensitive neurons, whereas other small-diameter Vglut3lineage neurons 60 

rely primarily on TTX-resistant NaV channels. Additionally, when NaV1.1 channels were blocked, 61 

the remaining NaV currents readily entered into slow inactivation in menthol-sensitive 62 

Vglut3lineage neurons. Thus, these data demonstrate that TTX-sensitive NaVs drive action 63 

potential firing in menthol-sensitive sensory neurons and contribute to their heightened 64 

excitability.   65 
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Significance Statement 66 

Somatosensensory neurons encode various sensory modalities including thermoreception, 67 

mechanoreception, nociception and itch. This report identifies a previously unknown 68 

requirement for tetrodotoxin-sensitive sodium channels in action potential firing in a discrete 69 

subpopulation of small-diameter sensory neurons that are activated by the cooling agent 70 

menthol. Together, our results provide a mechanistic understanding of factors that control 71 

intrinsic excitability in functionally distinct subsets of peripheral neurons. Furthermore, as 72 

menthol has been used for centuries as an analgesic and anti-pruritic, these findings support 73 

the viability of NaV1.1 as a therapeutic target for sensory disorders.  74 
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Introduction 75 

Small-diameter dorsal root ganglion (DRG) neurons are sensory neurons that encode a diverse 76 

array of somatic sensations, including various forms of pain, thermosensation, itch and touch 77 

(Dubin and Patapoutian, 2010; McGlone and Reilly, 2010; Schepers and Ringkamp, 2010; 78 

Bautista et al., 2014; Liljencrantz and Olausson, 2014). This functional diversity is encompassed 79 

by small-diameter DRG neurons of the vesicular glutamate transporter 3 lineage (Vglut3lineage), 80 

which comprise approximately 15% of DRG neurons (Lou et al., 2013). For example, a 81 

subpopulation of Vglut3lineage neurons are unmyelinated, low threshold mechanoreceptors (C-82 

LTMRs) that encode tactile stimuli (Seal et al., 2009). Furthermore, transient receptor potential 83 

melastatin (TRPM8)-expressing Vglut3lineage neurons are proposed to mediate oxaliplatin-84 

induced cold hypersensitivity (Draxler et al., 2014). The diverse physiological processes in 85 

which these neurons have been implicated suggests they engage distinct transduction 86 

mechanisms to encode sensory information. Yet, the molecular determinants involved in 87 

transmitting electrical signals in discrete subpopulations of Vglut3lineage neurons remain poorly 88 

understood.  89 

Following membrane depolarization, activation of voltage-gated sodium channels (NaVs) 90 

initiate action potentials. In sensory neurons, both action potential shape and discharge 91 

frequency transmit important information (Djouhri et al., 1998; Park and Dunlap, 1998; Liu et al., 92 

2017), a concept that is clearly illustrated in small-diameter nociceptors. These neurons 93 

predominantly express tetrodotoxin (TTX)-sensitive NaV1.7 channels, as well as TTX-resistant 94 

NaV1.8 and NaV1.9 subunits. Many small-diameter, nociceptive DRG neurons exhibit a 95 

prominent TTX-resistant sodium current that produces a “shoulder” during action potential 96 

repolarization, therefore increasing action potential duration (Ritter and Mendell, 1992; Djouhri 97 

et al., 1998; Blair and Bean, 2002). The inactivation kinetics of TTX-resistant sodium currents 98 

during this shoulder likely allow for a greater contribution of high-voltage activated calcium 99 

channels, which may increase calcium entry and could be particularly relevant to 100 

neurotransmitter release at presynaptic terminals (Blair and Bean, 2002). Additionally, the 101 

kinetics of slow inactivation of TTX-resistant voltage-gated sodium channels in nociceptive 102 

neurons controls firing rate adaption in response to sustained depolarization (Blair and Bean, 103 
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2003; Choi et al., 2007). Thus, the molecular identity and biophysical properties of NaVs 104 

expressed in a given neuron impacts action potential firing and sensory coding.  105 

Despite the contributions of small-diameter Vglut3lineage neurons to somatosensation, the 106 

NaVs that mediate action potential firing in these neurons remain unknown. Such information 107 

can provide important insights as to how developmentally related, yet functionally diverse, DRG 108 

neurons differentially engage NaVs to transmit sensory information. Accordingly, we asked 109 

whether subpopulations of small-diameter Vglut3lineage DRG neurons possess measurable 110 

differences in intrinsic excitability and, if so, whether such differences reflect the contributions of 111 

functionally distinct NaV subunits. Here, we show that small-diameter Vglut3lineage neurons 112 

activated by the cooling compound menthol exhibit heightened excitability compared with 113 

menthol-insensitive neurons, firing robust trains of TRPM8-dependent action potentials at room 114 

temperature. Furthermore, in vitro electrophysiological and pharmacological analyses revealed 115 

that unlike nociceptors, TTX-sensitive ion channels including NaV1.1, drive action potential firing 116 

and mediate excitability in these neurons.   117 
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Materials & Methods 118 

 119 

Key Resources 120 

Table 1 contains a list of this study’s key resources, suppliers and unique identifying 121 

information.  RRIDs are provided for mouse strains and antibodies. 122 
 123 
REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 
Rabbit polyclonal anti-DsRed Clonetech Laboratories Cat# 632496, 

RRID:AB_10013483 
Goat anti Rabbit polyclonal Alexa-594 Thermo Fisher Scientific Cat# A-11037, 

RRID:AB_2534095 

Chemicals, Peptides, and Recombinant 
Proteins 

  

Collagenase Type P Sigma-Aldrich Cat# 11249002001 
O.C.T. Compound Tissue-Tek Cat# 4583 
Trypsin-EDTA 0.05% Fisher Scientific Cat# 25300054 
Fluoromount-G Thermo Fisher Scientific Cat# 00-4958-02 
Laminin Sigma-Aldrich Cat# L2020-1MG 
MEM Fisher Scientific Cat# 11098050 
Penicillin-Streptomycin Fisher Scientific Cat# 15-140-122 
MEM vitamin solution Thermo Fisher Scientific Cat# SH3059901 
B-27 supplement Fisher Scientific Cat# 17504044 
Horse serum, heat inactivated Thermo Fisher Scientific Cat# 26050070 
Fura-2, AM Thermo Fisher Scientific Cat# F1221 
Pluronic F-127 Thermo Fisher Scientific Cat# P3000MP 
Human NaV1.7 plasmid Dr. Manu Ben-Johny  
DMEM Thermo Fisher Scientific Cat# 11995073 
Fetal Bovine Serum Thermo Fisher Scientific Cat# A3840101 
Tetrodotoxin Abcam Cat# ab120054 
4,9-anhydro-tetrodotoxin R&D Systems Cat# 6159/100U 
PF 05089771 Tocris Cat# 5931 
ICA 121431 Tocris Cat# 5066/10 
PN3a Deuis et al., 2017  

Critical Commercial Assays 
Plasmid Maxi Kit Qiagen Cat# 12162 
RNAscope Fluorescent Multiplex kit Advanced Cell Diagnostics Cat# 320850 
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Deposited Data 
  

Source Data (freely available through Mendeley) 
This paper http://dx.doi.org/10.1

7632/bxsvmy2zh3.1 

Movie of calcium imaging experiment  
This paper http://dx.doi.org/10.1

7632/bxsvmy2zh3.1 
Experimental Models: Organisms/Strains   

Mouse: Slc17a8iCre: Tg(Slc17a8-icre)1Edw/SealJ 
The Jackson Laboratory RRID:IMSR_JAX:01

8147 

Mouse: B6.Cg-Gt(ROSA)26Sortm14(CAG-

tdTomato)Hze/J 

The Jackson Laboratory RRID:IMSR_JAX:00791
4 
 

Homo sapiens: embryonic kidney cells stably 
transfected with NaV1.1, 1 and  2 subunits 

(Kahlig et al., 2010)  

Homo sapiens: embryonic kidney cells stably 
transfected with NaV1.6 

Dr. Lori Isom  

Oligonucleotide   

Trpm8 probe channel 3  Advanced Cell Diagnostics Cat# 420451-C3 
Scn1a probe channel 2 Advanced Cell Diagnostics Cat# 434181-C2 
Scn8a probe channel 2 Advanced Cell Diagnostics Cat# 434191-C2 
Scn9a probe channel 2 Advanced Cell Diagnostics Cat# 313341-C2 
Scn10a probe channel 2 Advanced Cell Diagnostics Cat# 426011-C2 
Software and Algorithms   

pCLAMP 10 Software Suite 
Molecular Devices  https://www.molecul

ardevices.com 
Image J (Schneider et al., 2012) https://imagej.nih.go

v/ij/index.html 
Matlab 2017b MathWorks www.mathworks.co

m 
Software, algorithm, custom (MatLab) This paper https://github.com/th

elumpkinlab/Calcium
-Imaging-Analysis-
Script 

Metamorph v7.5.6 Molecular Devices https://www.molecul
ardevices.com 

Metafluor v7.6.3 Molecular Devices https://www.molecul
ardevices.com 

Prism v7.0b GraphPad www.graphpad.com 
   
 124 
Animals 125 

Animal use was conducted according to guidelines from the National Institutes of Health’s Guide 126 

for the Care and Use of Laboratory Animals and was approved by the Institutional Animal Care 127 

and Use Committee of Columbia University Medical Center. Mice were maintained on a 12 h 128 

light/dark cycle, and food and water was provided ad libitum. Slc17a8iCre (stock #018147, 129 
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Grimes et al., 2011) and Rosa26Ai14 mice (stock #007914, Madisen et al., 2010) were obtained 130 

from Jackson Laboratories and bred to produce Slc17a8iCre;Rosa26Ai14 mice. Genotyping was 131 

performed through Transnetyx. Adult Slc17a8iCre;Rosa26Ai14 mice (4-16 weeks old) of either sex 132 

were used for all experiments. 133 
 134 

DRG culture preparation 135 

DRGs were harvested from Slc17a8iCre;Rosa26Ai14 mice and transferred to Ca2+-free, Mg2+-free 136 

Hank’s solution (HBSS, Gibco) containing the following (in mM): 137.9 NaCl, 5.3 KCl, 0.34 137 

Na2HPO4, 0.44 K2HPO4, 5.6 glucose, 4.2 NaHCO3, 0.01% phenol red. Processes were trimmed 138 

to reduce the amount of plated non-neuronal cells. Ganglia were treated with collagenase (1.5 139 

mg/ml, Type P, Sigma-Aldrich) in HBSS for 20 min at 37oC followed by 0.05% Trypsin-EDTA 140 

(Gibco) for 3 min with gentle rotation. Trypsin was neutralized with culture media (MEM, with L-141 

glutamine, Phenol Red, without sodium pyruvate) supplemented with 10% horse serum (heat-142 

inactivated, Gibco), 10 U/ml penicillin, 10 g/ml streptomycin, MEM vitamin solution (Gibco), 143 

and B-27 supplement. Serum-containing media was decanted and cells were triturated using a 144 

fire-polished Pasteur pipette in a serum-free MEM culture media containing the supplements 145 

listed above. Cells were plated on laminin-treated (0.05 mg/ml) glass coverslips, which had 146 

previously been washed in 2N NaOH for at least 4 h, rinsed with 70% ethanol and UV-sterilized. 147 

Cells were then incubated at 37oC in 5% CO2. Cells were used for electrophysiological 148 

experiments 16-24 h after plating.  149 

 150 

HEK cell culture and transfection  151 

Stably transfected HEK293 cell lines expressing human NaV1.1 (Kahlig et al., 2010), NaV1.6 (Dr. 152 

Lori Isom, University of Michigan), or HEK293 cells transiently transfected with a cDNA 153 

construct containing human NaV1.7 (Dr. Manu Ben-Johny, Columbia University) were used. The 154 

NaV1.7 plasmid was sequenced following transformation and extraction (Genewiz, see 155 

Mendeley dataset). HEK cells were grown in DMEM (GIBCO 11995) containing 10% FBS 156 

(Thermo Fisher Scientific A3840101), 1% Penicillin-Streptomycin (Thermo Fisher Scientific 15-157 

140-122). Media for HEK cells stably expressing NaV1.1 or NaV1.6 also contained 400 g/ml 158 
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G418 (Fisher Scientific 10-131-035) to select for transfected cells. A calcium phosphate protocol 159 

was used to co-transfect NaV1.7 and green fluorescent protein into HEK 293 cells. Briefly, 2 M 160 

CaCl2, cDNAs, and sterile water were mixed together and added dropwise to a 2x solution of 161 

hepes buffered saline. The final solution was added dropwise to HEK293 cells that were plated 162 

the day before on glass cover slips coated with 0.05 mg/ml laminin. Cells were incubated at 163 

37oC in 5% CO2 with the transfection solution for 3 h, followed by two washes with sterile 164 

phosphate buffered saline and addition of new cell culture media. Electrophysiological 165 

recordings were performed 24-72 hours post transfection.  166 

 167 

Electrophysiology  168 

Whole-cell voltage- and current-clamp recordings made from small-diameter 169 

(capacitance ≤ 25 pF), TdTomato-expressing (Vglut3lineage) dissociated DRG neurons and HEK 170 

cells were performed with patch pipettes pulled from standard borosilicate glass (1B150F-4, 171 

World Precision Instruments) with a P-97 puller (Sutter Instruments). For neuronal recordings, 172 

patch pipettes had resistances of 3-6 MΩ when filled with an internal solution containing the 173 

following (in mM): 120 K-methylsulfonate, 10 KCl, 10 NaCl, 5 EGTA, 0.5 CaCl2, 10 HEPES, 2.5 174 

MgATP, pH 7.2 with KOH, osmolarity 300 mOsm. For HEK cell recordings, patch pipettes had 175 

resistances of 1.5-3 MΩ when filled with an internal solution containing the following (in mM): 176 

140 CsF, 10 NaCl, 2 MgCl2, 0.1 CaCl2, 1.1 EGTA, 10 HEPES, pH 7.2 with CsOH, osmolarity 177 

~310 mOsm. Seals and whole-cell configuration were obtained in an external solution 178 

containing (in mM): 145 NaCl, 5 KCl, 10 HEPES, 10 glucose, 2 CaCl2, 2 MgCl2, pH 7.3 with 179 

NaOH, osmolarity ~320 mOsm. Series resistance was compensated by 80%. In experiments 180 

with DRG neurons where currents from voltage-gated sodium channels were recorded, after the 181 

whole-cell configuration was established and neurons were tested for sensitivity to menthol, a 182 

modified external solution was applied (in mM): 105 NaCl, 40 TEA-Cl, 10 HEPES, 2 BaCl2, 13 183 

glucose, 0.03 CdCl2, pH 7.3 with NaOH, osmolarity ~320 mOsm. This modified solution was 184 

used in HEK cell recordings following seal acquisition in a standard external solution. All 185 

solutions used were allowed to warm to ambient temperature before each experiment to ensure 186 

all recordings were made at room temperature (20 C-23 C). After each experiment, the 187 
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recording chamber was thoroughly cleaned with Milli-Q water. For experiments using NaV 188 

inhibitors, drugs were applied to neurons for 1 min in current-clamp mode in the absence of 189 

injected current; therefore, cells were recorded at their intrinsic Vm. 190 

 191 

Data acquisition and analysis 192 

Currents and voltages were acquired and analyzed using pClamp software (version 10, 193 

Molecular Devices). Recordings were obtained using an Axopatch 200b patch-clamp amplifier 194 

and a Digidata 1440A, and filtered at 5 kHz and digitized at 10 kHz. Analysis was performed 195 

using Clampfit 10 (Molecular Devices). All voltages were corrected for the measured liquid 196 

junction potential (-7 mV) between internal and external recording solutions. Phase plots were 197 

constructed from the first derivative of the somatic membrane potential (dV/dT) versus the 198 

instantaneous somatic membrane potential. Action potential threshold was calculated as the 199 

membrane potential at which the phase plot slope reached 10 mV ms-1 (Kress et al., 2008; Yu et 200 

al., 2008). Duration at the base was calculated by measuring the duration of the action potential 201 

starting at the resting membrane potential (Vm) and ending when the repolarization phase again 202 

passes the initial Vm. Following determination of menthol sensitivity in gap-free recording mode, 203 

some cells were not further analyzed using phase plot analysis due to low digital gain during 204 

recordings (n=3) or deteriorating cell health (n=2). 205 

 206 

Pharmacology 207 

TTX was from Abcam. PF 05089771 and ICA 121431 were from Tocris. PN3a was a generous 208 

gift from Dr. Irina Vetter (Institute for Molecular Biosciences, University of Queensland). All other 209 

chemicals were from Sigma-Aldrich. 210 

 211 

Calcium imaging 212 

Dissociated DRG neurons were loaded for 45 min with 10 mM Fura-2AM (Invitrogen), 213 

supplemented with 0.01% Pluronic F-127 (wt/vol, Invitrogen), in external solution. Images were 214 

acquired using MetaMorph software (version 7) and displayed as the ratio of 340 nm to 380 nm. 215 

Neurons were identified by eliciting calcium responses with a high potassium solution (140 mM) 216 
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at the end of each experiment. Neurons were considered sensitive to an agonist if the average 217 

ratio during the 30 s following agonist application was ≥ 15% above baseline. Image analysis 218 

was performed using custom MATLAB scripts.  219 

 220 

Multiplex in situ hybridization 221 

DRG sections cut at 25-μm thickness were processed for RNA in situ detection using an 222 

RNAscope Fluorescent Detection Kit according to manufacturer’s instructions (Advanced Cell 223 

Diagnostics, Hayward, California, USA) with the following modifications: upon harvesting, DRG 224 

were fixed in 4% paraformaldehyde for 15 min and then incubated in 30% sucrose for 2 h at 225 

4°C. DRG were embedded in Optimal Cutting Temperature Compound (Sakura) and stored at -226 

80°C until sectioned. The following RNAscope probes were used: Trpm8 (420451-C3, mouse), 227 

Scn1a (434181-C2, mouse), Scn8a (434191-C2, mouse), Scn9a (313341-C1, mouse), and 228 

Scn10a (426011-C2, mouse). In situ hybridization was followed by incubation at 4°C overnight 229 

with a rabbit anti-dsRed (1:3000, Clontech: 632475) primary antibody. Sections were then 230 

incubated at room temperature for 1 h with a goat anti-rabbit AlexaFluor 594-conjugated 231 

secondary antibody (Thermo Fisher Scientific, A-11012). Samples were mounted with 232 

Fluoromount-G (Fisher Scientific). Specimens were imaged in three dimensions (1-μm axial 233 

steps) on a Zeiss Exciter confocal microscope (LSM 5) equipped with a 40X, 1.3 NA objective 234 

lens. Images were analyzed using ImageJ software. Neurons considered positive for a given 235 

NaV subunit had signal equal to or greater than one standard deviation above background.  236 

 237 

Experimental design and statistical analysis 238 

Summary data are presented as mean ± standard deviation from n cells. For quantitative 239 

analysis of in situ hybridization data, at least three biological replicates per condition were used 240 

and the investigator was blinded to NaV subunit for analysis. Statistical differences between 241 

menthol-sensitive and menthol-insensitive populations were assessed using an unpaired 242 

Student’s t test (two-tailed) for normally distributed datasets. A Mann Whitney test was used for 243 

populations that did not conform to Gaussian distributions or had different variances. To 244 

estimate IC50 values for NaV antagonists, inhibitor versus response curves were fit with the 245 
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following relation: Normalized current=100/(1+[Inhibitor]/IC50). Kinetic data were fit with single or 246 

double-exponential relations. The voltage-dependence of slow inactivation was fit with the 247 

Boltzmann equation: Fraction available=Minimum+[(Maximum-Minimum)/(1+exp(V50-Vm)/k)], 248 

where V50 denotes the membrane potential at which half the channels are inactivated and k 249 

denotes the Boltzmann constant/slope factor. Differences between fits were assessed with an 250 

Extra sum-of-squares F test. Statistical tests and fit parameters are listed in the Results and/or 251 

figure legends. Statistical significance in each case is denoted as follows: *P < 0.05, **P < 0.01; 252 

***P < 0.001, and ****P < 0.0001. Statistical tests and curve fits were performed using Prism 7.0 253 

(GraphPad Software).   254 
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Results 255 

Menthol-sensitivity is restricted to Vglut3lineage DRG neurons  256 

Vglut3lineage sensory neurons are a heterogeneous population. To identify functionally distinct 257 

subpopulations within this group, we tested the responsiveness of Vglut3lineage neurons to 258 

capsaicin, chloroquine and menthol (Figure 1, Figure 1-1), which activate nociceptors, 259 

pruritoceptors and cold receptors, respectively. We performed calcium microfluorimetry while 260 

applying various chemosensory stimuli to acutely cultured DRG neurons (<24 h) harvested from 261 

adult male and female Slc17a8iCre;Rosa26Ai14 mice. In these mice, neurons that express Vglut3 262 

at any point during development are labeled with a TdTomato fluorescent reporter (Figure 1A). 263 

Neurons were identified by robust calcium responses to high-potassium depolarization (784 264 

total DRG neurons, 331 Vglut3lineage, 453 non-Vglut3lineage , n=3 mice; Figure 1 B–D). 265 

Approximately 8% of Vglut3lineage neurons were activated by the TRPM8 agonist menthol, 266 

whereas no non-Vglut3lineage neurons responded to the compound (Figure 1E). Conversely, both 267 

populations contained neurons that were activated by the TRP vanilloid 1 (TRPV1) agonist 268 

capsaicin; however, comparatively fewer Vglut3lineage neurons were capsaicin-sensitive 269 

compared with non- Vglut3lineage neurons (~9% vs. ~46%, respectively). Few neurons of either 270 

group responded to both menthol and capsaicin (5/322 Vglut3lineage neurons), or to chloroquine 271 

(1/322 Vglut3lineage neurons and 4/460 non-Vglut3lineage neurons), a pruritogen that signals 272 

through MrgprA3 and TRP ankyrin 1 (TRPA1; Wilson et al., 2011). Interestingly, a comparison 273 

of un-normalized baseline fura-2 ratios showed that menthol-sensitive neurons had slightly 274 

elevated baseline calcium signals compared to menthol-insensitive neurons (F340/F380 = 0.52 ± 275 

0.05 vs. 0.45 ± 0.03, n = 5 coverslips, P = 0.029, unpaired Student’s t test, two-tailed, Figure 276 

1F). This analysis builds upon prior work (Draxler et al., 2014) by demonstrating that menthol 277 

sensitivity is restricted to the Vglut3lineage population. 278 

The majority of menthol-sensitive DRG neurons have small somata and give rise to 279 

unmyelinated axons (Takashima et al., 2007; Dhaka et al., 2008). Thus, we targeted small-280 

diameter, Vglut3lineage neurons with a membrane capacitance (Cm) of ≤ 25 pF for functional 281 

analysis. Neurons that did not meet these criteria were not analyzed further by 282 

electrophysiology. Using gap-free current-clamp recordings, we asked whether these neurons 283 
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fire action potentials in response to menthol application (100 M). Half of small-diameter 284 

Vglut3lineage neurons (31/62 neurons) fired trains of action potentials in response to menthol 285 

application (Figure 2A). A subset of neurons were subsequently exposed to 1 mM menthol, 286 

which activates TRPM8 ion channels but inhibits TRPA1 (Karashima et al., 2007; Xiao et al., 287 

2008). All neurons examined showed a dose-dependent increase in menthol-evoked firing rates 288 

(Figure 2B), suggesting that menthol elicits firing through TRPM8 rather than TRPA1 in 289 

Vglut3lineage DRG neurons. We noted that menthol-sensitive neurons were among the smallest 290 

DRG neurons in vitro, whereas menthol-insensitive neurons were more varied in size 291 

(Figure 2C). Consistent with this observation, the distribution of Cm among these menthol-292 

sensitive neurons was well fit by a single Gaussian distribution (R2 = 0.986; 8.1 ± 2.9 pF; 293 

Figure 2D). Conversely, menthol-insensitive neurons were better fit by a double Gaussian 294 

distribution, (R2 = 0.818), with the two populations having means of 8.7 ± 3.4 and 20.6 ± 2.0 pF 295 

(Figure 2D). These data suggest that menthol-sensitive Vglut3lineage neurons are a more 296 

homogenous subpopulation compared with menthol-insensitive Vglut3lineage neurons.  297 

 298 

Menthol-sensitive Vglut3lineage neurons fire robustly at room temperature 299 

We next asked whether intrinsic excitability properties differed between menthol-sensitive and 300 

insensitive Vglut3lineage neurons. During gap-free recordings, we noted that 87% (27/31) of 301 

menthol-sensitive Vglut3lineage neurons exhibited unusually robust action potential firing prior to 302 

menthol application. Two firing patterns were observed, sustained and phasic firing (Figure 2E-303 

F). Of the menthol-sensitive neurons that exhibited non-evoked activity, 44% exhibited phasic 304 

firing, whereas 56% maintained sustained firing during gap-free recordings. Menthol-sensitive 305 

neurons with sustained action potential discharges showed higher average firing frequencies 306 

compared with burst firing frequencies of phasic neurons (Figure 2F). By contrast, few menthol-307 

insensitive neurons exhibited non-evoked firing during gap-free recordings (4/31), and these 308 

produced only occasional action potentials. This ongoing activity in menthol-sensitive neurons is 309 

consistent with the elevated baseline flura-2 fluorescence observed during calcium 310 

microfluorimetry experiments (Figure 1F), as well as ex vivo data showing sustained firing upon 311 

cold or menthol-stimulation of TRPM8-expressing DRG neuron receptive fields (Jankowski et 312 
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al., 2017). Together, these results suggest that menthol-sensitive Vglut3lineage population have 313 

heightened excitability under our in vitro recording conditions and that, within the menthol-314 

sensitive Vglut3lineage population, firing properties vary.  315 

The ability of menthol-sensitive neurons to fire robustly at room temperature, an 316 

activating stimulus for TRPM8 (McKemy et al., 2002; Andersson et al., 2004; Tajino et al., 2011; 317 

Fujita et al., 2013; Morenilla-Palao et al., 2014; Jankowski et al., 2017; Pertusa et al., 2018), led 318 

us to ask whether this firing was dependent upon TRPM8 ion channels. We applied the 319 

selective inhibitor, PBMC (25 nM, Knowlton et al., 2011) to menthol-sensitive neurons and 320 

analyzed its effect on action potential firing at room temperature. Whereas vehicle application 321 

did not have a significant effect on firing rates, PBMC drastically reduced action potential firing 322 

at room temperature within 2 min of drug application (n = 3 neurons per group, P = 0.0035, 323 

unpaired Student’s t test, Figure 2G-H). Thus, activation of TRPM8 ion channels mediates 324 

robust ongoing action potential firing in menthol-sensitive Vglut3lineage neurons.  325 

Collectively, these data demonstrate that menthol-sensitive neurons are highly excitable 326 

subpopulation of small-diameter Vglut3lineage DRG neurons, capable of maintaining sustained 327 

action potential firing in vitro at room temperature.  328 

 329 

Intrinsic excitability differs between Vglut3-lineage menthol-sensitive and menthol-330 

insensitive neurons 331 

To investigate the heightened intrinsic excitability in menthol-sensitive DRG neurons, we 332 

compared responses of menthol-sensitive and -insensitive Vglut3lineage neurons to 500 ms 333 

current injections using phase plot analysis (Figure 3A-B). The threshold for action potential 334 

firing in menthol-sensitive neurons was significantly hyperpolarized (-28.5 ± 6.6 mV, n = 28) 335 

compared with menthol-insensitive neurons (-22.2 ± 10.4 mV, n = 31, P = 0.0269, unpaired 336 

Student’s t test; Figure 3C). Menthol-sensitive neurons also fired more action potentials in 337 

response to a current injection of 50 pA (Figure 3D). Action potential duration at the base (see 338 

Methods) was significantly shorter in menthol-sensitive neurons compared with menthol-339 

insensitive neurons (Figure 3E). Interestingly, in gap-free recordings prior to menthol 340 

application, menthol-sensitive neurons had significantly more depolarized membrane potentials 341 
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(Vm) than menthol-insensitive neurons (-45.5 ± 4.4 mV vs. -51.2 ± 5.8 mV, n = 31 for each 342 

group, P < 0.0001, Mann Whitney test, Figure 3F). Thus, menthol-sensitive Vglut3lineage neurons 343 

maintain a Vm that more closely borders action potential threshold as compared with menthol-344 

insensitive Vglut3lineage neurons. Conversely, action potential amplitude, and membrane voltage 345 

sag did not differ between the two populations (Figure 3G-H). Together, these data provide 346 

evidence that menthol-sensitive Vglut3lineage neurons have more excitable membrane properties 347 

than menthol-insensitive Vglut3lineage neurons. 348 

Interestingly, consistent with their longer duration action potentials, 44% of menthol-349 

insensitive neurons had a pronounced “shoulder” during the repolarization phase of the action 350 

potential (Figure 3A-B). This shoulder was completely absent in menthol-sensitive neurons. The 351 

presence of a shoulder is attributed to sodium currents mediated by TTX-resistant NaV1.8 and 352 

NaV1.9 channels (Blair and Bean, 2002). Thus, a differential contribution of NaV subunits to 353 

action potential firing in these two populations of Vglut3lineage neurons could underlie the 354 

observed differences in excitability.  355 

 356 

Differences in NaV current slow inactivation kinetics in small-diameter Vglut3lineage 357 

neurons 358 

NaV slow inactivation has been linked to adaptation of action potential firing in small-diameter 359 

DRG neurons, whereby sequestration of tetrodotoxin-resistant NaVs subunits NaV1.8 and 360 

NaV1.9 in the slow inactivated state restricts the duration of action potential discharges in 361 

response to sustained stimulation (Blair and Bean, 2003). As we found that menthol-sensitive 362 

Vglut3lineage neurons are capable of maintaining prolonged action potential discharges for 363 

several minutes in vitro (Figure 2) and fire robustly in response to current injection (Figure 3), 364 

we hypothesized that NaV slow inactivated states are unstable in menthol-sensitive Vglut3lineage 365 

neurons. To test this model, we first measured NaV entry into slow inactivation by delivering a 366 

conditioning pulse from -100 mV to 0 mV for 50–1600 ms between 3-ms test steps to -20 mV 367 

(Figure 4A). Consistent with our hypothesis, entry of NaV currents into the slow inactive state 368 

was almost fourfold slower in menthol-sensitive neurons compared with menthol-insensitive 369 

neurons ( 1485 ms, n = 6 vs.  = 376.5 ms, n = 5; P < 0.0001, Extra sum-of-squares F test.) 370 
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Notably, after a 1600 ms conditioning pulse, ~65% of the initial NaV current in menthol-sensitive 371 

neurons was still present, whereas only ~21% of the current remained in menthol-insensitive 372 

neurons. Thus, NaV currents in menthol-sensitive neurons are resistant to slow inactivation. 373 

We next analyzed recovery from slow inactivation by delivering a 3-ms test pulse 374 

to -20 mV, followed by a 1-s conditioning step from -100 mV to 0 mV, and a second 3-ms test 375 

pulse given at recovery intervals of increasing duration. Recovery time constants from both 376 

populations were well-fit with double-exponential functions. Consistent with the slow inactivated 377 

state being unstable in menthol-sensitive Vglut3lineage neurons, NaV currents in these cells 378 

recovered faster from slow inactivation than those in menthol-insensitive neurons (Figure 4B); 379 

however, note that the 1-s conditioning pulse did not drive all channels into the slow inactivated 380 

state. Sodium currents in menthol-sensitive Vglut3lineage neurons recovered from slow 381 

inactivation with an average weighted time constant of 244.3 ms, whereas menthol-insensitive 382 

Vglut3lineage neurons recovered slower, with an average weighted time constant of 311.2 ms 383 

(P < 0.0001, Extra sum-of-squares F test). Indeed, after 50 ms, ~80% of the NaV current had 384 

recovered in menthol-sensitive neurons, compared with ~50% in menthol insensitive neurons. 385 

The steady-state voltage-dependence of slow inactivation was comparable in menthol-sensitive 386 

and -insensitive Vglut3lineage neurons (Figure 4C). These data suggest that in menthol-sensitive 387 

neurons, slow inactivated states are less stable across membrane voltages. Finally, recovery 388 

from fast inactivation was not distinguishable between menthol-sensitive and -insensitive 389 

Vglut3lineage neurons (Figure 4D).  390 

Collectively, these data indicate that the slow inactivated state of NaVs expressed in 391 

menthol-sensitive Vglut3lineage neurons is unstable, which could explain the capacity of these 392 

neurons to sustain action potential firing for prolonged periods of time. Moreover, the kinetics of 393 

slow inactivation we obtained for NaV currents in this population of small-diameter neurons 394 

suggest they do not rely upon TTX-resistant NaVs, which readily enter into the slow inactivated 395 

state (Blair and Bean, 2003; Choi et al., 2007). 396 

 397 

NaV expression profiles in small-diameter Vglut3lineage DRG neurons.  398 
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Given the functional differences in membrane excitability and NaV currents between menthol-399 

sensitive and -insensitive Vglut3lineage neurons, we next asked whether these two populations 400 

have distinct expression profiles of NaV  subunits, nine of which are encoded in the mammalian 401 

genome (NaV1.1-NaV1.9; Catterall, 2012). To do so, we performed single-molecule multiplex 402 

in situ hybridization experiments (Figure 5). Menthol-sensitive Vglut3lineage neurons were 403 

identified based on TRPM8 mRNA expression. Similarly sized, small-diameter Vglut3lineage 404 

neurons lacking TRPM8 expression were considered menthol-insensitive neurons.  405 

We focused our analysis on NaV1.1, NaV1.6, NaV1.7 and NaV1.8 subunits, which are 406 

commonly found in adult murine DRG neurons (Figure 5A-D; Black et al., 1996; Ho and 407 

O'Leary, 2011). Quantification of NaV mRNA staining from 848 DRG neurons (n = 3 animals) 408 

revealed broad and comparable expression of TTX-sensitive NaV1.1, NaV1.6, and NaV1.7 409 

subunits between TRPM8+ and TRPM8- small-diameter Vglut3lineage neurons (Figure 5E-F). 410 

Transcripts for the TTX-resistant isoform NaV1.8, although widely expressed, was lower in 411 

TRPM8+ compared with TRPM8- Vglut3lineage neurons, [59% (47/80) vs. 96% (97/101), 412 

respectively]. These data suggest that differential expression of NaVs at the mRNA level cannot 413 

account for the differences in excitability observed between menthol-sensitive and -insensitive 414 

Vglut3lineage DRG neurons. 415 

 416 

TTX-sensitive NaVs mediate action potential firing in menthol-sensitive Vglut3lineage 417 

neurons  418 

Considering the overlap in NaV mRNA expression between putative menthol-sensitive 419 

and -insensitive neurons, we next used a pharmacological approach to assess the complement 420 

of functional NaV isoforms in these two populations. We first asked whether evoked firing from 421 

menthol-sensitive Vglut3lineage neurons is blocked by TTX (Figure 6A). A 1-min application of 422 

TTX (0.3 or 1 μM) abolished action potential firing in menthol-sensitive Vglut3lineage neurons 423 

(Figure 6B). On the other hand, 1 μM TTX abolished action potential firing in only 3/11 menthol-424 

insensitive Vglut3lineage neurons. The inhibitory effect of TTX on action potential firing was 425 

significantly greater in menthol-sensitive neurons compared with menthol-insensitive neurons 426 

(P = 0.0053, unpaired Student’s t test; Figure 6B). Thus, these results demonstrate that 427 
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menthol-sensitive and -insensitive Vglut3lineage neurons have functionally distinct complements of 428 

NaV subunits, with TTX-sensitive channels driving action potential firing in the former and TTX-429 

resistant channels playing a major role in spike firing in the latter. 430 

We next aimed to dissect the specific contributions of individual TTX-sensitive NaV 431 

subunits to action potential firing in menthol-sensitive Vglut3lineage neurons. A metabolite of TTX, 432 

4,9-anhydro-TTX (AH-TTX), has been reported to selectively block NaV1.6 channels (Rosker et 433 

al., 2007); however, its effect on NaV1.1 channels was not examined. Accordingly, we analyzed 434 

inhibition by AH-TTX of sodium currents HEK cells stably transfected with human NaV1.1 435 

channels (Kahlig et al., 2010). The average peak amplitude for NaV1.1 currents recorded from 436 

this cell line was -2499 ± 1499 pA (n = 15). The dose-response curve obtained showed an 437 

apparent IC50 of 120.7 nM (n = 3-5 observations per concentration, Figure 6C). Indeed, there 438 

was notable block of NaV1.1 currents by 200 nM AH-TTX (Figure 6D), which is within the range 439 

of concentrations typically used to block NaV1.6 (100–300 nM, Rosker et al., 2007; Hargus et 440 

al., 2013; Barker et al., 2017). Thus, we were unable to use this reagent to examine a specific 441 

role for NaV1.6 channels in action potential firing in menthol-sensitive Vglut3lineage neurons.  442 

 443 

A role for NaV1.1 in menthol-sensitive Vglut3lineage neurons  444 

The TTX-sensitive channels NaV1.1 and NaV1.7 are both expressed in adult DRG 445 

neurons and have been implicated in various forms of pain processing (Cummins et al., 2004; 446 

Nassar et al., 2004; Osteen et al., 2016). Whether or not they function small-diameter 447 

Vglut3lineage DRG neurons has yet to be determined. We therefore investigated the contribution 448 

of these subunits to action potential firing in menthol-sensitive neurons. 449 

We first tested ICA 121431, an inhibitor of the NaV1.1 and NaV1.3 channels 450 

(Figure 7A-B). NaV1.3 is expressed at only low levels in uninjured adult rat, mouse and human 451 

DRGs (Waxman et al., 1994; Felts et al., 1997; He et al., 2010; Usoskin et al., 2015; Chang et 452 

al., 2018). Thus, we used ICA 121431 as a blocker of NaV1.1 channels in adult mouse DRG 453 

preparations (McCormack et al., 2013). Application of 500 nM ICA 121431 drastically reduced 454 

action potential firing in menthol-sensitive Vglut3lineage neurons (baseline: 37.1 ± 7.8 Hz, post-455 

ICA 121431: 4.6 ± 4.9 Hz; n = 11, Figure 7B). Action potential firing was also reduced in a 456 
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subset of menthol-insensitive Vglut3lineage neurons (5.5 ± 4.4 to 2.0 ± 1.9 Hz; n = 8). Like TTX, 457 

however, the effect of ICA 121431 was significantly greater in menthol-sensitive compared with 458 

menthol-insensitive neurons (P = 0.0363, Figure 7B). The specificity of ICA 121431’s block of 459 

NaV1.1 currents was confirmed by testing inhibition of recombinant NaV1.1, NaV1.6 and NaV1.7 460 

mediated currents (IC50 = 25.2 nM, 2.7 μM, and 2.8 μM respectively, n = 4-6 observations per 461 

concentration, Figure 7C-D). The average peak currents recorded for NaV1.6 and NaV1.7 462 

channels were -1545 ± 1134 pA and -1147 ± 1391 pA (n = 6 and n = 9, respectively).  463 

We next investigated the contribution of NaV1.7 channels to action potential firing in 464 

menthol-sensitive neurons using PF 05089771 (25 nM; Alexandrou et al., 2016; Theile et al., 465 

2016), a selective blocker of this channel. PF 05089771 had little effect on mean firing rates in 466 

menthol-sensitive Vglut3lineage neurons (Figure 8A-B). Moreover, when cells were analyzed as a 467 

percentage of control firing, the effects of PF 05089771 did not differ between menthol-sensitive 468 

and menthol-insensitive neurons. A dose-response curve performed in HEK cells transiently 469 

transfected with recombinant NaV1.7 showed an apparent IC50 of PF 05089771 for inhibition of 470 

NaV1.7 of 10.7 nM (n = 4-5 observations per concentration, Figure 8C), consistent with 471 

published values (Alexandrou et al., 2016; Theile et al., 2016). Thus, at the concentration used 472 

in this study, PF 05089771 blocked roughly 70% of the NaV1.7 mediated current (Figure 8D). 473 

We also tested the spider venom toxin Pn3a (300 nM), a structurally unrelated NaV1.7 474 

antagonist whose mechanism is distinct from that of PF 05089771 (Deuis et al., 2017). 475 

Consistent with results obtained using PF 05089771, Pn3a had no effect on action potential 476 

firing in menthol-sensitive neurons (control: 38.7 ± 5.0 Hz, after Pn3a perfusion: 34.0 ± 4.0 Hz, n 477 

= 3, Figure 8B). Together, these results demonstrate that action potential firing in menthol-478 

sensitive Vglut3lineage neurons depends upon TTX-sensitive NaVs including NaV1.1.  479 

 480 

NaV1.1 channels are critical determinants of entry into slow inactivation in menthol-481 

sensitive Vglut3lineage neurons. 482 

As NaV currents in menthol-sensitive Vglut3lineage neurons are resistant slow inactivation, 483 

we next asked if this biophysical feature depended upon the activity of NaV1.1 channels. To 484 

accomplish this, we analyzed rates of entry into, and recovery from, slow inactivation in 485 
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menthol-sensitive Vglut3lineage neurons in the presence of 500 nM ICA 121431. Analysis of 486 

whole-cell currents found that the ICA-sensitive component was 38.3% ± 20.2% of the total NaV 487 

current in these neurons (Figure 9A-B). In line with NaV1.1 channels being critical to the 488 

excitability of menthol-sensitive DRG neurons, we found the rate of entry into slow inactivation 489 

drastically increased in the presence of ICA 121431. The previously observed rate of 1485 ms 490 

fell to 327.7 ms when NaV1.1 channels were blocked (Figure 9C; n = 10). Conversely, the 491 

average weighted time constant of recovery from slow inactivation more than doubled [without 492 

ICA 121431: 311.2 ms, versus with ICA 121431: 686.4 ms ( 1 = 725.1 ms, 2 = 59.8 ms), n = 6, 493 

Figure 9D]. Linear regression analysis showed a significant correlation between the magnitude 494 

of the ICA-sensitive current and the rate of entry into slow inactivation (r2 = 0.43, P = 0.04, n = 495 

10, Figure 9E). On the other hand, the amplitude of the ICA-sensitive current did not correlate 496 

with the rate of recovery from slow inactivation (r2 = 0.37, P = 0.20, n = 6, Figure 9F). These 497 

data demonstrate a new role for NaV1.1 in setting the rate of NaV current entry into slow 498 

inactivation in sensory neurons. Collectively, our results support a role for NaV1.1 channels as 499 

key mediators of excitability in menthol-sensitive Vglut3lineage neurons.  500 

  501 
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Discussion 502 

Small-diameter Vglut3lineage DRG neurons are a heterogeneous population that encode distinct 503 

somatic senses. This study reveals two important findings about the functional heterogeneity in 504 

such neurons. First, menthol-sensitive Vglut3lineage DRG neurons possess a unique excitability 505 

profile, which allows them to maintain prolonged spike discharges. Second, TTX-sensitive NaVs 506 

mediate action potential firing in these sensory neurons, with a notable contribution of NaV1.1. 507 

We propose that cation influx through TRPM8 ion channels produces an excitatory drive that 508 

activates NaV1.1 ion channels at room temperature. Once activated, these channels cycle 509 

through open and fast-inactivated states, with the majority of channels bypassing long-lived 510 

slow inactivated states. This is likely attributable to unique features of NaV1.1-containing 511 

macromolecular complexes in menthol-sensitive neurons, including association with auxiliary 512 

proteins or posttranslational modifications (Aman and Raman, 2007), with the end result being 513 

continuous action potential firing (Figure 10). Thus, menthol-sensitive Vglut3lineage DRG neurons 514 

represent a highly excitable population of small-diameter sensory neurons in which action 515 

potential firing depends upon TTX-sensitive NaV complexes.  516 

Prior work has focused on the role of potassium channels as excitability breaks in in 517 

TRPM8-expressing sensory neurons. A molecular profiling study identified the TASK-3 leak 518 

potassium channel as highly enriched in TRPM8+ DRG neurons and suggested that inhibition of 519 

this channel decreases cold activation thresholds (Morenilla-Palao et al., 2014). There was only 520 

a modest effect, however, of TASK-3 genetic deletion on intrinsic excitability. H-current (Ih), a 521 

conductance mediated by hyperpolarization-activated cyclic nucleotide-gated (HCN) channels, 522 

is reportedly pronounced in cold-activated sensory neurons (Viana et al., 2002; Orio et al., 523 

2009). Furthermore, genetic deletion of Hcn1 converts firing patterns in cold-sensing optic nerve 524 

fibers from regular to burst spiking (Orio et al., 2012). Consistent with previous studies, we 525 

observed a prominent sag ratio, a current-clamp readout of Ih, in menthol-sensitive Vglut3lineage 526 

neurons; however, our study revealed no difference in sag ratio between menthol-sensitive and 527 

-insensitive Vglut3lineage neurons. Thus, TASK-3 and HCN channels, though important for cold 528 

detection, are unlikely to mediate the differences in intrinsic excitability between these two 529 

populations. Future studies are needed to determine whether other potassium conductances, 530 
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such as those mediated Kv1 (Madrid et al., 2009; Gonzalez et al., 2017a; Gonzalez et al., 531 

2017b), contribute to differences in intrinsic excitability between menthol-sensitive and -532 

insensitive DRG neurons. 533 

In addition to potassium channels, previous studies investigated TTX-resistant NaVs in 534 

menthol-sensitive DRG neurons. NaV1.8 is found in ~90% of small-diameter DRG neurons 535 

(Shields et al., 2012) and has been implicated in menthol-sensitized cold responses 536 

(Zimmermann et al., 2007). However, NaV1.8 null mice show normal physiological and 537 

behavioral responses to cold (Luiz et al., 2019). A recent study identified a subpopulation of 538 

DRG neurons that are both Vglut3lineage and NaV1.8lineage (Patil et al., 2018). These neurons 539 

possess properties to similar the menthol-sensitive neurons analyzed in the present work, 540 

including fast action potential durations, insensitivity to capsaicin, and small somata. Moreover, 541 

NaV1.9, the other TTX-resistant NaV isoform, was reported to be expressed in nociceptors that 542 

respond to cooling, as well as contribute to pain perception in response to noxious cold 543 

(Lolignier et al., 2015). In that study, however, NaV1.9 mRNA co-expressed with only ~20% of 544 

TRPM8+ DRG neurons. The proportion of adult menthol-sensitive neurons that express 545 

functional NaV1.8 or NaV1.9 protein is unknown; nonetheless, our pharmacological studies 546 

indicate that TTX-resistant NaVs do not drive action potential firing in menthol-sensitive neurons 547 

under our experimental conditions.  548 

Instead, we provide evidence that functionally distinct NaVs contribute to the different 549 

excitability profiles of menthol-sensitive and -insensitive Vglut3lineage DRG neurons. Although 550 

multiplex in situ hybridization data showed widespread expression of several NaV transcripts, 551 

our pharmacological analysis revealed a more restricted functional contribution, with NaV1.1 552 

comprising over one third of the total NaV current and mediating most action potential firing in 553 

menthol-sensitive Vglut3lineage DRG neurons. Conversely, TTX-resistant channels dominated in 554 

menthol-insensitive neurons. In DRG, NaV1.1 is reported to be predominantly localized to 555 

medium-diameter neurons that mediate mechanical pain (Osteen et al., 2016). Interestingly, that 556 

study showed that ~40% of trigeminal neurons that express functional NaV1.1 channels also 557 

exhibit menthol-evoked calcium transients. Our study extends these findings by demonstrating 558 

that action potential firing in menthol-sensitive Vglut3lineage DRG neurons is dependent upon 559 
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TTX-sensitive NaVs, with the NaV1.1/NaV1.3 antagonist ICA 121431 dramatically reducing firing 560 

rates. Furthermore, while TTX-sensitive NaV1.7 channels are important to the function of small-561 

diameter nociceptors and pain signaling (Cox et al., 2006; Minett et al., 2012; Yang et al., 2018), 562 

these channels are likely inactivated at the resting membrane potential of menthol-sensitive 563 

neurons. Indeed, the V1/2 of inactivation of NaV1.7 is roughly -75 mV (Alexandrou et al., 2016). 564 

Conversely, the V1/2 inactivation of NaV1.1 is approximately -17 mV (Aman et al., 2009), a 565 

membrane potential that is much more depolarized than the resting potential of menthol-566 

sensitive Vglut3lineage DRG neurons in our study. Thus, we have identified a new role for TTX-567 

sensitive NaV1.1 channels in action potential firing in small-diameter DRG neurons. 568 

NaV1.1 channels promote excitability and high frequency firing in several neuronal 569 

populations. In mouse models of irritable bowel syndrome and chronic visceral hypersensitivity, 570 

NaV1.1 is functionally upregulated, leading to hyperexcitability of mechanosensory fibers 571 

innervating the colon (Osteen et al., 2016; Salvatierra et al., 2018). Moreover, mutations in 572 

NaV1.1 are most frequently associated with inherited forms of epilepsy, including Dravet 573 

syndrome (Catterall et al., 2010). In this disorder, loss of NaV1.1 in hippocampal interneurons 574 

leads to reduced sodium current and attenuated action potential firing (Yu et al., 2006), resulting 575 

in disinhibition of hippocampal circuits that causes seizures (Oakley et al., 2013). To our 576 

knowledge, our results provide the first functional evidence for NaV1.1-dependent action 577 

potential firing in small-diameter somatosensory neurons. 578 

Our data also indicate that the biophysical properties of NaV1.1-containing channel 579 

complexes could explain the heightened excitability of menthol-sensitive DRG neurons. NaV 580 

currents in these neurons entered into slow inactivation much more slowly than what has been 581 

reported for other DRG populations (Blair and Bean, 2003), with a time constant of ~1.5 s 582 

(Figure 4A). This contrasts with capsaicin-sensitive nociceptors and IB4
+ DRG neurons, where 583 

slow inactivation of TTX-resistant NaVs is reported to produce action potential adaptation in 584 

response to sustained depolarization (Blair and Bean, 2003; Choi et al., 2007). Importantly, 585 

application of ICA 121431 drastically enhanced the rate of entry into slow inactivation in 586 

menthol-sensitive DRG neurons (Figure 9C). Thus, the resistance of NaV1.1 currents to slow 587 
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inactivation could be a mechanism by which menthol-sensitive neurons sustain action potential 588 

firing for extended periods of time.  589 

Previous studies have reported that NaV1.1 channels are subject to use-dependent 590 

inactivation at high firing frequencies (Spampanato et al., 2001). It is therefore possible that in 591 

menthol-sensitive neurons, NaV1.1  subunits associate with auxiliary proteins that destabilize 592 

inactivated states, such as the 4 subunit (Aman et al., 2009). Moreover, due to the lack of 593 

selective pharmacological tools, we were unable to test the contribution of NaV1.6 channels to 594 

action potential firing in small-diameter Vglut3lineage DRG neurons. It has been hypothesized, 595 

however, that synergistic activity of NaV1.1 and NaV1.6 is important for overcoming the high 596 

action potential threshold set by voltage-gated potassium channels of the KV1 family in 597 

pyramidal cells and GABAergic interneurons (Lorincz and Nusser, 2008). KV1 channels are also 598 

expressed in TRPM8+ trigeminal neurons, where they are proposed to determine thermal 599 

excitability (Madrid et al., 2009). We cannot rule out the possibility that action potential firing 600 

patterns in menthol-sensitive Vglut3lineage DRG neurons are tuned by the concerted actions of 601 

NaV1.1 and NaV1.6 channels that counterbalance an opposing Kv1 conductance, thus regulating 602 

the responsiveness of these neurons (Figure 10). 603 

The finding that menthol-sensitive neurons are a subset of Vglut3lineage neurons raises 604 

the possibility that Vglut3 protein plays a role in synaptic transmission from TRPM8-expressing 605 

DRG neurons to second order neurons in the spinal cord. In contrast to this model, Vglut3- /- 606 

mice are reported to have normal responses to cold stimuli, indicating that Vglut3 protein is not 607 

required for TRPM8-dependent behaviors in mice (Draxler et al., 2014). Furthermore, in sensory 608 

neurons innervating the dura and cerebral blood vessels, TRPM8 and Vglut3 protein expression 609 

do not overlap in adult mice (Ren et al., 2018). Thus, we speculate that menthol-sensitive 610 

neurons express the Slc17A8 locus during development rather than in mature DRG.  611 

Collectively, our data indicate that, unlike many other small-diameter DRG populations, 612 

action potential firing in in menthol-sensitive DRG neurons is dependent upon TTX-sensitive 613 

NaVs including NaV1.1. Genetic approaches using NaV1.1 null mutations are needed to define 614 

the exact contributions of this subunit to the function of menthol-sensitive neurons, as well as 615 

sensory-driven behaviors (Cheah et al., 2012). It also remains to be determined if NaV1.1 616 
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channels are viable therapeutic targets for pathologies that produce cold hypersensitivity. 617 

Additionally, menthol has been used for centuries as a topical analgesic and anti-pruritic. 618 

Indeed, it has been shown that TRPM8-expressing DRG neurons are required for inhibition of 619 

itch by cooling and furthermore, that topical application of menthol inhibits chloroquine-evoked 620 

itch behaviors (Palkar et al., 2018). Thus, targeting TTX-sensitive NaV1.1 channels in menthol-621 

sensitive DRG neurons might prove to be a new direction for the treatment of various sensory 622 

disorders. 623 
624 
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Figure Legends 840 

Figure 1. Menthol-sensitivity is restricted to Vglut3lineage DRG neurons. A. Representative 841 

confocal images of DRG sections (25 m) from adult Slc17a8iCre;Rosa26Ai1 mice immunostained 842 

with anti-DsRed (TdTomato, red), anti-Neurofilament Heavy (NFH, blue), and anti- 3-Tubulin 843 

(green). Images were acquired using a 20x, 0.8 NA air objective (B-C). Baseline normalized, 844 

representative traces depicting Fura2-AM ratio (F340/F380) versus time traces of averaged 845 

responses from Vglut3lineage (B) and non-Vglut3lineage (C) DRG neurons to various chemosensory 846 

stimuli (menthol 100 M [M, green trace], chloroquine,1 mM [CQ], capsaicin 1 M [Cap, red 847 

trace], and high K+ Ringer’s [K+, black trace]). Colored bar indicates time of agonist application. 848 

D. Images of calcium transients in live, dissociated Slc17a8iCre;Rosa26Ai1 DRG neurons 849 

quantified in B and C. (Top) Fura2-AM calcium microfluorimetry following menthol application. 850 

Green circles indicate menthol-sensitive DRG neurons. (Bottom) Fluorescent image showing 851 

TdTomato-expressing (Vglut3lineage) DRG neurons. E. Quantification of percentage of Vglut3lineage 852 

(n = 331) and non-Vglut3lineage (n = 453) neurons responding to individual agonists. F. 853 

Quantification of baseline calcium signals between Vglut3lineage menthol-sensitive neurons and 854 

menthol-insensitive neurons (both Vglut3lineage and non-Vglut3lineage). Significance was 855 

determined using an unpaired Student’s t test; *P < 0.05. Data represented as mean ± S.D. 856 

Scale bars, 100 m. 857 

 858 

Figure 2. Menthol-sensitive Vglut3lineage neurons fire action potential discharges at room 859 

temperature. A. Representative current-clamp recording from a menthol-sensitive Vglut3lineage 860 

DRG neuron. Gray bar indicates menthol application (100 M, left; 1 mM, right). B. 861 

Quantification of firing rates in response to 100 M and 1 mM menthol. Lines connecting 862 

symbols indicate paired observations. Significance was determined using a paired Student’s t 863 

test (two-tailed); **P = 0.0036 C. Representative differential interference contrast image (20x, 864 

0.75 NA air objective) of a MS (left) and a MI (right) DRG neuron in culture during 865 

electrophysiological recordings. TdTomato fluorescence indicates Vglut3cre expression at some 866 

point during development (Vglut3lineage). D. Histogram of membrane capacitance measurements 867 

from MS (blue) and MI (black) Vglut3lineage neurons. Lines indicate the mean(s) of the Gaussian 868 
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core. E. Left, Representative current-clamp recording from a MS neuron exhibiting sustained 869 

firing at room temperature. Right, A different MS neuron firing with a phasic action potential 870 

discharge pattern. F. Quantification of average non-evoked firing frequency of MS Vglut3lineage 871 

neurons at room temperature. Each individual point represents the average firing frequency of a 872 

single neuron over a five-second period. Firing frequencies for phasic-firing neurons were 873 

quantified during bursts of action potentials only. Significance was determined using an 874 

unpaired Student’s t test (two-tailed); ***P = 0.0009; G. Left, Representative current-clamp trace 875 

of room temperature action potential firing in a MS neuron. Vehicle treatment did not impact 876 

firing rate. Grey bar indicates vehicle application. Right, Representative current-clamp trace of 877 

inhibition of action potential firing in a MS neuron following application of the TRPM8 blocker, 878 

PBMC (25 nM). Grey bar indicates PBMC application. H. Quantification of relative firing rate 879 

following 90 s of vehicle or PBMC treatment. Significance was determined using an unpaired 880 

Student’s t test; **P  0.0. Data represented as mean ± S.D. Scale bars, 100 m.  881 

 882 

Figure 3. Intrinsic excitability of menthol-sensitive Vglut3lineage DRG neurons. A. 883 

Representative current-clamp traces from a menthol-sensitive (MS, left, blue) and -insensitive 884 

(MI, right, black) Vglut3lineage DRG neuron in response to -200 pA and 50 pA current injections. 885 

The single action potential for each represents the first action potential elicited by the 50 pA 886 

current injection. B. Phase-plots of single action potentials shown in A. Plots show the first 887 

derivative of the somatic membrane potential (dV/dT) versus the instantaneous somatic 888 

membrane potential. The blue curve represents the MS neuron and the black curve represents 889 

the MI neuron. Arrows indicating “threshold” are the points at which the membrane potential of 890 

the phase plot slope reached 10 mV ms-1. The arrow indicating “shoulder” represents the 891 

momentary slowing of membrane repolarization seen in a subpopulation of menthol-insensitive 892 

neurons. (C-H). Quantification of action potential threshold (C), number of action potentials 893 

generated in response to a 50 pA current injection (D), duration at base (E), membrane potential 894 

(F), half-width (G), and sag ratio (H) for MS (blue) and MI (black) Vglut3lineage DRG neurons. 895 

Significance was determined using unpaired Student’s t tests for normally distributed 896 
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populations (C, E, G, H) or Mann Whitney tests for non-normal distributions (D, F); **P<0.01, 897 

****P<0.0001. Bars denote as mean ± S.D and filled circles show data from each neuron. 898 

 899 

Figure 4. NaV recovery from slow inactivation in small-diameter Vglut3lineage DRG neurons. 900 

A. Left, Quantification of entry into slow inactivation for menthol-sensitive (MS, blue) and -901 

insensitive (MI, black) Vglut3lineage DRG neurons. The current elicited following a conditioning 902 

pulse to 0 mV is normalized to the current elicited during an initial test step and plotted against 903 

the duration of the conditioning pulse. Lines show exponential fits to the data. Top right, Voltage 904 

protocol used to measure NaV entry into slow inactivation. Channel slow inactivation was elicited 905 

by a conditioning pulse ranging from 10-1600 ms. A test step to -20 mV given 12 ms after the 906 

conditioning pulse was used to determine entry into slow inactivation. Bottom right, 907 

Representative whole-cell voltage-clamp traces of currents elicited from a MS and a MI 908 

neurons. Blue or black traces represent initial test steps; red traces represent test pulses given 909 

after a 200 ms conditioning step. B. Left, Quantification of recovery from slow inactivation 910 

kinetics for MS and MI neurons. Recovery during the second test step is normalized to the 911 

current during the initial test step and plotted against the recovery interval. Lines show double-912 

exponential fits to the data. MS neurons: n = 9, 1 = 571.1 ms, 2 = 59.5 ms; MI neurons: n = 6, 913 

1 = 764.6 ms, 2 = 58.2 ms; P < 0.0001, Extra sum-of-squares F test. Top right, Voltage 914 

protocol used to measure NaV recovery from slow inactivation. Slow inactivation was induced by 915 

a 1 s conditioning pulse to 0 mV. Recovery was assayed by 3 ms steps to -20 mV with 916 

increasing recovery durations, beginning at 50 ms following the conditioning pulse. Bottom right, 917 

Representative whole-cell voltage-clamp traces of currents elicited from a MS (blue) and a MI 918 

(black) neuron. Blue or black traces represent initial test steps; red traces represent pulses 919 

given 50 ms after the conditioning step. C. Left, Quantification of steady-state voltage 920 

dependence of slow inactivation. Both groups were well fit by a single Boltzmann equation 921 

(V50 = -48.6 mV, slope factor = -15.6 mV, n = 7–8 neurons per group, P = 0.1031, Extra sum-of-922 

squares F test). Top right, Protocol for measuring voltage dependence of slow inactivation. A 923 

conditioning pulse of 5 s to membrane potentials between -100 and +40 mV were followed by a 924 

20 ms step to -100 mV and then a test step to -20 mV. Bottom right, Representative traces of 925 
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currents elicited from a MS (blue) and a MI (black) neuron. Red traces represent test pulses to -926 

40 mV. D. Left, Quantification of recovery from fast inactivation kinetics. Lines show 927 

monoexponential fits to the data. Top right, Protocol to measure recovery from fast inactivation. 928 

A 20 ms step to -20 mV from -100 mV is followed by varying durations at the recovery potential 929 

(-100 mV) before a second test step to -20 mV. MS and MI datasets were well fit by a single 930 

monoexponential equation.  = 10.5 ms, n = 10 for both groups. Bottom right, Representative 931 

traces of currents elicited from a MS (blue) and a MI (black) neuron. Red traces represent test 932 

pulses 5 ms following the initial test step. Error bars indicate SD; absent error bars are smaller 933 

than symbols.  934 

 935 

Figure 5. NaV expression profile of small-diameter Vglut3lineage DRG neurons. (A-D). 936 

Representative confocal images of single molecule multiplex in situ hybridizations performed on 937 

cryosections of adult DRG (25 m). Images were acquired with a 40x, 1.3 NA oil immersion 938 

objective. Scale bar, 50 M. Sections were hybridized with probes targeting TRPM8 (Trpm8, 939 

blue) and the following voltage-gated sodium channel subunits (green): (A) NaV1.1 (Scn1a), (B) 940 

NaV1.6 (Scn8a), (C) NaV1.7 (Scn9a), and (D) NaV1.8 (Scn10a). Sections were stained using 941 

immunohistochemistry with anti-dsRED (TdTomato, red) to label Vglut3lineage neurons. White 942 

arrowheads indicate representative TRPM8+/NaV+ neurons. (E-F). Schematic representation of 943 

the percentage of TRPM8+ (E) or TRPM8- (F) small-diameter Vglut3lineage neurons that co-944 

labeled for each given NaV subunit.  945 

 946 

Figure 6. TTX-sensitive NaVs mediate action potential firing in menthol-sensitive 947 

Vglut3lineage neurons (A). Representative current-clamp traces from menthol-sensitive (top, MS, 948 

blue) and -insensitive (bottom, MI, black) Vglut3lineage DRG neurons before (left) and after (right) 949 

a 1 min application of TTX (1 M). B. Top, Quantification of firing rates before and after TTX 950 

application (n = 6 MS neurons, n = 11 MI neurons). Lines connecting symbols indicate paired 951 

observations. Bottom, Quantification of the percentage of control firing rate that remained 952 

following TTX application for MS and MI neurons. Blue symbols indicate MS neurons and black 953 

symbols indicate MI neurons. Orange symbols indicate firing rates of MS neurons before and 954 
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after application of 300 nM TTX (n = 4). C. A dose-response curve obtained for inhibition of 955 

recombinant human NaV1.1 channels stably expressed in HEK293 cells by AH-TTX, a blocker 956 

of NaV1.6 channels. Red dashed line indicates apparent IC50. D. Representative whole-cell 957 

voltage-clamp traces of NaV1.1 currents elicited from HEK293 cells. Black trace indicates 958 

current elicited prior to application of AH-TTX. Red trace shows reduction in NaV1.1 current after 959 

application of 200 nM AH-TTX. Red inhibitory sign indicates the inhibition of denoted NaV 960 

subunits by the blocker. 961 

 962 

Figure 7. A critical role for NaV1.1 channels in action potential firing by menthol-sensitive 963 

Vglut3lineage DRG neurons (A). Representative current-clamp traces from menthol-sensitive 964 

(top, MS, blue) and -insensitive (bottom, MI, black) Vglut3lineage DRG neurons before (left) and 965 

after (right) a 1 min application of ICA 121431 (500 nM). B. Top, Quantification of firing rates 966 

before and after ICA 121431 application (n = 11 MS neurons, n = 8 MI neurons). Lines 967 

connecting symbols indicate paired observations. Bottom, Quantification of the percentage of 968 

control firing rate that remained following ICA 121431 application. C. A dose-response curve 969 

quantifying inhibition of recombinant human NaV1.1 (black circles), NaV1.6 (green triangles) and 970 

NaV1.7 (magenta diamonds) by ICA 121431. The apparent IC50 for NaV1.1 is indicated by a red 971 

dashed line. The concentration of ICA 121431 used in this study is indicated by a black dashed 972 

line. D. Representative whole-cell voltage-clamp traces of NaV1.1, NaV1.6 and NaV1.7 currents 973 

elicited from HEK293 cells before (black trace) and after (red trace) application of 500 nM ICA 974 

121431. Red inhibitory sign indicates the inhibition of denoted NaV subunits by the blocker. 975 

 976 

Figure 8. NaV1.7 channels do not contribute to action potential firing in small-diameter 977 

Vglut3lineage DRG neurons (A). Representative current-clamp traces from menthol-sensitive 978 

(top, MS, blue) and -insensitive (bottom, MI, black) Vglut3lineage DRG neurons before (left) and 979 

after (right) a 1 min application of PF 05089771 (25 nM). B. Top, Quantification of firing rates 980 

before and after PF 05089771 application (n = 11 MS neurons, n = 9 MI neurons) or Pn3a (300 981 

nM, orange symbols in panel F; n = 3 MS neurons). Lines connecting symbols indicate paired 982 

observations. Bottom, Quantification of the percentage of control firing rate that remained 983 
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following PF 05089771 application. C. A dose response curve measuring inhibition of 984 

recombinant human NaV1.7 channels by PF 05089771. The apparent IC50 is indicated by a red 985 

dashed line. The concentration of PF 05089771 used in this study is indicated by a black 986 

dashed line. D. Representative whole-cell voltage-clamp traces of NaV1.7 currents elicited from 987 

HEK293 cells before (black trace) and after (red trace) application of 25 nM PF 05089771. Red 988 

inhibitory sign indicates the inhibition of denoted NaV subunits by the blocker. Significance was 989 

determined by unpaired Student’s t tests. *P<0.05, **P<0.01. 990 

 991 

Figure 9. NaV1.1 channels determine entry into slow inactivation rates in menthol-992 

sensitive Vglut3lineage neurons. A. Representative whole-cell voltage-clamp traces of currents 993 

elicited from a MS neuron in the before (blue trace) and after application of 500 nM ICA 121431 994 

(red trace). The subtracted NaV1.1-mediated current is shown in black. B. Quantification of peak 995 

NaV current amplitude before (blue circles) and after ICA 121431 application (black circles). 996 

Gray dashed lines indicated paired observations. C. Quantification of entry into slow inactivation 997 

for MS Vglut3lineage DRG neurons during blockade of NaV1.1 channels by ICA 121431 (filled 998 

circles, blue lines). Data for MS neurons from Figure 4A is shown for comparison (clear circles, 999 

dashed lines). The current elicited following a conditioning pulse to 0 mV is normalized to the 1000 

current elicited during an initial test step and plotted against the duration of the conditioning 1001 

pulse. Lines show exponential fits to the data. Top right, Voltage protocol used to measure NaV 1002 

entry into slow inactivation. Bottom right, Representative whole-cell voltage-clamp traces. Blue 1003 

trace represents initial test step; red trace represents test pulses given after a 200 ms 1004 

conditioning step. D. Left, Same as C except Quantification represents recovery from slow 1005 

inactivation kinetics. Data for MS neurons from Figure 4B is shown for comparison (clear circles, 1006 

dashed lines). Recovery during the second test step is normalized to the current during the 1007 

initial test step and plotted against the recovery interval. Lines show double-exponential fits to 1008 

the data. MS neurons + ICA: 1 = 725.1 ms, 2 = 59.8 ms, n = 6. Top right, Voltage protocol 1009 

used to measure NaV recovery from slow inactivation. Bottom right, Representative whole-cell 1010 

voltage-clamp trace of current elicited from a MS neuron in the presence of ICA 121431. Blue 1011 

trace represents initial test step; red trace represents pulse given 50 ms after the conditioning 1012 
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step. E. Individual entry into slow inactivation rates for MS neurons plotted against the 1013 

percentage of the total NaV current that was sensitive to ICA 121431; r2 = 0.43, P = 0.04. F. 1014 

Same as E but individual recovery from slow inactivation rates are plotted; r2 = 0.37, P = 0.20.  1015 

 1016 

Figure 10. Proposed model demonstrating heightened excitability of menthol-sensitive 1017 

Vglut3lineage DRG neurons. Activation of TRPM8 ion channels (red) causes an influx of cations 1018 

that depolarizes the neuron. This leads to activation of TTX-sensitive NaVs, including NaV1.1 1019 

channels (green), and subsequent action potential firing. Repetitive firing is achieved by TTX-1020 

sensitive NaVs cycling through open and fast inactivated states, without being sequestered into 1021 

long-lived slow inactivated states. This may be facilitated by association with auxiliary proteins 1022 

(purple). NaV complexes in menthol-sensitive Vglut3lineage DRG neurons could function to 1023 

oppose a strong hyperpolarizing conductance mediated by KV1 potassium channels (orange).  1024 
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