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Abstract 38 

Small fiber neuropathy (SFN) is a common condition affecting thinly myelinated Aδ and 39 

unmyelinated C fibers, often resulting in excruciating pain and dysautonomia. SFN has 40 

been associated with several conditions, but a significant number of cases have no 41 

discernible cause. Recent genetic studies have identified potentially pathogenic gain-of-42 

function mutations in several the pore-forming voltage-gated sodium channel α subunits 43 

(NaVs) in a subset of patients with SFN, but the auxiliary sodium channel β subunits 44 

have been less implicated in the development of the disease. β subunits modulate NaV 45 

trafficking and gating, and several mutations have been linked to epilepsy and cardiac 46 

dysfunction. Recently, we provided the first evidence for the contribution of a mutation in 47 

the β2-subunit to pain in human painful diabetic neuropathy. 48 

Here, we provide the first evidence for the involvement of a sodium channel β subunit 49 

mutation in the pathogenesis of SFN with no other known causes. We show, through 50 

current-clamp analysis, that the newly-identified Y69H variant of the β2 subunit induces 51 

neuronal hyperexcitability in dorsal root ganglion neurons, lowering the threshold for 52 

action potential firing and allowing for increased repetitive action potential spiking. 53 

Underlying the hyperexcitability induced by the β2-Y69H variant, we demonstrate an 54 

upregulation in tetrodotoxin-sensitive, but not tetrodotoxin-resistant sodium currents. 55 

This provides the first evidence for the involvement of β2 subunits in SFN and 56 

strengthens the link between sodium channel β subunits and the development of 57 

neuropathic pain in humans. 58 

 59 
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New & Noteworthy 60 

Small fiber neuropathy (SFN) often has no discernible cause, although mutations in the 61 

voltage-gated sodium channel α-subunits have been implicated in some cases. We 62 

identify a patient suffering from SFN with a mutation in the auxiliary β2-subunit and no 63 

other discernible causes for SFN. Functional assessment confirms this mutation renders 64 

dorsal root ganglion neurons hyperexcitable and upregulates tetrodotoxin-sensitive 65 

sodium currents. This study strengthens a newly-emerging link between sodium 66 

channel β2-subunit mutations and human pain disorders. 67 

 68 

  69 
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Introduction 70 

Small-fiber neuropathy (SFN) is a painful condition selectively affecting thinly 71 

myelinated Aδ-fibers and unmyelinated C-fibers(1). Clinically, SFN often presents with 72 

chronic pain, usually described as “burning” and in a “glove and stocking” distribution, 73 

dysautonomic symptoms, no signs of large-diameter fiber involvement, and reduced 74 

intraepidermal nerve fiber density on skin biopsy(2-5). The sequelae of SFN are 75 

associated with significant reductions in patient quality of life(6). Additionally, worsening 76 

SFN pain is also directly associated with worse mental health, sleep, and employment 77 

outcomes(7). Current first-line therapeutic strategies for the management of chronic 78 

pain associated with painful neuropathy, including SFN, are not very effective, in part 79 

due to adverse effects(8, 9). More effective pharmacological management is thus a high 80 

priority, and a better understanding of underlying causes of pain may provide more 81 

effective treatment options. 82 

Many causes of SFN have been identified(10-12), including autoimmune conditions, 83 

sodium channel gene mutations(1, 13-16), diabetes mellitus(17), and 84 

chemotherapy(18). However, a significant proportion of patients with SFN have no 85 

identifiable cause, termed idiopathic small-fiber neuropathy (I-SFN)(10, 19).  Knowledge 86 

of the etiology underlying SFN is important as some conditions are preventable or can 87 

be targeted with a precision medicine approach(20).  88 

Mutations in sodium channel genes are responsible for a sizable percentage of SFN 89 

cases (11.6 %)(16), which is explicable as voltage-gated sodium channels (NaVs) play a 90 

pivotal role in regulating neuronal excitability(21, 22). Sodium channels are composed 91 

of a pore-forming α-subunit (NaV) which is associated with auxiliary β subunits(23). Nine 92 
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different NaVs (NaV1.1-NaV1.9) are expressed in humans(24). NaV1.7, NaV1.8, and 93 

NaV1.9 are preferentially expressed in the developed peripheral nervous system and 94 

have been genetically and functionally well-validated as drivers of chronic pain in 95 

humans(25-27). NaV1.7 was the first NaV channel linked directly to pain, with gain-of-96 

function mutations resulting in a variety of pain conditions, including inherited 97 

erythromelalgia(28-32), paroxysmal extreme pain disorder, and SFN(1). Loss-of-98 

function mutations result in congenital insensitivity to pain(33-35). Subsequently, other 99 

NaVs were found to play pivotal roles in SFN, including both NaV1.8(13, 36) and 100 

NaV1.9(15). However, while the contribution of NaVs to painful neuropathies has been 101 

thoroughly investigated, the contributions of sodium channel β subunits to pain are still 102 

being elucidated. 103 

The sodium channel β-subunit family is comprised of four genes, SCN1B-SCN4B, 104 

encoding four distinct proteins, β1-β4, and two splice variants, β1A and β1B(37, 38). 105 

NaVs are found as heterotrimeric complexes in vivo, consisting of one pore-forming α-106 

subunit (NaV1.1-NaV1.9) and two non-ion conducting β-subunits (β1/3 and β2/4)(39, 40). 107 

β-subunits play important roles in a number of cellular and molecular processes. For 108 

example, β-subunits are known to alter the biophysical properties of multiple NaV α-109 

subunits(41-44). They also are important for normal NaV localization and membrane 110 

trafficking(44-49). Additionally, β-subunits act as cell adhesion molecules(50) and are 111 

implicated in multiple diseases of the cardiac conducting system(51, 52) and 112 

epilepsy(53-56). Given the multiple roles of sodium channel β-subunits in NaV 113 

modulation, it is unsurprising that their upregulation has been linked to neuropathic pain, 114 

while their knock-out or knockdown ameliorates pain in preclinical rodent models(57, 115 
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58). Only recently, though, has a mutation in a β-subunit (β2-D109N) been linked to 116 

pain in a patient with painful diabetic neuropathy(59). Functional analysis showed that 117 

the D109N mutation caused a depolarizing shift in the voltage-dependence of Nav1.7 118 

fast-inactivation and reduced use-dependent inhibition of the Nav1.7 channel, enhancing 119 

dorsal root ganglion (DRG) neuronal action potential firing, consistent with its 120 

contribution to pain in this patient. Here, we present the case of a novel β2-subunit 121 

mutation involved in the development small-fiber neuropathy with no other underlying 122 

pathophysiology. The newly identified Y69H variant increases tetrodotoxin-sensitive 123 

(TTX-S) current density, without altering NaV gating properties, enhancing the 124 

excitability of DRG neurons. Our data expands the role of β2 subunit mutations at the 125 

sodium channel level and strengthens the evidence for a role of these subunits in 126 

human pain disorders.  127 

  128 
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Materials and Methods 129 

DNA isolation from peripheral blood 130 

Local medical ethical committees at each of the participating centers approved this 131 

study. Written informed consent by patients was obtained prior to participation in this 132 

study. A peripheral blood sample was taken from all patients in a cohort with SFN(59) 133 

and genomic DNA was extracted from peripheral blood using either a QIAamp DNA 134 

Blood Maxi Kit/Puregene Blood Core Kit (Qiagen, Hilden, Germany) or a NucleoSpin 8 135 

Blood Isolation Kit (Macherey-Nagel, Düren, Germany). Quality and concentration of the 136 

DNA were determined by NanoDrop (Thermo Scientific, Wilmington, DE, USA) and 137 

Qubit 2.0 Fluorometer using the Qubit® dsDNA BR assay kit (Life technologies, 138 

Bleiswijk, The Netherlands). Isolated DNA was stored with a unique numeric code in the 139 

central DNA bank at Maastricht University Medical Centre and IRCCS Foundation 140 

“Carlo Besta” Neurological Institute. 141 

Single-molecule molecular inversion probe-next-generation sequencing 142 

Genetic sequencing was conducted as previously described(60). In brief, coding exons 143 

and exon-flanking intron sequences (±20bp) of SCN1B-4B, SCN3A, and SCN7A-11A 144 

were sequenced by single-molecule molecular inversion probe-next-generation 145 

sequencing (smMIP-NGS). Three-hundred-twenty-four smMIPs were designed using a 146 

modified version of MIPgen software (http://shendurelab.github.io/MIPGEN/). The gap 147 

fill length between the extension and ligation arm (region of interest) of the smMIPs was 148 

fixed to 220–230 nucleotide. Probes were synthesized by Integrated DNA Technologies 149 

(IDT, Iowa, IA, USA). 150 
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To identify sequence variations in SCN1B-4B, SCN3A, SCN7A-11A, patients’ coding 151 

and immediate flanking regions of these genes were compared with reference 152 

sequence GRCh37. Genetic variations detected were annotated according to the 153 

guidelines of the Human Genome Variation Society (http://www.hgvs.org/mutnomen/). 154 

Variants with a possible pathogenic effect were classified using Alamut Mutation-155 

Interpretation Software (Interactive-Biosoftware, Rouen, France). Classification of 156 

variants was based on the practice guidelines of the Association for Clinical Genetic 157 

Science. 158 

Isolation and transfection of DRG neurons 159 

The Y69H mutation was introduced into the plasmid encoding wild-type human-β2-160 

IRES-GFP(61) using QuickChange Lightening site-directed mutagenesis (Agilent, Santa 161 

Clara, CA).  All animal studies and procedures followed a protocol that was approved by 162 

the Veterans Administration Connecticut Healthcare System Institutional Animal Care 163 

and Use Committee. DRG neurons from 4- to 6- week old Sprague-Dawley rats of both 164 

sexes were harvested and dissociated as described previously with minor 165 

differences(62). In brief, adult rat DRGs were dissociated with a 20- minute incubation in 166 

1.5 mg/mL collagenase A (Roche, Indianapolis, IN, USA) and 0.6 mM EDTA, followed 167 

by a 17-minute incubation in 1.5 mg/mL collagenase D (Roche), 0.6 mM EDTA, and 30 168 

U/mL papain (Worthington Biochemical, Lakewood, NJ, USA). DRGs were then 169 

centrifuged and triturated in 0.5 mL of DRG media (DMEM/F12 with 100 U/ml penicillin, 170 

0.1 mg/ml streptomycin, and 10% fetal bovine serum) containing 1.5 mg/mL bovine 171 

serum albumin (low endotoxin) and 1.5 mg/mL trypsin inhibitor (Sigma, St. Louis, MO, 172 

USA). After trituration, undigested tissue was filtered using a 70-μm cell strainer (Becton 173 
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Dickinson, Franklin Lakes, NJ, USA). The mesh was washed twice with 2 mL of DRG 174 

media. Neurons were then pelleted and transfected with either human-β2-Y69H or 175 

human-β2-wild type (WT) cDNA carrying an internal ribosome entry site (IRES)-GFP to 176 

mark transfected cells using a Nucleofector IIS (Lonza, Basel, Switzerland) and Amaxa 177 

Basic Neuron SCN Nucleofector Kit (VSPI-1003).  178 

HEK293 stable cell line transfection 179 

Human embryonic kidney (HEK293) cells stably expressing a tetrodotoxin-resistant 180 

version of the NaV1.7 channel were transfected with either 0.5 μg/μL of human β2-Y69H 181 

or human β2-WT cDNA containing an internal ribosome entry site (IRES)-GFP tag using 182 

a LipoJet transfection kit (SignaGen Laboratories, Rockville, MD, USA). The cells were 183 

grown and maintained under standard culture conditions (37oC, 5% CO2) in Dulbecco's 184 

modified Eagle's medium (DMEM/F12), supplemented with 10% fetal bovine serum 185 

(FBS) and 1% penicillin/streptomycin. Transfected cells were grown in 35 mm dishes, 186 

before being resuspended and plated onto PDL/laminin-coated coverslips the next day. 187 

Sodium currents were recorded 24-48 hours following transfection. 188 

Macroscopic current recordings 189 

Macroscopic currents were recorded from adult rat DRG neurons in both current-clamp 190 

and voltage-clamp configurations using an EPC-10 amplifier and the PatchMaster 191 

program (HEKA Elektronik, Holliston, MA, USA) at room temperature. Patch pipettes 192 

were pulled from borosilicate glass (1.65 mm/1.1 mm outside diameter/inside diameter; 193 

World Precision Instruments, Sarasota, FL, USA) using a Sutter Instruments P-97 puller 194 

and had a resistance of 0.6-1.8 MΩ. 195 
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For current-clamp recordings, the extracellular solution contained (in mM): 140 NaCl, 3 196 

KCl, 2 MgCl2, 2 CaCl2, and 10 HEPES. Patch pipettes were filled with intracellular 197 

solution containing (in mM): 140 KCl, 3 Mg-ATP, 0.5 EGTA, 5 HEPES, and 30 dextrose. 198 

Both solutions were titrated to a pH of 7.3 with NaOH and KOH, respectively, and 199 

brought to a final osmolarity (320 and 310 mOsm for extracellular and intracellular 200 

solutions, respectively) using dextrose. Whole-cell configuration was obtained in 201 

voltage-clamp mode before transitioning to current-clamp mode. Fluorescent small DRG 202 

neurons (<30 µm diameter) with stable (<10% variation) resting membrane potentials 203 

(RMPs) and minimal leak currents at break-in were included in the analysis. Cells with 204 

an input resistance lower than 100 MΩ were excluded from analysis. Input resistance 205 

was calculated as the slope of the linear fit of the hyperpolarizing response to current 206 

steps from -5 pA to -40 pA in 5 pA increments.  207 

In current-clamp mode, rheobase was defined as the first current injection step that 208 

resulted in action potential firing without further failure and was determined by a series 209 

of depolarizing current injections (200 ms) that increased incrementally by 5 pA. For the 210 

calculation of rheobase, action potentials were defined as rapid increases in membrane 211 

potential to >40 mV with a total amplitude >80 mV. However, as neurons often 212 

attenuate firing with repetitive action potential spiking, when examining repetitive firing, 213 

action potentials were counted if the membrane potential rapidly crossed 0 mV, 214 

regardless of overshoot or total amplitude. Action potential repetitive firing frequency 215 

was determined by quantifying the number of action potentials that a neuron fired during 216 

a 500 ms current injection at current injections between 25 and 500 pA, in 25 pA steps. 217 
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For voltage-clamp recordings, the extracellular bath solution contained (in mM) 140 218 

NaCl, 20 TEA-Cl, 3 KCl, 1 CaCl2, 1 MgCl2, 5 CsCl, 0.1 CdCl2, and 10 HEPES (± 0.1 219 

tetrodotoxin [TTX]), titrated to a pH of 7.3 using NaOH. Patch microelectrodes contained 220 

an intracellular solution consisting of (in mM): 140 CsF, 10 NaCl, 1.1 EGTA, and 10 221 

HEPES, titrated to a pH of 7.3 using CsOH. Both solutions were brought to final 222 

osmolality (320 mOsm for extracellular solution and 310 mOsm for intracellular solution) 223 

using dextrose.  224 

Sodium currents from fluorescent (indicating successful transfection) DRG neurons 225 

under 30 µm in diameter were recorded in the whole-cell configuration. For biophysical 226 

analysis of sodium channel gating, series resistance prediction and compensation 227 

(60%-90%) were applied to reduce the voltage errors. Neurons with a peak voltage 228 

error greater than 5 mV were excluded from all biophysical analyses. The recorded 229 

currents were digitized at a rate of 50 kHz after passing through a low-pass Bessel filter 230 

setting of 10 kHz. After achieving whole-cell configuration, a 5-minute equilibration 231 

period was allowed before starting the recording. DRGs were held at -100 mV to 232 

minimize inactivation of NaV1.9 while maintaining neuronal cell viability. 233 

To measure sodium channel activation, DRG neurons were pulsed to a range of 234 

potentials between -80 mV and +30 mV, in 5 mV increments, for 100 ms after being 235 

held at a holding potential of -100 mV. Peak inward currents were transformed to 236 

conductance using the equation 𝐺  . Reversal potentials were calculated in the 237 

FitMaster program (HEKA Elektronik). The conductance at each voltage was 238 

normalized to the maximum conductance and fit with the following Boltzmann equation 239 
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to derive the activation curve: 𝐺  
. / , where V0.5 is the half-maximal 240 

activation potential and k is the slope factor of the activation curve.  241 

Use-dependent inhibition at 20 Hz stimulation was determined by holding the neurons at 242 

-80 mV for 2 ms, followed by a 10 ms step to −20 mv and measuring the charge transfer 243 

through the cell. Use-dependence curves were generated by normalizing the current 244 

passed at each sweep to the current passed at the first sweep. 245 

To assess steady-state fast-inactivation, DRG neurons were prepulsed to a range of 246 

voltages between −140 mV and 0 mV in 10 mV steps for 500 ms from a holding potential 247 

of −100 mV and then pulsed to a potential of −10 mV. Peak inward current was 248 

normalized to the maximum peak inward current and fit with the following double 249 

Boltzmann equation to derive the inactivation curve: 250 

 𝐼  𝐼 𝐴 . 251 

To assess deactivation, DRG neurons were activated by a brief 0.5 ms pulse to -10 mV 252 

from a holding potential of -120 mV. Following this brief activation step, the kinetics of 253 

deactivation were examined by 50 ms pulses at a range of potentials from -40 mV to -254 

120 mV in -5 mV increments. The tail-currents were fit with a single exponential 255 

equation in order to derive the time constant of decay. 256 

To assess recovery from fast-inactivation, we utilized a two-pulse protocol (both to -10 257 

mV) with varied interpulse interval between 1 and 513 ms at voltage potentials between 258 

-120 mV and -70 mV. The current evoked by the test pulse at -10 mV was normalized to 259 

the current elicited by the prepulse at -10 mV to represent the fraction of recovering 260 
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currents. This was then plotted against the interpulse duration to calculate the rate and 261 

extent of recovery from inactivation. 262 

Peak current density was calculated as the peak current during the activation pulse 263 

(described above) normalized to the cellular capacitance. To assess tetrodotoxin-264 

resistant (TTX-R) and TTX-S currents, 1 μM tetrodotoxin (TTX) was applied. Total 265 

sodium currents were recorded prior to TTX application. Extracellular bath solution 266 

containing 1 μM TTX was subsequently perfused into the chamber while continuously 267 

suctioning the chamber. In order to ensure full solution exchange, at least 5X the total 268 

volume of the chamber of solution was perfused. Additionally, test pulses to -10 mV 269 

were conducted until the current no longer decreased. TTX-R currents were 270 

subsequently recorded. To calculate TTX-S currents, reference series subtraction in 271 

PatchMaster was utilized. 272 

Molecular modeling 273 

Protein data bank (PDB) structure 6J8I from Shen et al.(39) was downloaded from 274 

RCSB.org and embedded in a heterogeneous lipid bilayer using CHARMM-GUI(63) to 275 

reflect a more physiologically relevant background. The structure was then edited in 276 

PyMol (Schrödinger, LLC).  277 

Data Analysis 278 

All data are represented as mean ± standard error of the mean, unless otherwise noted. 279 

All Boltzmann fits and graphical representation was conducted in GraphPad Prism. 280 

Significance in figures is noted as * (p ≤ 0.05), ** (p ≤ 0.01), or *** (p ≤ 0.001).  281 

  282 
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Results 283 

Identification of a novel variant in the coding region of the SCN2B gene 284 

In our cohort of 548 patients diagnosed with painful SFN and no other underlying 285 

causes, MIPs-NGS identified two potentially pathogenic novel SCN2B gene variants 286 

that were found only in patients with painful SFN and not in any patients with painless 287 

conditions. Of these variants, one (c.502G>T; pG168C) was in the transmembrane 288 

segment of β2, whereas the second (c.205T>C; pY69H), a tyrosine-to-histidine 289 

missense mutation at position 69 resides in the immunoglobulin domain of the protein 290 

(Figure 1). The rare Y69H variant, classified as a variant of unknown significance(64) 291 

with an allele frequency of 4.95X10-5, was initially chosen for investigation because it 292 

had also been identified in patients with Brugada syndrome and one patient with chronic 293 

atrial fibrillation(65). Additionally, the only previously characterized mutation in the 294 

sodium channel β2 subunit associated with a painful neuropathy was also located in the 295 

immunoglobulin domain(59).  296 

The β2-Y69H variant was identified in a patient with painful idiopathic SFN presenting 297 

as a stabbing and burning pain in both legs, as well as red discoloration of the soles of 298 

her feet, beginning at age 53. She was assessed clinically and her neurologic physical 299 

exam was normal. She also had normal nerve conduction studies, consistent with 300 

unaffected large, myelinated nerve fibers. Thermal testing showed abnormal warmth 301 

and cold sensation, and reduced intraepidermal nerve fiber density (1.1 per mm, with a 302 

lower limit of normal accepted at 4.3 per mm). There was no other relevant medical 303 

history that could potentially explain her peripheral neuropathy. Cardiovascular workup 304 

was normal and no prior history of cardiovascular disease was noted. 305 
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Electrocardiogram conducted at the time showed sinus rhythm with normal conduction 306 

times; the PR interval spanned 154 ms (normal limits: 120-200 ms), the QRS complex 307 

spanned 86 ms (normal limits: 60-100 ms), and the QT interval spanned 464 ms, with a 308 

corrected QT (QTc) interval of 401 ms (99th percentile QTc in post-pubertal females: 309 

480 ms). No other SCN1B-4B, SCN3A, or SCN7A-11A variants, others than the SCN2B 310 

Y69H variant, were detected by MIPs-NGS; she was heterozygous for the SCN2B 311 

Y69H variant.   312 

Human β2-Y69H confers hyperexcitability on DRG neurons 313 

To test whether the Y69H variant contributes to enhanced neuronal excitability, DRG 314 

neurons were isolated from adult rats and transfected with either wild-type human β2 or 315 

the β2-Y69H variant. Excitability of DRG neurons was analyzed by current-clamp 316 

recordings. We examined passive membrane properties, such as the neuronal RMP 317 

(Figure 2A). The RMP of neurons expressing the β2-Y69H variant (-48.21 ± 1.99 mV, n 318 

= 11) was not statistically different from that of neurons expressing the wild-type β2 319 

subunit (-50.18 ± 2.48 mV, n = 11, two-tailed Student’s t-test p = 0.54). Additionally, 320 

input resistances of non-spontaneously firing DRG neurons were comparable between 321 

those expressing the wild-type β2 subunit (732.95 ± 130.13 MΩ, n = 11) and those 322 

expressing the Y69H variant (959.70 ± 97.82 MΩ, n = 11, Student’s t-test p = 0.18). 323 

Neurons expressing the β2-Y69H variant were more excitable at rest than neurons 324 

exhibiting the wild-type β2 subunit (Figure 2B), with a numerically larger percentage of 325 

neurons firing spontaneous action potentials; 47.62% of neurons expressing the Y69H 326 

variant fired action potentials spontaneously, compared to only 21.42% of neurons 327 

expressing the wild-type β2 subunit. However, this study was not powered to detect 328 
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spontaneous action potential firing and was therefore not statistically significant 329 

(Fisher’s exact test, p = 0.16).  330 

Neurons expressing the β2-Y69H variant are significantly more excitable in response to 331 

current injection stimuli than neurons expressing the wild-type β2 subunit. We examined 332 

the current injection necessary to evoke an action potential in adult rat DRG neurons 333 

(Figure 3A, 3B). Rheobase (Figure 3B) was significantly lower in neurons expressing 334 

the Y69H variant (51.36 ± 53.81 pA, n = 11) compared to neurons expressing the wild-335 

type β2 subunit (163.64 ± 47.85 pA, n = 11, Student’s t-test, p = 0.038). Furthermore, 336 

neurons expressing the Y69H variant were capable of significantly increased repetitive 337 

action potential firing, compared to neurons expressing the wild-type β2 variant (Figure 338 

3C, 3D, 3E). When each neuron was injected with a 1-second current stimulus at the 339 

amplitude that was sufficient to stimulate an action potential at 200-millisecond duration, 340 

to the nearest 25 pA, neurons expressing the wild-type β2 subunit fired significantly 341 

fewer action potentials (0.73 ± 0.47, n = 11) than did neurons expressing the Y69H 342 

variant (3.82 ± 1.01, n = 11, two-tailed Student’s t-test p = 0.0065, Figure 3C). In 343 

response to graded current injections from 25 pA to 500 pA in 25 pA increments, 344 

neurons expressing the Y69H variant fired significantly more action potentials across 345 

the entire stimulus range (two-way repeated measures ANOVA, p = 0.004). This 346 

difference was statistically significant after correcting for multiple comparisons using the 347 

Holm-Šídák method at 150, 175, 200, 225, and 275 pA current injections (Figure 3E). 348 

Biophysical analysis of the β2-Y69H variant on total sodium current 349 

We investigated mechanisms underlying the hyperexcitability of DRG neurons 350 

expressing the β2-Y69H variant using voltage-clamp recordings to study voltage-351 
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dependent sodium currents. We examined the biophysical properties of the total sodium 352 

current passed by DRG neurons transfected with either wild-type β2 or β2-Y69H 353 

plasmids (Figure 4). The Y69H variant did not significantly alter the half-maximal voltage 354 

of activation (V1/2, -21.04 ± 1.40 mV, n = 18) for total sodium current compared to 355 

neurons expressing the wild-type β2 subunits (-16.78 ± 2.18 mV, n = 15, Student’s t-test 356 

p = 0.10), although the point estimates showed an approximately 4.3 mV 357 

hyperpolarization (Figure 4A). Similarly, the slope of the activation curves showed a 358 

trend towards faster activation of sodium current in neurons expressing the Y69H 359 

variant (6.37 ± 0.45 ms, n = 18) compared to wild-type (8.72 ± 1.20 ms, n = 15, 360 

Student’s t-test p = 0.059). In addition to activation, we also examined the effect of the 361 

variant β2 subunit on sodium current inactivation (Figure 4A). Current traces were best 362 

fit with a double Boltzmann equation and showed no difference in the V1/2 of fast-363 

inactivation or the slope for the development of fast-inactivation between the Y69H 364 

variant and the wild-type subunit (Table 1).  365 

The Y69H variant caused no reduction in total sodium current use-dependent inhibition 366 

(Figure 4B); after 1.5 seconds of 20 Hz pulses to -20 mV, neurons expressing the wild-367 

type human β2 subunit passed 76.12% of the current passed during the first stimulus, 368 

which was comparable to neurons expressing the Y69H variant (74.85%). Likewise, 369 

neurons expressing either construct showed a similar extent of channel recovery 370 

(Figure 4C) and there was no change in the rate of recovery from fast-inactivation 371 

between neurons expressing the wild-type and the Y69H variant (Figure 4D). Finally, we 372 

assessed the rate of channel deactivation (Figure 4E) and found no change between 373 

DRG neurons expressing the wild-type or Y69H variant β2 subunit. 374 
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Tetrodotoxin-sensitive currents are upregulated by the β2-Y69H variant 375 

Given that there were no major biophysical changes conferred on sodium channels by 376 

the Y69H variant β2 subunit, we then examined sodium channel current density as the 377 

β-subunits are known to enhance channel trafficking to the plasma membrane(44, 66). 378 

DRG neurons were held at -100 mV and then pulsed to a range of potentials from -80 379 

mV to + 30 mV for 100 ms in 5 mV increments and the current density was calculated at 380 

each step pulse. Neurons expressing the Y69H variant exhibited a significantly larger 381 

peak total sodium current density (-590.90 ± 46.21 pA/pF, n = 21) after a 100 ms pulse 382 

compared to DRG neurons expressing the wild-type β2 subunit (-359.11 ± 36.11 pA/pF, 383 

n = 17, Student’s t-test p = 0.00052, Figure 5B). Additionally, as current density is 384 

derived from both the amplitude of the currents, as well as the capacitance of the 385 

neurons, we sought to confirm that there was no difference in the capacitance of the 386 

cells recorded. The capacitance of DRG neurons expressing the Y69H variant β2 387 

subunit (22.91 ± 2.05 pF, n = 21) was similar to that of DRG neurons expressing the 388 

wild-type subunit (21.80 ± 2.42 pF, n = 17, Student’s t-test p = 0.73). 389 

We next sought to determine whether the upregulated sodium currents were TTX-S or 390 

TTX-R. The same voltage protocol as above was applied first in the absence of TTX, 391 

then after perfusion of 1 µM into the recording chamber. TTX-S current was calculated 392 

by reference series subtraction of TTX-R current from the total sodium current (Figure 393 

5A). It is important to note that a voltage error greater than 5 mV was an exclusion 394 

criterion in the first set of experiments to minimize uncertainty in biophysical analysis of 395 

channel gating. In this second set of experiments, however, voltage error was not 396 

considered. This was a decision consciously made in order to avoid artificially limiting 397 
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any difference between the wild-type and Y69H-expressing neurons by excluding cells 398 

with large currents. Crucially, voltage error would not affect the determination of sodium 399 

current density. We were able to confirm again, in this second set of experiments, an 400 

upregulation of total NaV current in DRG neurons expressing the Y69H variant 401 

compared to DRG neurons expressing the wild-type variant (Y69H: -879.82 ± 261.94 402 

pA/pF, n = 15; wild-type: -435.02 ± 69.42 pA/pF, n = 26; Student’s t-test p = 0.048). 403 

However, we did not detect a statistically significant difference in TTX-R current in cells 404 

expressing the YH variant (-214.273 ± 44.81 pA/pF, n = 15) compared to DRG neurons 405 

expressing the wild-type variant (-189.30 ± 32.47 pA/pF, n = 26, Student’s t-test p = 406 

0.65). By contrast, TTX-S current was more than doubled (Figure 5C) in DRG neurons 407 

expressing the Y69H variant (-768.21 ± 234.99 pA/pF, n = 15), relative to TTX-S current 408 

in DRG neurons expressing the wild-type β2 subunit (-330.23 ± 66.27 pA/pF, n = 26, 409 

Student’s t-test p = 0.032). 410 

As DRG neurons express a multiple NaV channel isoforms, we sought to investigate the 411 

Y69H variant in a heterologous system expressing only NaV1.7, which is responsible for 412 

the majority of TTX-S sodium currents in rat DRG neurons (67). Consistent with our 413 

previous results in DRG neurons, we confirmed that the β2-Y69H variant does not alter 414 

gating properties (Figure 5D) of NaV1.7 channels stably expressed in HEK293 cells. 415 

Specifically, the V1/2 of activation of NaV1.7 in HEK293 cells transfected with the wild-416 

type β2 subunit was -22.97 ± 1.58 mV (n = 16), which is comparable to those 417 

transfected with the Y69H variant (-21.79 ± 1.32, n = 20, Student’s t-test p = 0.57). 418 

Similarly, we did not observe a difference in the V1/2 of fast-inactivation of Nav1.7 419 

channels in HEK293 cells transfected with the wild-type β2 subunit (-79.60 ± 1.54 mV, n 420 
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= 17), compared to those transfected with the Y69H variant (-79.73 ± 1.67 mV, n = 20, 421 

Student’s t-test p = 0.96). Interestingly, we observed no statistically significant difference 422 

in the NaV1.7 current density (Figure 5E) in these cells, either: current density of Nav1.7 423 

in cells transfected with the wild-type β2 subunit (-572.67 ± 64.71 pA/pF, n = 31) was 424 

not different from that in cells transfected with the Y69H variant (-686.57 ± 57.84 pA/pF, 425 

n = 30, Student’s t-test p = 0.20).  426 

  427 
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Discussion 428 

While the contribution of β-subunits to sodium channel physiology and neuronal 429 

excitability has long been studied, only recently have mutations in β-subunits, and 430 

specifically the β2-subunit, been linked to human pain disorders. Here we document the 431 

first case of idiopathic small-fiber neuropathy associated with a mutation in the SCN2B 432 

gene. The expression of the β2-Y69H mutation in small-diameter DRG neurons 433 

increases current density of TTX-S channels and renders these neurons hyperexcitable, 434 

compared to the wild-type human β2 subunit (Figure 6). The expression of the β2-Y69H 435 

subunit reduces the threshold to action potential firing, allowing for enhanced repetitive 436 

action potential firing. Interestingly, the mechanism underlying this hyperexcitability is a 437 

significant increase in TTX-S current density, rather than a major change in channel 438 

gating properties. We also report that the co-expression of the β2-Y69H mutant with 439 

Nav1.7 channels in HEK293 cells does not recapitulate the increased current density 440 

that we observe in DRG neurons, suggesting a cell background-specific mechanism to 441 

unmask the effect of this β2 subunit mutation. 442 

The association of β subunits with the pore-forming α subunits has been shown to 443 

regulate channel trafficking to the plasma membrane and gating properties (38). While 444 

gain-of-function mutations in α subunits leading to neuropathic pain typically result in 445 

biophysical shifts in voltage-dependences of activation or inactivation, or altered 446 

recovery from inactivation, changes in channel current density alone are sufficient to 447 

alter the excitability of DRG neurons (67); increasing the current density of NaV1.7, 448 

which accounts for approximately 70% of TTX-S current density in small-diameter DRG 449 

neurons, both reduces the current threshold to action potential firing and enhances 450 
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repetitive action potential spiking(67). Vasylyev et al. used dynamic clamp to precisely 451 

modulate the levels of NaV1.7 current in small-diameter DRG neurons and showed that 452 

increasing NaV1.7 current density by 100% resulted in a near 30% reduction in current 453 

threshold. While it would be interesting to compare our results directly to the results 454 

from that study, it is not feasible for multiple reasons. Primarily, dynamic clamp injects 455 

current using an equation modeling a specific ion channel, but the levels of the physical 456 

channel are unchanged. Because we presumably had an increase in the number of 457 

TTX-S channels at the cell surface, this may also have affected some change to 458 

neuronal excitability, possibly by an interaction with one or more of their many channel 459 

binding-partners(68). Additionally, Vasylyev et al. only modulated up to a 100% change 460 

in NaV1.7 levels, whereas we recorded an approximately 130% increase in TTX-S 461 

current density, so a comparison would both require an extrapolation of their generated 462 

fit, as well as an assumption that the Y69H variant increases NaV1.7 current density 463 

exclusively; indeed, we were unable to confirm in a heterologous expression system 464 

that the Y69H variant upregulates NaV1.7 currents. This may imply that the Y69H 465 

variant upregulates other TTX-S NaV channels, such as NaV1.6, which has also been 466 

implicated in pain disorders(69) and shown to regulate sensory neuronal excitability(70). 467 

Alternatively, NaV1.7 may be a target of upregulation by the Y69H variant, but 468 

differences in trafficking mechanisms between DRG neurons and HEK293 cells 469 

obscured our ability to detect an effect in the latter system. Regardless, it remains clear 470 

that the increase in TTX-S current density conferred by the β2-Y69H variant is 471 

consistent with neuronal hyperexcitability.   472 
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Previously, we reported and characterized the first β-subunit mutation, an aspartate-to-473 

asparagine substitution at position 109 in the β2 subunit, in a patient with a pain 474 

syndrome—specifically, diabetic neuropathy(59). Although the D109N variant was 475 

discovered in a patient with underlying longstanding diabetes, functional validation of 476 

that variant confirmed that it induces neuronal hyperexcitability. Although it is not clear 477 

why pain and neuropathy in the patient described here were not manifested until the 478 

fifth decade, the discovery of the Y69H β2 variant, which increased the current density 479 

of the TTX-S currents, further strengthens a contributory link between the β2 subunit 480 

and neuropathic pain as no other putative cause of pain was identified.  481 

The purported mechanism of action of both the newly identified Y69H variant and the 482 

previously identified D109N variant is concordant with established effects of the β2 483 

subunit in DRG neurons. All β-subunits, with the exception of the β1b splice variant, 484 

share the common structure of an extracellular immunoglobulin domain and a 485 

transmembrane domain with a short cytoplasmic tail. The Y69H variant is located in the 486 

extracellular immunoglobulin domain, which binds to Nav channels within the DII-S5-6 487 

extracellular linker via a disulfide bond(39, 71) and enhances channel trafficking to the 488 

plasma membrane. This is consistent with the known role of β2 subunits in small-489 

diameter DRG neurons; Lopez-Santiago et al. showed that β2-null mice DRG neurons 490 

exhibited approximately a 50% reduction in TTX-S current and NaV1.7 protein 491 

levels(48).   492 

The β2-Y69H variant was also identified in two patients with Brugada Syndrome, and, 493 

when co-expressed with NaV1.5 in HEK293 cells, resulted in a reduction in current 494 

density(72). The data from this early study has only been available in a meeting 495 
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abstract, and is thus difficult to evaluate. By contrast, the present studies were done in 496 

DRG neurons where a full complement of additional factors could be important for 497 

uncovering the true effects of this mutation on the TTX-S channels. This data suggests 498 

that the Y69H variant may exert its effect in an isoform-specific manner or in a cell 499 

background-dependent manner. 500 

Both the D109N and Y69H variants are located in the extracellular immunoglobulin 501 

domain and both act on TTX-S but not TTX-R channels; however, the mechanism of 502 

action for the Y69H variant is distinct from that of the D109N variant. This different 503 

mode of action may be influenced by the position of the two residues in the folded 504 

structure of the β2 subunit. The side chain of the Y69H variant points away from the NaV 505 

α subunit (Figure 1), whereas the D109N mutant residue is located in a spatially 506 

separate and distinct location within the β2 subunit. We postulate that mutations in 507 

residues at different loci in the β2 subunit may perturb their respective local structures 508 

and interfere differentially with normal subunit functioning. For example, based on the 509 

data presented in this manuscript, we postulate that mutations facing away from the 510 

channel may be more likely to modulate channel trafficking to the cell surface or 511 

enhance channel stability at the plasma membrane via interactions with other 512 

membrane proteins or extracellular matrix proteins. On the other hand, mutations within 513 

local environments closer to the α subunits of TTX-S channels may engage in 514 

interactions with the channel itself and cause biophysical alterations in their gating 515 

properties. These modes of action of mutations in the β2 subunit are difficult to predict 516 

using static modeling even with the advances in determining structures of Nav subunits 517 

at the atomic level because these structures do not capture the dynamic nature of 518 
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conformational changes of the channel within the plasma membrane during gating 519 

steps.  520 

There is a paucity of publications of functional characterization of β2 mutations 521 

associated with excitability disorders, highlighting the need to fill in this knowledge gap 522 

to better understand the contribution of these subunits to normal neuronal physiology 523 

and to the effects of mutations of this subunit in the pathophysiology of human pain 524 

disorders. The data that we present here, together with our previous publication of a β2 525 

mutation in a patient with painful diabetic neuropathy(59) strengthens the evidence for a 526 

role of these subunits in the pathophysiology of human pain disorders.  527 

  528 
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Table 1. Fast-inactivation properties in DRG neurons expressing either the wild-type or 761 

Y69H β2 subunit. 762 

 Wild-type (n = 14) Y69H (n = 12) Student’s t-test p-
value 

TTX-R V1/2 -45.10 ± 1.81 -43.61 ± 2.14 0.60 
TTX-R slope 6.18 ± 0.32 6.035 ± 0.83 0.86 
TTX-S V1/2 -75.48 ± 1.76 -79.22 ± 1.87 0.16 

TTX-S slope 5.31 ± 0.59 5.89 ± 0.78 0.55 
 763 

Figure Legends 764 

Figure 1. Molecular modeling of the β2-Y69H variant. The immunoglobulin domain of 765 

the human β2 subunit (cyan) is linked to the NaV1.7 channel α subunit (green) via a 766 

disulfide bond with the cystine at position 55 (C55, yellow). The sidechain of the tyrosine 767 

at position 69 (Y69, magenta) is shown, facing away from the α subunit. The star in the 768 

cartoon diagram of the β2 subunit (top right) indicates the relative position of the 769 

mutation. The sidechain of the aspartic acid at position 109 (D109, orange) is also 770 

shown. The α subunit is embedded in a lipid bilayer membrane (red, white, and green 771 

spheres). A small portion of the β1 subunit (red, top left) may be seen, as well.  772 

Figure 2. The Y69H variant does not alter resting membrane potential of DRG neurons. 773 

(A) Comparison of resting membrane potentials for DRG neurons expressing either the 774 

wild-type human β2 subunit (monochrome) or the Y69H variant (orange) illustrates no 775 

change in neuronal RMP. (B) A numerically larger, but not statistically significant, 776 

proportion of DRG neurons expressing the Y69H variant fire spontaneous action 777 

potentials at rest than DRG neurons expressing the wild-type human β2 subunit. 778 

Figure 3. The Y69H variant reduces the threshold of action potential firing and 779 

enhances repetitive spiking in DRG neurons. (A) Representative traces depicting the 780 

action potential response of DRG neurons expressing the wild-type (black) or Y69H 781 
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variant (orange) human β2 subunit during stimulation with current injections of 200 ms 782 

duration. The 0 mV membrane potential is indicated by the dashed line. (B) DRG 783 

neurons expressing the Y69H variant displayed a significantly lower threshold to action 784 

potential firing than did neurons expressing the wild-type β2 subunit. (C) When neurons 785 

were stimulated with a 1000 ms pulse at the threshold amplitude as determined by a 786 

200 ms injection in (B), DRG neurons expressing the Y69H variant fired significantly 787 

more action potentials than those expressing the wild-type β2 subunit. (D) 788 

Representative traces depicting repetitive action potential firing of DRG neurons 789 

expressing the Y69H variant (orange), compared to those expressing the wild-type β2 790 

subunit (black). (E) Neurons expressing the Y69H variant (orange) fired significantly 791 

more action potentials during a 1000 ms stimulus of graded amplitude than did neurons 792 

expressing the wild-type β2 subunit (monochrome). 793 

Figure 4. The Y69H variant does not alter total NaV channel gating properties. (A) The 794 

voltage-dependence of channel inactivation (left; diamonds) are not statistically different 795 

between DRG neurons expressing the wild-type and Y69H variant subunits. 796 

Additionally, the voltage-dependence of activation (right, circles) is also not statistically 797 

different. (B) There is no difference in the use-dependent inhibition of sodium channels 798 

in DRG neurons expressing either the wild-type or the Y69H β2 subunit. (C) The extent 799 

of sodium channel recovery from inactivation at voltages between -70 and -120 mV is 800 

comparable for DRG neurons expressing either the wild-type or the variant β2 subunits. 801 

(D) The rate of recovery from channel inactivation is also comparable in both groups. 802 

(E) There is no difference in the kinetics of entry into deactivation between DRG 803 

neurons expressing the wild-type or Y69H variant. 804 
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Figure 5. TTX-S current is upregulated in DRG neurons expressing Y69H β2 subunits. 805 

(A) Representative traces illustrating reference series subtraction to determine TTX-S 806 

current (right) from the difference between total sodium current (left) and TTX-R current 807 

(middle) recorded in 1μM TTX. Example traces are shown for sodium currents in both 808 

neurons expressing the wild-type β2 variant (top) and the Y69H variant (bottom, 809 

orange). (B) There is a statistically significant increase in total sodium current passed by 810 

DRG neurons expressing the Y69H variant compared to DRG neurons expressing the 811 

wild-type β2 subunit. (C) TTX-S sodium currents in DRG neurons are upregulated in the 812 

presence of the Y69H variant (orange), relative to the wild-type (monochrome) β2 813 

subunit. However, there is no change in TTX-R sodium current. (D) The voltage-814 

dependence of NaV1.7 channel inactivation (left; diamonds) is not statistically different 815 

between HEK293 cells expressing the wild-type 2 (monochromatic) and the Y69H 816 

variant (orange) subunits. Additionally, the voltage-dependence of activation (right, 817 

circles) is also not statistically different. (E) The Y69H variant does not significantly 818 

upregulate.7 current density in HEK293 cells stably expressing NaV1.7 channels when 819 

compared to the wild-type β2 subunit.  820 

Figure 6. Schematic illustrating the proposed mechanism of action of the β2-Y69H 821 

(right) on small-diameter DRG neurons. Compared to the wild-type β2 subunit (left), 822 

neurons expressing the Y69H variant are hyperexcitable (top traces) and display a 823 

larger TTX-S sodium current density (bottom traces), suggesting increased trafficking of 824 

sodium channels to the neuronal membrane. 825 
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