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Abstract 12 

Vestibular afferent neurons occur as two populations, regular and irregular, that provide distinct 13 

information about head motions. Differences in spike timing regularity are correlated with the 14 

different sensory responses important for vestibular processing. Relative to irregular afferents, 15 

regular afferents have more sustained firing patterns in response to depolarizing current steps, are 16 

more excitable, and have different complements of ion channels. Models of vestibular regularity 17 

and excitability emphasize the influence of increased expression of low-voltage-activated 18 

potassium currents in irregular neurons. We investigated the potential impact of different modes 19 

of voltage-gated sodium (NaV) current (transient, persistent, and resurgent) in cell bodies from 20 

vestibular ganglion neurons (VGNs), dissociated and cultured overnight. We hypothesized that 21 

regular VGNs would show the greatest impact of persistent (non-inactivating) NaV currents and of 22 

resurgent NaV currents, which flow when NaV channels are blocked and then unblocked. Whole-23 

cell patch clamp experiments showed that much of the NaV current modes is carried by NaV1.6 24 

channels. With simulations, we detected little substantial effect in any model VGN of persistent or 25 

resurgent modes on regularity of spike timing driven by postsynaptic current trains. For simulated 26 

irregular neurons, we also saw little effect on spike rate or firing pattern. For simulated regular 27 

VGNs, adding resurgent current changed the detailed timing of spikes during a current step, while 28 

the small persistent conductance (less than10% of transient NaV conductance density) strongly 29 

depolarized resting potential, altered spike waveform, and increased spike rate. These results 30 

suggest that persistent and resurgent NaV current can have a greater effect on the regular VGNs 31 

than on irregular VGNs, where low-voltage-activated K conductances dominate.  32 
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Introduction 33 

Vestibular hair cells transmit information about head motions and tilt to the peripheral terminals 34 

of bipolar vestibular ganglion neurons (VGNs, Fig. 1A), which project centrally to the brain stem 35 

and vestibular cerebellum. VGNs in amniotes are well-known for their differences in spike timing, 36 

regular and irregular, that synapse on peripheral and central epithelial zones of origin and correlate 37 

with tonic and phasic response dynamics (reviewed in Goldberg, 2000; Eatock and Songer, 2011). 38 

The difference in regularity represents different encoding strategies, more “temporal” in the central 39 

irregular afferents and more “rate-based” in the peripheral regular afferents, which favor different 40 

kinds of sensory information (reviewed in Cullen, 2019). The cellular mechanisms that give rise 41 

to the difference in regularity are therefore significant for vestibular information processing. Here 42 

we examine whether different modes of voltage-gated sodium current (I-NaV) – transient, 43 

persistent, and resurgent – contribute to spiking excitability and regularity.  44 

Depolarizing current steps evoke a spectrum of firing patterns in isolated VGN cell bodies, ranging 45 

from sustained (tonic) to transient (phasic) patterns. Several lines of evidence indicate that 46 

sustained and transient firing patterns correspond, respectively, to regular and irregular spike 47 

timing in vivo (Iwasaki et al., 2008; Kalluri et al., 2010). We investigated the NaV currents that 48 

give rise to firing patterns in dissociated VGN cell bodies, which allow for the high-quality voltage 49 

clamp necessary for recording very fast NaV currents. In vivo, spikes initiate in the peripheral 50 

neurite at the heminode near its hair cell synapse and travel through the cell body into the central 51 

neurite (Fig. 1A). All segments except the synapse become myelinated over the first postnatal 52 

week, including the cell body. To gain access for the patch electrode to the VGN membrane beyond 53 

the first postnatal week, we cultured dissociated cell bodies overnight, which loosens or eliminates 54 

the myelin covering.  55 

With this approach, previous work on rat VGNs in the first two postnatal weeks established that, 56 

relative to sustained VGNs, transient VGNs are less excitable, with higher current thresholds for 57 

spiking reflecting their more negative resting potentials and lower input resistances (Kalluri et al., 58 

2010). A major factor in these differences is the greater expression by transient VGNs of low-59 

voltage-activated potassium (KLV) channels from the KV1 and KV7 channel families. By 60 

stimulating VGNs with trains of simulated excitatory postsynaptic currents (EPSCs), Kalluri et al. 61 

(2010) showed that greater KLV current produced more irregular timing.  62 

NaV currents drive the rising phase of most neuronal action potentials (reviewed in Bean, 2007). 63 

In rat vestibular ganglia (Liu et al. 2016), we showed diverse expression of NaV channel subunits 64 

and characterized multiple transient NaV currents (I-NaVT) in immature VGNs. Here we 65 

investigated a different aspect of NaV current expression that becomes a factor as the inner ear 66 

matures: the expression of persistent (NaVP) or resurgent (NaVR) NaV modes of current, which 67 

flow through the same channel subunits as produce larger NaVT currents (Brown et al., 1994; 68 

Raman and Bean, 1997).  69 

Most NaV channels strongly inactivate within milliseconds after depolarization, producing I-NaVT. 70 

In some cases, however, a small fraction does not inactivate even in seconds, creating I-NaVP. I-71 

NaVP activates more negatively than I-NaVT and therefore enhances NaV channel availability near 72 
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resting potential, contributing to excitability and repetitive firing (Crill, 1996; Raman & Bean, 73 

1997; Do and Bean, 2003). In some cases, NaV channels opened by depolarization are blocked by 74 

an intracellular molecule before they inactivate; upon repolarization, the channels rapidly unblock 75 

and carry I-NaVR until they deactivate (Raman & Bean, 1997; Lewis & Raman, 2014).  76 

The NaVP and NaVR current modes have been recorded from gerbil calyces, the large terminals 77 

formed by vestibular afferents on type I hair cells, where they are attributed to tetrodotoxin (TTX)-78 

sensitive NaV1.6 channels (Meredith and Rennie, 2020). We speculated that variation in NaV 79 

current modes mediates differences in spiking excitability or regularity in VGNs, as suggested for 80 

certain brain neurons (Lewis and Raman, 2014). Our results suggest that in sustained VGNs, NaVP 81 

currents substantially affect spike rate, while in transient VGNs, we found no evidence that NaVP 82 

and NaVR currents affect regularity or rate. 83 

Materials and Methods 84 

Electrophysiology 85 

Animals: For all electrophysiology experiments, wildtype CD1 mice were obtained from Charles 86 

River Laboratories (Wilmington, MA). Mice were housed at the University of Chicago and were 87 

handled in accordance with the National Research Council Guide for the Care and Use of 88 

Laboratory Animals. All procedures were approved by the animal care committee at the University 89 

of Chicago.  90 

Preparation: Whole-cell currents and voltages were recorded from VGNs isolated from mice on 91 

postnatal day 3 (P3) to P25 (11 ± 0.5 (SEM) days old, median = 8, n = 146). VGNs from mice of 92 

both sexes were pooled into cell cultures; in the few cases where cells were from cultures made of 93 

a single sex (n = 7 female, 8 male cells), there were no significant differences in NaV current 94 

voltage dependence of activation (p = 0.99, power = 0.05) or conductance density (p = 0.18, power 95 

= 0.27) between sexes. Mice were anesthetized via isoflurane inhalation and decapitated. Temporal 96 

bones were dissected in chilled Liebovitz-15 (L-15) medium supplemented with 10 mM HEPES 97 

to pH 7.4, ~320 mmol/kg. Chemicals were purchased from ThermoFisher (Waltham, MA) unless 98 

otherwise stated.  99 

Each otic capsule was exposed, and the superior compartment of the vestibular ganglion was 100 

dissected out. The ganglion houses the cell bodies of VGNs that synapse on hair cells in the utricle, 101 

part of the saccule, and the lateral and anterior semicircular canals, and project centrally to the 102 

vestibular nuclei in brain stem and cerebellum. The tissue was placed in L-15 supplemented with 103 

0.12% collagenase and 0.12% trypsin for 15-20 minutes at 37°C. The ganglion was then 104 

dissociated by gentle trituration into Minimal Essential Medium with Glutamax supplemented 105 

with 10 mM HEPES, 5% fetal bovine serum, and 1% penicillin (Sigma-Aldrich, St. Louis, MO). 106 

Cells were allowed to settle in glass-bottomed culture dishes (MatTek, Ashland, MA) precoated 107 

with poly-D-lysine. In most experiments, recordings were made after cells were incubated 10-20 108 

hours in 5% CO2 – 95% air at 37°C. Overnight incubation reduced myelin and satellite cell 109 

coverage from cell bodies. Age of cells does not include time in culture: e.g., data from a P17 VGN 110 

indicates the pup was 17 days old when neurons were harvested, and the cells were P17 + ~1 day 111 

in vitro. The number of surviving cells decreased with age. 112 
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Recording solutions: During experiments, cells were bathed in one of two external solutions, 113 

summarized in Table 1. For voltage clamp experiments, we used a “Na+-reduced” external solution 114 

and a “Cs+” internal solution, designed to minimize K+ currents, Ca2+ currents, and reduce Na+ 115 

currents. K+ currents were minimized and Na+ currents reduced by substituting Cs+ for K+ (in both 116 

external and internal solutions, Table 1) and replacing about half of the external Na+ with 117 

equivalent tetraethylammonium chloride (TEACl, a K channel blocker). By halving the NaV 118 

current, the Na+-reduced external solution improved voltage clamp quality by reducing voltage 119 

errors and clamp time constant. To minimize Ca2+ current, only trace Ca2+ was present and Mg2+ 120 

was added to block voltage-gated calcium (CaV) channels. For current clamp experiments to gather 121 

spiking data, we used more physiological external solution and internal solutions (“standard” 122 

solutions, Table 1).  123 

Table 1: Whole-cell recording solutions 

External 

in mM NaCl KCl CsCl CaCl
2
 MgCl

2
 TEACl NaH

2
PO

4
 D-

Glucose 
 HEPES pH Osm 

(mmol/kg) 

Na
+
 

Reduced 

75 0 5.4 0 2.5 75 0 10  5 7.4 310 

Standard 144 5.1 0 1.3 0.9 0 0.7 5.6  10 7.4 310 

Internal 

in mM KCl CsCl CaCl
2
 MgCl

2
 Na

2
 

creatine 
phosphate 

Mg-
ATP 

Li-GTP Na-
cAMP 

EGTA HEPES pH Osm 
(mmol/kg) 

Cs
+
 0 148 0.8 0 3.5 3.5 0.1 0.1 5 5 7.4 300 

Standard 135 0 0.1 0.5 5 3 0.1 0.1 5 5 7.25 285 

Table 1 Whole-cell recording solutions. pH was adjusted with CsOH for Na+ reduced external and Cs internal 124 

solutions, NaOH for standard external solution, and KOH for standard internal solution. 125 

Whole cell recordings: Cells were visualized at 600X on an inverted microscope equipped with 126 

Nomarski optics (IMT-2; Olympus, Lake Success, NY). We chose round cells with diameters >5 127 

µm (range 8 – 25µm). Mean membrane capacitance measured by the amplifier was 15 ± 0.5 128 

(median = 16, n = 135), similar to a sample of mouse VGN data we previously reported (Liu et al. 129 

2016). No correlation between age and cell size was observed. Neurons were distinguished from 130 

glia by their shape and the presence of NaV currents and/or spikes. 131 

Signals were delivered, recorded, and amplified with a Multiclamp 700B amplifier, Digidata 132 

1440A digitizer, and pClamp 11 software (n = 146) (Axon Instruments, Molecular Devices, 133 

Sunnyvale, CA), with low-pass Bessel filtering set at 10 kHz and sampling interval set at 5 µs. 134 

Signals include voltage steps and ramps, current steps, and synthetically generated frozen trains of 135 

excitatory postsynaptic currents (EPSCs) based on recordings from vestibular terminals as 136 

previously used by our lab (Kalluri et al., 2010). Electrodes were pulled from soda glass (King 137 

Precision Glass, Claremont, CA) to resistances of 3 – 4 MΩ in our solutions and wrapped with 138 

parafilm to reduce pipette capacitance. All membrane voltages were corrected offline for a liquid 139 

junction potential of either 4.7 (standard solution) or 5.2 mV (reduced solution), calculated with 140 

JPCalc software (Barry 1994) in pClamp 11.  141 

The series resistance (RS) ranged between 3 and 10 MΩ and was compensated by 73 ± 0.9% (n = 142 

134). Recordings were analyzed only when the seal exceeded 1 gigaohm (G) and, if standard 143 
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solutions were used, the cell maintained stable membrane potential more negative than −64 mV. 144 

After compensation for junction potentials, holding potential in voltage-clamp mode was −65 mV 145 

(−64.7 mV in standard solutions, −65.2 mV in Na+ Reduced/Cs+ solutions). Input resistance was 146 

712 ± 56 MΩ. Fast NaV currents are difficult to voltage clamp at body temperature, so we recorded 147 

at room temperature (23 – 25℃). For our average cell capacitance (15 pF) and after RS 148 

compensation, the voltage clamp time constant ranged from ~15-50 µs, adequate for recording fast 149 

NaV currents at room temperature (room temperature time-to-peak and inactivation time constants 150 

~1 ms, activation and deactivation time constants <1 ms: Patel et al. 2015; Alexander et al., 2021). 151 

Pharmacology: On the day of experiments, we thawed stock solutions of pharmacological agents: 152 

NaV channel blockers tetrodotoxin (TTX; Enzo Life Sciences, Farmingdale, NY; 2 mM in distilled 153 

water) and 4,9-anhydro-tetrodotoxin (4,9-ah-TTX; Alomone Labs, Jerusalem, Israel; 500 μM in 154 

methanol), or NaV channel agonist Anemonia viridis toxin 2 (ATX-II; Alomone Labs, Jerusalem, 155 

Israel; 100 μM in distilled water). Aliquots were added to 5 mL of external solution for final 156 

concentrations of 1 μM TTX, 100 nM 4,9-ah-TTX, and 100 nM ATX-II, chosen to maximize 157 

blocking or agonizing effects (Oliveira et al., 2004; Rosker et al., 2007). 1 mg/ml of bovine serum 158 

albumin was added to the ATX-II solution to reduce adhesion to the plastic delivery tubing. Toxin-159 

containing solutions were applied via local perfusion (Perfusion Fast-Step, Warner Instruments, 160 

Holliston, MA) delivered with a Bee Hive Controller (BASI, West Lafayette, IN). Control and 161 

drug solutions flowed through adjacent delivery tubes and a stepper mechanism selected the tube 162 

directed at the patched cell. This system allows for no dead volume. Perfusion of control solution 163 

at the beginning of each drug series provided additional control for flow effects.  164 

Analysis and statistical treatments Analysis was performed in Clampfit (pClamp 10 or 11, 165 

Molecular Devices) and MATLAB 2021b (The MathWorks, Natick, MA). Statistical analyses, 166 

curve fitting, and figures were done in Origin Pro 2018 (OriginLab, Northampton, MA). Means ± 167 

SEM are presented. In box plots, box indicates SEM, middle line indicates median, open squares 168 

indicate the mean, and whiskers mark 5-95 confidence intervals. For comparisons between 2 169 

groups, we tested for normal distribution, homogeneity of variance (Levene’s test), and estimated 170 

statistical significance with Student’s t-test or, if variances were unequal, Welch’s t-test. We used 171 

paired t-tests for drug effects on individual cells and an alpha level of 0.05 for all statistical tests. 172 

To evaluate effect size of significant results, i.e., the difference between the means, we calculated 173 

bias-corrected Hedges’ g (small effect = 0.2, medium = 0.5, large = 0.8; Durlak, 2009). To compare 174 

more than 2 groups, we used one-way ANOVA followed by the Bonferroni test for multiple 175 

comparisons. 176 

The voltage dependencies of current activation and inactivation were analyzed for currents 177 

collected with RS voltage error <10 mV at peak current. Activation curves of conductance (G) vs 178 

voltage (V) were generated by dividing peak current (𝐼) by the driving force (𝑉 − Erev) to obtain 179 

G. Erev was approximated by the equilibrium potential for Na+ (ENa) for the specified Na+ 180 

concentrations (Table 1). The resulting G-V curves were generally well described by fitting a 181 

simple Boltzmann function using the Levenberg-Marquardt fitting algorithm as implemented in 182 

OriginPro: 183 
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 𝐺(𝑉) =
𝐺𝑚𝑎𝑥

1 + exp⁡(
𝑉𝑎𝑐𝑡 ⁡− ⁡𝑉

𝑠 )
 Eq 1 

where Gmax is the maximum conductance, Vact is the voltage of half-maximal activation, and s is 184 

the slope factor.  185 

Inactivation G-V curves were generated by measuring how iterated prepulse voltages affect the 186 

conductance evoked by a test pulse (step) in the activation range (–35 or –15 mV). Peak current 187 

evoked by the test pulse was divided by driving force, plotted against the iterated prepulse voltage, 188 

and fit by a Boltzmann function:  189 

 𝐺(𝑉) =
𝐺𝑚𝑎𝑥

1 + exp⁡(
𝑉 − ⁡𝑉𝑖𝑛𝑎𝑐𝑡

𝑠 )
 Eq 2 

with Vinact equaling the voltage of half-maximal inactivation.  190 

Coefficient of variation (CV) was used to measure regularity of spike trains and was calculated for 191 

a given spike train from the mean and standard deviation of interspike interval (ISI): 192 

 

𝐶𝑉 = ⁡
𝜎(𝐼𝑆𝐼)

μ(ISI)
 

Eq 3 

Because CV varies inversely with spike rate, we manipulated the input current amplitude to hold 193 

spike rate approximately constant between control and experimental conditions. Events were 194 

counted as spikes when they crossed a voltage threshold, between –20 and 0 mV, which was set 195 

for each neuron to exclude subthreshold excitatory postsynaptic potentials (EPSPs). We confirmed 196 

that APs and not EPSPs were counted by comparing the waveforms: APs had higher peak values, 197 

faster rise times and decays, and, often, afterhyperpolarizations (AHPs, measured as the difference 198 

between the resting potential, Vrest, and the most negative potential following a spike). 199 

Modeling 200 

A Hodgkin-Huxley model of neuronal firing was used to assess the individual impacts of I-NaVT, 201 

I-NaVR and I-NaVP on spiking. The single-compartment model was implemented in MATLAB 202 

2018b and 2021b as a differential equation in which the net current across the neuronal membrane 203 

was taken as the sum of various individual currents (Hodgkin and Huxley, 1952):  204 

 𝐼𝑖𝑛𝑗 = 𝐶𝑚⁡𝑆
𝑑𝑉

𝑑𝑡
+ 𝐼𝑁𝑎 + 𝐼𝐾𝐿𝑉 + 𝐼𝐾𝐻 + 𝐼𝐻 + 𝐼𝑙𝑒𝑎𝑘 + 𝐼𝐸𝑃𝑆𝐶 Eq 4 

This model is an extension of the single-compartment VGN model developed by Hight and Kalluri 205 

(2016) and Ventura and Kalluri (2019) to fit rat VGN data. Membrane voltage V(t) was solved 206 

numerically using a backwards difference method. The specific membrane capacitance (Cm) was 207 

fixed at 0.9 μF/cm2 (Gentet et al., 2000). Cell surface area (S) was fixed to yield a net capacitance 208 

of 15 pF, the average for our recorded mouse VGNs. The 5 ionic currents represent key current 209 

types in vestibular ganglion neurons: voltage-gated sodium (INa), low-voltage-activated potassium 210 
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(IKLV), high-voltage-activated potassium (IKH), hyperpolarization-activated cyclic nucleotide-gated 211 

(IH), and leak (Ileak). The model VGN was stimulated either by injected current steps (𝐼𝑖𝑛𝑗) with 212 

𝐼𝐸𝑃𝑆𝐶 set to 0, or with trains of simulated vestibular excitatory postsynaptic currents (pseudo-213 

EPSCs, 𝐼𝐸𝑃𝑆𝐶) with⁡𝐼𝑖𝑛𝑗 ⁡set to 0.  214 

To ensure that the combinations of parameters for currents reproduced APs and firing patterns of 215 

different VGNs observed in vitro (see Fig. 5A and C), we fit the model output using a local search 216 

optimization algorithm. This algorithm compared model APs produced by different combinations 217 

of NaV conductance, KLV conductance, and Iinj against an averaged AP (Fig. S1, Table 2). Other 218 

parameters (KH, HCN, and leak conductances) were set to values used by Kalluri and colleagues 219 

(see Table 2 for citations). For each firing pattern, the combination of parameters yielding a 220 

simulated AP with the lowest mean squared error relative to the average recorded AP was 221 

accepted; the resulting simulations are shown in Fig. S1D, E (AP waveforms) and 1F (firing 222 

patterns). The model parameter combinations for the 4 identified VGN firing patterns (Fig. S1C, 223 

F) are summarized in Table 2. 224 

Table 2: Conductance parameters used for spiking 

Firing Pattern ḡNaT, 

(mS/cm
2
) 

ḡKLV

a,b,d
 ḡKH

a,c,d
 ḡH

d
 ḡleak

a,d
 Vrest  

(mV) 

Sustained-A 20 0 2.8 0.13 0.03 -60.1  

Sustained-B 16 0.4 2.8 0.13 0.03 -63.5  

Sustained-C 13 0.55 2.8 0.13 0.03 -64.1 

Transient 13 1.1 2.8 0.13 0.03 -65.7  

Table 2 Conductance parameters used for model VGNs. Sources: aHight and Kalluri (2016), bKalluri et al. (2010), 225 
cIwasaki et al. (2008), dVentura and Kalluri (2019). gNaT and Vrest from this study. 226 

In previous versions of the model (Hight and Kalluri, 2016; Ventura and Kalluri, 2019), INa was 227 

entirely transient (I-NaVT) and based on the formulation in Rothman and Manis (2003). Here, we 228 

adapted INa to include persistent and resurgent NaV currents. We used I-NaVT equations from Hight 229 

and Kalluri (2016) and I-NaVR and I-NaVP equations from Venugopal et al. (2019) and Wu et al. 230 

(2005), substituting our mouse VGN values for conductance density and voltage dependence. 231 

Figure 1E shows the I-V relations of both recorded and modeled NaV current components. 232 

The equation for the total NaV current was based on the computational model by Venugopal et al. 233 

(2019) and can be written a: 234 

 𝐼𝑁𝑎 =⁡ 𝐼𝑁𝑎𝑉𝑇 +⁡𝐼𝑁𝑎𝑉𝑃 +⁡𝐼𝑁𝑎𝑉𝑅 Eq 5 

where 𝐼𝑁𝑎𝑇 , 𝐼𝑁𝑎𝑃, and 𝐼𝑁𝑎𝑅 are modeled: 235 

 𝐼𝑁𝑎𝑉𝑇 =⁡ �̅�𝑁𝑎𝑉𝑇(𝑚𝑇
3ℎ𝑇)(𝑉 − 𝐸𝑁𝑎) Eq 6 

 𝐼𝑁𝑎𝑉𝑃 =⁡ �̅�𝑁𝑎𝑉𝑃(𝑚𝑃∞ℎ𝑃)(𝑉 − 𝐸𝑁𝑎) Eq 7 

 𝐼𝑁𝑎𝑉𝑅 =⁡ �̅�𝑁𝑎𝑉𝑅((1 −⁡𝑏𝑅)
3ℎ𝑅

5)(𝑉 − 𝐸𝑁𝑎)   Eq 8 

Model parameters for NaV current modes are summarized in Table 3. Conductance densities (ḡ) 236 

cover the range of experimentally derived values from this study on VGN cell bodies and also the 237 

data of Meredith and Rennie (2020) on NaV currents in VGN calyx terminals on hair cells: maximal 238 
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persistent conductance (ḡNaVP) was set to 2% of the transient conductance (ḡNaVT) and the maximum 239 

resurgent conductance (ḡNaVR) was set to 10% of ḡNaVT, as recorded from cell bodies in this study 240 

(“VGN” conductance levels), or 4% and 20% respectively, representative of maximum currents 241 

recorded in VGN afferent terminals (Meredith and Rennie, 2020) (“calyx” conductance levels). 242 

Table 3: Steady-state parameters for NaV current modes 
 

Activation Inactivation  

ḡ (mS/cm
2) V1/2 (mV) S (mV) V1/2, (mV) S (mV) 

I-NaVT 12 – 22 -36 6 -68 8 

I-NaVP 0.24 – 0.44 -27 10 -52 14 

I-NaVR 1.2 – 2.2 -40 22 -40 28 

Table 3 Steady-state activation and inactivation parameters used in modeling NaV current modes. 243 

Transient sodium current: The steady-state voltage-dependent activation (mT) and inactivation 244 

(hT) of NaVT currents are modeled as follows, with voltage of half-activation (V1/2) and slope factor 245 

(s) set equal to the mean values from this study, similar to previously modeled in Rothman and 246 

Manis (2003).  247 

 𝑚′
𝑇 =

𝑚𝑇∞ −𝑚𝑇

𝜏𝑚𝑇

 Eq 9 

 ⁡ℎ′𝑇 ⁡=
ℎ𝑇∞ − ℎ𝑇

𝜏ℎ𝑇
 Eq 10 

 𝑚𝑇∞ = [1 + 𝑒𝑥𝑝⁡ (
−(𝑉 − 𝑉1/2)

𝑠
)⁡]

−1

 Eq 11 

 
ℎ𝑇∞ = [1 + 𝑒𝑥𝑝⁡ (

𝑉 −⁡𝑉1/2

𝑠
)⁡]

−1

 

 

Eq 12 

Steady state voltage-dependent time constants of activation and inactivation functions for NaVT 248 

currents, originally from Rothman and Manis (2003), remained mostly unchanged: 249 

 𝜏𝑚𝑇
= 10 {5⁡𝑒𝑥𝑝⁡ [

𝑉 + 60

18
]⁡+ 36⁡𝑒𝑥𝑝⁡ [−

𝑉 + 60

25
]⁡}

−1

+ 0.04 Eq 13 

 
𝜏ℎ𝑇 = 100 {7⁡𝑒𝑥𝑝⁡ [

𝑉 + 60

11
] ⁡+ 10⁡𝑒𝑥𝑝⁡ [−

𝑉 + 60

25
]⁡}

−1

+ 0.6 

 

Eq 14 

Persistent and resurgent sodium currents: Steady-state activation (hP), inactivation (mP), and 250 

voltage-dependent time constant of inactivation (τhP) for NaVP current are based on Venugopal et 251 

al. (2019) and Wu et al. (2005) and are modeled as: 252 
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𝑚𝑃∞ = [1 + 𝑒𝑥𝑝⁡ (
−(𝑉 −⁡𝑉1/2)

𝑠
)⁡]

−10

 
Eq 15 

 ℎ′𝑃 ⁡=
ℎ𝑃∞ − ℎ𝑃

𝜏ℎ𝑃
 Eq 16 

 ℎ𝑃∞ = [1 + 𝑒𝑥𝑝⁡ (
𝑉 −⁡𝑉1/2

𝑠
)⁡]

−1

 Eq 17 

 

𝜏ℎ𝑃 = 100 +
10000

1 + 𝑒𝑥𝑝⁡ (
𝑉 + 60
10 )⁡

 

 

Eq 18 

The formulation for I-NaVR is from Venugopal et al. (2019). It alters the Hodgkin-Huxley 253 

conductance-based formulation to incorporate state-dependent Na+ resurgence due to unblocking 254 

of a channel that was blocked upon opening. The equations that govern voltage-dependent 255 

blocking/unblocking (bR) kinetics are as follows: 256 

 𝑏′𝑅 =⁡𝛼𝑏(1 − 𝑏𝑅)𝑏𝑅∞ − 𝑘𝑏𝛽𝑏𝑅𝑏𝑅 Eq 19 

 𝑏𝑅∞ = (1 + 𝑒𝑥𝑝⁡ (
𝑉 − 𝑉1/2

𝑠
))

−1

 Eq 20 

 
⁡𝛽𝑏𝑅 = (1 + 𝑒𝑥𝑝⁡ (

−(𝑉 − 40)

8
)⁡)

−2

⁡ 

 

Eq 21 

where constants αb (0.08) and kb (0.9) control the rate of unblocking. The voltage-dependent 257 

inactivation (hR) functions include: 258 

 ℎ′𝑅 =⁡𝛼ℎ𝑅ℎ𝑅∞ − 0.8𝛽ℎ𝑅ℎ𝑅 Eq 22 

 ⁡ℎ𝑅∞ = (1 + 𝑒𝑥𝑝 (
𝑉 −⁡𝑉1/2

𝑠
))

−1

 Eq 23 

 
𝛼ℎ𝑅 =

1

1 + 𝑒𝑥𝑝 (
−(𝑉 + 45)

8
)⁡

 
Eq 24 

 

⁡𝛽ℎ𝑅 =
0.5

1 + 𝑒𝑥𝑝 (
−(𝑉 + 45)

15
)⁡

 

 

Eq 25 
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Synaptic conductance and EPSC shape: Synaptic input was generated and modeled as described 259 

in Hight and Kalluri (2016). Briefly, modeled synaptic events were randomly drawn from Gaussian 260 

distributions of size and timing based on EPSC amplitudes and rates. For our model simulations, 261 

we simulated EPSCs with a shape based on EPSCs of the lateral extrastriola vestibular afferent 262 

calyces in the excised P8 CD1 mouse utricular epithelium at room temperature. These have longer 263 

onset and decay times than the standard EPSC shape used in Hight and Kalluri (2016) (Fig. S2). 264 

An exponential function was fitted to an averaged synaptic event: 265 

 ⁡𝑠(𝑡) = 3.112 ∗ exp(−0.4545𝑡) − 3.112 ∗ exp⁡(−1.121𝑡) Eq 26 

  266 
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Results 267 

Whole-cell ruptured-patch recordings were taken from somata of the vestibular ganglion (VGNs; 268 

n = 146) dissociated from CD1 mice of both sexes between P3 and P25 (median = 8) and cultured 269 

overnight. VGN cell bodies allow better space clamp than afferents recorded in vivo. Because 270 

NaVP and NaVR current modes are known to upregulate with development (Browne et al., 2017; 271 

Hong et al., 2018; Meredith and Rennie, 2020), we needed to record beyond the first postnatal 272 

week, by which time myelin is extensive. With overnight culture, VGN cell bodies lose their 273 

myelin wrapping, allowing access for recording, but have not yet acquired long neurites that occur 274 

with long term culture. 275 

First, we describe NaVT, NaVP, and NaVR current modes recorded from VGNs, and their 276 

contributions to voltage dependence and time course of I-NaV. We then describe experiments 277 

investigating contributions of a channel subunit, NaV1.6, known to carry all three current modes. 278 

Finally, we examine the roles of each current mode in a computational model of VGN spiking. 279 

Properties of NaV currents in VGNs 280 

To collect and characterize NaV currents, we used solutions that lowered RS voltage errors by 281 

decreasing NaV currents: “Cs+” internal solution and “Na+ Reduced” external solution (Table 1), 282 

which had Cs+ instead of K+ and no added Ca2+ to minimized contamination with K+ or Ca2+ 283 

current. We recorded at room temperature (~24°C) to slow activation speed of fast NaV currents 284 

into the range for which our voltage clamp time constant is adequate (~15-50 µs, see Methods).  285 

All VGNs had I-NaVT, some had I-NaVP, and few had I-NaVR.  286 

Figure 1 shows exemplar NaV currents recorded from VGNs in response to voltage protocols 287 

previously designed to reveal NaVT, NaVP, and NaVR current components (Stafstrom et al., 1982; 288 

Raman and Bean, 1997).  289 

Depolarizing steps following a hyperpolarizing prepulse revealed fast-inactivating I-NaVT in all 290 

VGNs (Fig. 1B), as previously reported (Chabbert et al., 1997; Risner and Holt, 2006; Liu et al., 291 

2016). Table 4 summarizes I-NaVT properties. I-NaVT was completely blocked by 1 µM TTX (n 292 

= 78). In contrast, in “acute” recordings from immature rat VGNs (P < 8) on the day of dissociation, 293 

Liu et al. (2016) recorded multiple kinds of I-NaVT with different TTX sensitivities and kinetics: 294 

TTX-insensitive NaV1.5 current (IC50 ~300 nM TTX) and TTX-resistant NaV1.8 current (no block 295 

at 5 μM TTX), in addition to TTX-sensitive current. As in other studies of overnight-cultured 296 

VGNs (Chabbert et al., 1997; Risner and Holt, 2006; Liu et al. 2016), we did not detect TTX-297 

insensitive or -resistant currents, even with 300 nM TTX to block the large TTX-sensitive currents 298 

(n = 5, not shown).  299 

To reveal NaVP current, we eliminated rapidly inactivating I-NaVT by applying a slow depolarizing 300 

ramp (0.1 mV/ms from −80 to +60 mV) and obtained the TTX-sensitive component by subtracting 301 

the ramp current remaining in 1 μM TTX (Fig. 1C). This method often revealed NaVP current as 302 

a small TTX-sensitive inward current activating above –70 mV. I-NaVP was evident in 42 of 78 303 
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(54%) VGNs, P3-25, always in combination with I-NaVT and in 4 cases with NaVR current (I-304 

NaVR) as well. 305 

I-NaVR was revealed by delivering a depolarizing step to open NaV channels followed by 306 

repolarizing steps to iterated voltage levels (Fig. 1D) (Raman and Bean, 1997). It is thought that a 307 

blocking particle enters the channel at the activating voltage and prevents inactivation; with 308 

repolarization, the channel unblocks, yielding I-NaVR, which then inactivates (Bant and Raman, 309 

2010; White et al., 2019). Overall, I-NaVR was much less common than I-NaVP, occurring in just 310 

6 of 78 VGNs (8%) tested in voltage clamp. All the cells with I-NaVR were older than P10; for 311 

this age group, the incidence was 6/49 or 12%. Two of the 6 VGNs had I-NaVT and I-NaVR but 312 

no I-NaVP. Developmental upregulation of I-NaVR has been previously described in eight-nerve 313 

afferents (Browne et al., 2018; Meredith and Rennie, 2020).  314 

Relative to I-NaVT, which on average peaked at −20 mV, I-NaVR and I-NaVP reached maximal 315 

amplitude at –45 mV repolarization voltage and −25 mV ramp voltage, respectively (Fig. 1E). 316 

Although, on average, peak I-NaVP and peak I-NaVR were just 1% and 3% of peak total I-NaV, the 317 

small NaVP and NaVR currents can be relatively much more at subthreshold voltages; for example, 318 

Figure 1 VGNs expressed NaVT current, 

many expressed NaVP current, and a few 

expressed NaVR currents. (A) VGNs are 

the isolated cell bodies of bipolar 

vestibular afferents (orange) synapsing on 

a hair cell (grey). In vivo, APs initiate at 

a heminode close to the synapse and 

adjacent to the first myelinated internode 

and propagate through the myelinated cell 

body, toward the brain. (B) Transient 

sodium current (I-NaVT) in a P13 VGN, 

evoked by stepping up from a prepulse of 

–125 mV in 5 mV increments. I-NaVT 

was always fully blocked by 1 μM TTX. 

Inset: Patching an isolated, demyelinated 

VGN. (C) A small, non-inactivating 

(persistent) current (I-NaVP) was isolated 

from a P3 VGN by applying a 0.1 mV/ms 

voltage ramp (–80 mV to +60 mV) and 

subtracting current in 1 μM TTX from 

control current. (D) Resurgent sodium 

current (I-NaVR) in a P18 VGN, evoked 

by applying a +25 mV prepulse followed 

by repolarizing steps to –25 to –80 mV; 

and subtracting current in 1 μM TTX 

from control current. (E) I-V curves 

compared for NaVT, NaVP and NaVR 

currents. Solid lines (means) plus shading 

(± SEM) are averaged from recordings; 

dashed lines show simulated NaVT, NaVP 

and NaVR currents (see Methods). 
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from −60 to −50 mV, average I-NaVP is 13% and I-NaVR is 124% the peak I-NaVT over the same 319 

voltage range (note that I-NaVR is present only following a depolarizing pre-pulse). 320 

The addition of I-NaVP and I-NaVR affects overall activation voltage. 321 

Cells with I-NaVR had larger average peak current density (Fig. 2A; collected with the protocol 322 

shown in Fig. 1A) relative to VGNs with both NaVT and NaVP currents (I-NaVT + P) or just I-323 

NaVT. The 2 VGNs with I-NaVT + R are shown separately in Figure 2A and B and had relatively 324 

large current densities and negative midpoints of activation and inactivation.  325 

To measure how the presence of NaVP and NaVR currents influenced the voltage dependence of 326 

the total I-NaV, we fit activation (peak G-V) curves with Boltzmann functions (Eqs. 1 and 2; Fig. 327 

2B) and compared fit parameters (Table 4). V1/2, Inact did not differ significantly across groups 328 

(Table S1). No difference was detected in V1/2, Act values between VGNs with I-NaVT and I-NaVT 329 

+ P; although the power is low, the lack of clear difference is not surprising given the small size 330 

of I-NaVP (Table S1). Cells with I-NaVR (n = 6), however, had V1/2, Act values shifted significantly 331 

negative to cells with I-NaVT + P or just I-NaVT (Fig. 2B, Table S1). The negative shift of 332 

activation voltage suggests that I-NaVR may decrease the current threshold for spiking, possibly 333 

by reducing overall rates of inactivation.  334 

In Figure 2C, peak current density values have been converted to maximum NaV conductance 335 

density. Cells with I-NaVR had greater total NaV conductance density relative to I-NaVT and I-336 

NaVT + P (Table 4). This indicates that VGNs with multiple current modes have a greater I-NaV 337 

conductance. Later (see Fig. 9), we use the computational model to compare the effects of 338 

increasing total conductance with just I-NaVT current vs. I-NaVT + P and/or R modes. 339 

Major fractions of NaVT, NaVP, and NaVR currents flow through NaV1.6 channels. 340 

Figure 2 VGN with different combinations of NaVT, NaVP and/or NaVR current modes differ in their voltage 

dependence. (A) I-V curves averaged for cells with different current modes. 2 VGNs with I-NaVT plus I-

NaVR (green) had large current densities and are shown individually. (B) G-V (activation) curves show that 

voltage dependence differed in cells with different combinations of NaV current modes. V1/2 of activation 

and inactivation is marked with square symbols. Voltage dependence of activation was more negative in 

VGNs with I-NaVR (I-NaVT+R and I-NaVT+P+R) than I-NaVT+P (p = 0.02) and I-NaVT (p = 0.007). V1/2 

of inactivation did not differ (one-way 3-factor ANOVA, p = 0.7).  (C) VGNs with I-NaVR, I-NaVT+P+R 

(pink) and I-NaVT+R (green), had larger (pooled) conductance densities than VGNs without I-NaVR: I-

NaVT+P (one-way 3-factor ANOVA, p = 0.02) and I-NaVT (p = 0.002).  
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In neurons with resurgent currents, such as cerebellar Purkinje cells, NaV1.6 channels can carry all 341 

three current components (Raman et al., 1997). Purkinje neurons in NaV1.6 null mice have reduced 342 

NaVT and NaVP current, and almost no NaVR current (Raman and Bean, 1997; Raman et al., 1997; 343 

Khaliq et al., 2003; Do and Bean, 2004). We tested for NaV1.6 contributions to the NaVT, NaVP, 344 

and NaVR current components using the NaV1.6 blocker, 4,9-ah-TTX, at a dose (100 nM) that is 345 

~10-fold higher than the IC50 (IC50 8 nM; Rosker et al., 2007) and still highly selective for NaV1.6 346 

relative to other subunits.  347 

In Na+ reduced external solution, 100 nM 4,9-ah-TTX blocked approximately 70% of I-NaVT in 348 

VGNs (Fig. 3A, B). Blocked and control currents had similar V1/2 values for activation and 349 

inactivation (Table 4). This is not surprising, given that the blocked current makes up most of the 350 

total current. V1/2,Inact was, however, more negative for the unblocked (residual) current than for 351 

control current; V1/2,Act was not significantly different (Table S1). This suggests the possibility of 352 

a second TTX-sensitive current that is not carried by NaV1.6 channels and has a more negative 353 

inactivation voltage dependence. The voltage dependencies of inactivation and activation of the 354 

Figure 3 NaV1.6-selective channel blocker (4,9-ah-TTX) reveals strong NaV1.6 contribution to NaVT, NaVP, 

and NaVR current modes. A) I-NaVT (P6 VGN) by 100 nM 4,9-ah-TTX is blocked by ~70% (n = 13). Inset 

highlights block of NaVP current during voltage step. (B) Boltzmann fits of G-V activation and inactivation 

curves for data from (A). Square symbols indicate V1/2 values. 4,9-ah-TTX-insensitive current (red) had 

more negative inactivation V1/2 (n = 12, p = 0.02, Table 4). (C & D) NaVP (C, P17 VGN) and NaVR (D, 

P18 VGN) currents are also blocked (~90%) by 100 nM 4,9-ah-TTX.  
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two TTX-sensitive, transient conductances (blocked putative NaV1.6 and residual non-NaV1.6) are 355 

consistent with observations on isolated rat VGNs (Liu et al., 2016).  356 

NaVP and NaVR currents were also blocked by 100 nM 4,9-ah-TTX. Block of I-NaVP was seen in 357 

responses to voltage steps (Fig. 3A inset) or to the slow voltage ramp (Fig. 3C) (n = 13). 4,9-ah-358 

TTX was tested on 1 of the 6 VGNs with NaVR and produced a strong block of I-NaVR (Fig. 3D). 359 

These results with an NaV1.6-selective blocker suggest that NaV1.6 channels carry the majority of 360 

I-NaV in cultured VGNs, including ~50-70% I-NaVT and >90% of I-NaVP and (possibly) most of 361 

I-NaVR, as observed in calyx terminals (Meredith and Rennie, 2020). 362 

I-NaVT and I-NaVP were enhanced by NaV channel agonist ATX-II. 363 

The sea anemone toxin ATX-II interacts with NaV channel gating, slowing down or preventing 364 

inactivation and thereby increasing NaV current (Oliveira et al., 2004). ATX-II enhances NaVP 365 

current in vestibular afferent calyces (Meredith and Rennie, 2020) and NaVR and NaVP currents 366 

in spiral ganglion neurons (Browne et al., 2017) and dorsal root ganglion neurons (Klinger et al., 367 

2012). We tested the impact of ATX-II on I-NaV modes in mouse VGN cell bodies.  368 

100 nM ATX-II increased maximum I-NaVT in 3 of 7 VGNs tested (Fig. 4A). In all VGNs, 369 

inactivation of I-NaVT was slowed, resulting in increased I-NaVP at the end of depolarizing steps 370 

(Fig. 4A) and during voltage ramps (Fig. 4B). On average, I-NaVP increased more than 5-fold; the 371 

example in Figure 4B was the largest effect seen. We detected no significant difference with ATX-372 

II in activation and inactivation V1/2 values for I-NaVP (Fig 4B) and I-NaVT (Table 4, Table S1). 373 

ATX-II increased the slope factor of inactivation of I-NaVT (p = 0.009, Hedges’ g = 0.85, large 374 

effect) but not activation (p = 0.85, power = 0.05) (not shown). We were not able to test ATX-II 375 

on resurgent current due to its low incidence.  376 

Figure 4 NaV channel agonist (ATX-II) strongly enhanced NaV T and NaV P currents. (A) An example of 

enhanced NaVT and NaVP current by 100 nM ATX-II (red trace) (top panel) as elicited by depolarizing 

voltage steps (bottom panel). (B) I-V relation of NaVP current in a P7 VGN, before (grey) and in (red, 100 

nM ATX-II); voltage dependence of NaVP was not significantly altered by ATX-II: V1/2 of G-V curves –

38.8 ± 4.2 mV (n = 7) vs. –30.6 ± 2.9 mV, p = 0.12, power = 0.33. (C) NaVP currents grew in ATX-II from 

27.4 ± 14.4 pA to 163.5 ± 45.9 pA (n = 7, paired t-test; p = 0.01; Hedges’ g = 0.93, large effect). NaVR 

currents were not tested. 
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Roles of NaV currents during action potentials and spike trains 377 

To characterize AP waveforms and firing patterns evoked by current steps and trains of simulated 378 

EPSCs, we recorded from 62 VGNs in current clamp mode in our K+ based standard solutions 379 

(Table 1). In these conditions, I-NaV can escape voltage clamp as it is very large and fast, obscuring 380 

the small, non-inactivating NaVP and NaVR currents. Although we could not identify I-NaVP or I-381 

NaVR in whole-cell recordings in standard solutions, we characterized some features of I-NaVT 382 

and tested for effects of an NaV channel blocker on spike waveform and firing pattern using.  383 

NaV conductance correlated with features of action potential waveform. 384 

We classified VGNs into four groups based on firing patterns evoked by depolarizing current steps, 385 

following the scheme of Ventura and Kalluri (2019) (Fig. 5A). Transient neurons fired 1 or 2 386 

spikes at step onset independent of step size. Sustained-firing neurons displayed varying degrees 387 

of accommodation, ranging from spike trains lasting the duration of the 500-ms depolarizing step 388 

(sustained-A type), to shorter trains with faster accommodation (sustained-B), to spiking of 2 or 389 

more small spikes that devolve into voltage oscillations (sustained-C).  390 

Transient VGNs had a significantly higher current threshold for spiking relative to sustained-A 391 

and sustained-B VGNs but we detected no significant difference in resting potential (Vrest), input 392 

resistance (Rin), or membrane capacitance (Cm) across firing patterns (Table S2). While the 393 

incidence of the transient firing pattern was stable with age, at ~50%, the distribution of sustained 394 

Table 4: Electrophysiological properties of NaV currents in VGNs 
 

 
 

Activation Inactivation 
 

  V1/2  

(mV) 

S  
(mV)  

V1/2  

(mV) 

S  
(mV) 

G density 
(nS/pF) 

NaV current 
 

I-NaV 

(Na+ Red Ext Sol’n) 

-35.8 ± 0.7 
(n = 75) 

5.7 ± 0.2  
(76) 

-68.1 ± 1.1  
(73) 

8.4 ± 0.5  
(74) 

3.8 ± 0.3  
(74) 

I-NaV 

(Standard Ext Sol’n) 

-38.9 ± 1.2 
(29) 

3.2 ± 0.3  
(29) 

-59.1 ± 1.6  
(23) 

4.4 ± 0.8  
(23) 

6.8 ± 0.7  
(29) 

I-NaV 

(Liu et al., 2016, rat 
VGN) 

-36.5 ±1.6  
(11) 

5.7 ±0.4  
(11)  

-76.3 ±0.2  
(12) 

7.6 ±0.1  
(12) 

8.7 ±1.0  
(12) 

I-NaV modes 
(Figure 2B) 

I-NaV (T) -35.6 ± 1.0 
(10) 

6.6 ± 0.3 
(10) 

-70.1 ± 2.1 
(10) 

12.3 ± 1.3 
(10) 

2.9 ± 0.3 
(31) 

I-NaV (T+P) -37.7 ± 1.6 
(12) 

7.1 ± 0.4 
(12) 

-66.4 ± 2.3 
(12) 

12.8 ± 0.8 
(12) 

3.6 ± 0.4 
(34) 

I-NaV (T+P+R) -48.6 ± 5.7* 
(6) 

6.0 ± 0.4 
(6) 

-67.5 ± 6.3 
(6) 

11.5 ±1.0 
(6) 

5.9 ± 0.9* 
(6) 

4,9-ah-TTX 
(Figure 3B) 

Control (I-NaV) -38.7 ± 1.3  
(12) 

5.7 ± 0.5  
(12) 

-68.3 ± 2.6  
(12) 

9.1 ± 1.4  
(12) 

3.1 ± 0.4  
(13) 

Subtraction -39.4 ± 1.6 4.7 ± 0.6  -68.4 ± 2.4  8.8 ± 1.3  2.4 ± 0.3 

Residual -42.3 ± 2.3 9.2 ± 2.1  -80.6 ± 3.8*  14.5 ± 4.9  0.9 ± 0.3*  

ATX-II  
(Figure 4) 

Control (I-NaV) -37.7 ± 1.2 
(7) 

5.7 ± 0.3 
(7) 

-76.7 ± 3.6 
(7) 

11.2 ± 0.8 
(7) 

3.7 ± 1.7 
(7) 

ATX-II -38.7 ± 1.3 5.8 ± 0.1 -80.9 ± 2.9 16.3 ± .3* 1.9 ± 0.4 

Table 4 Electrophysiological properties of NaV currents in VGNs. Asterisks indicate significance in one or two 

comparisons. See Table S1 for full summary of statistical analyses. 
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firing patterns changed from an approximate balance across sustained-A, -B, and -C subtypes for 395 

ages below P10 (n = 21) to mostly sustained-B above P10 (6/7) (Fig. S3A). These changes 396 

resemble changes reported in firing pattern with age in rat VGNs (Ventura and Kalluri, 2019).  397 

We assessed the AP waveform associated with each firing pattern (Fig. 5C, summarized in Table 398 

5, and detailed in Table S3). APs from transient VGNs were shorter than APs from sustained-A 399 

VGNs (VAP, Fig. 5C) and had slower peak rates of depolarization (peak dV/dt) than APs from 400 

sustained-A and sustained-B VGNs (Fig. 5F). Time-to-peak and voltage threshold of APs did not 401 

differ significantly across firing patterns (Fig. 5C, D).  402 

For 56 cells, we also collected NaV currents in voltage clamp and fit activation (peak G-V) curves 403 

(Eq. 1) to measure maximum NaV conductance density (NaV GMax density) (Fig. 5B). We had 404 

hypothesized that NaV GMax density would be highest for sustained-A VGNs and lowest for 405 

Figure 5 Correlating VGN firing patterns with spike waveforms and maximum NaV conductance density. (A) 

Exemplar firing patterns in VGNs evoked by a 500-ms current steps of different size reflecting different current 

thresholds. (B) Variation in maximum NaV conductance density with firing pattern is not significant 

(homogeneous variance, Levene’s Test). C: Average spikes for each firing pattern, aligned to peak; spike height 

(ΔVAP) and afterhyperpolarization (VAHP) are measured from Vrest. (D) AP height correlated weakly with NaV 

Gmax density. (E) AHP depth varied with firing pattern (****, p = 0.00007; ***, p = 0.0005; **, p = 0.009; *, p 

= 0.04). (F) Phase plane plots of averaged APs from C. Squares denote peak dV/dt (rate of spike rise) values. 

(G) Peak dV/dt (see squares in F) correlated weakly with NaV GMax density.  
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transient VGNs, but did not detect a significant difference in NaV GMax density across firing pattern 406 

populations, although this was a low-powered observation (Fig. 5B, Table 5). Spike height (ΔVAP, 407 

Fig. 5C) and peak dV/dt from phase plane plots (Fig. 5F; Bean, 2007) both correlated with NaV 408 

GMax density (Fig. 5D, G), as expected given that NaV currents drive the rising phase of the AP. 409 

We saw no relationship between NaV GMax density and age (Fig. S3B).  410 

The depth of the spike afterhyperpolarization (AHP) relative to resting potential (ΔVAHP) was 411 

significantly greater in sustained-A neurons than any other firing groups (Fig. 5E, Table 5, Table 412 

S3). The AHP preserves sodium channel availability by relieving inactivation, shortening the 413 

refractory period, and allowing sustained and regular firing at high rates (Gittis et al., 2010). 414 

Differences in AHP have previously been attributed to differences in KLV conductance that affect 415 

resting potential, current threshold, and membrane recovery time (Hight and Kalluri, 2016; Kalluri 416 

et al., 2010; Iwasaki et al., 2008).  417 

In summary, maximum NaV conductance density did not clearly vary with firing pattern but 418 

correlated with features of the spike waveform. We had hypothesized that sustained-A VGNs 419 

would have the highest NaV GMax densities and transient VGNs the lowest densities but did not 420 

detect a significant difference in NaV GMax density across firing pattern populations, although this 421 

was a low-powered observation (Fig. 5B, Table 5). Key features of the AP waveform – spike 422 

amplitude, AHP, and peak rate of depolarization – did positively correlate with NaV GMax density 423 

(Fig. 5).  424 

Blocking NaV1.6 currents reduced excitability and altered AP waveform. 425 

We probed the effects of the NaV1.6 blocker 4,9-ah-TTX on spiking (Figs. 6 and 7), which greatly 426 

reduced NaVT, NaVP, and NaVR currents recorded in Na+ Reduced/Cs+ solutions (Fig. 3). In 427 

standard recording conditions, 100 nM 4,9-ah-TTX showed a similar percent block of I-NaVT for 428 

transient VGNs (50.1 ± 11.3%) and sustained VGNs (52.0 ± 5.2%). Note that this block is close 429 

to the % block by the same concentration of 4,9-ah-TTX on I-NaV1.6 expressed in HEK cells 430 

(Denomme et al., 2020), and is therefore consistent with NaV1.6 channels carrying most of the NaV 431 

current in our isolated and cultured VGNs.  432 

For step-evoked firing, 100 nM 4,9-ah-TTX affected firing quantitatively, as shown for an 433 

exemplar sustained-A neuron (Fig. 6A) and transient neuron (Fig. 6B). For all 13 VGNs tested, 434 

Table 5: AP waveform difference between firing patterns (one-way 4-factor ANOVA) 

Firing 
pattern 

(Figure 5) 

Time-to-
peak  
(ms) 

AHP  
(mV) 

VAP  

(mV) 

Voltage 
threshold 

(mV) 

Peak dV/dt 
(mV/ms) 

NaV Gmax Den  

(nS/pF) 

Sustained-A 4.5 ± 0.4 11.0 ± 
2.0 

110.0 ± 
6.2 

-41.0 ± 3.3 208.3 ± 52.2 9.6 ± 0.7 

Sustained-B 4.7 ± 0.3 6.0 ± 0.8 83.5 ± 6.4 -44.3 ± 1.1 166.3 ± 34.2 8.0 ± 1.4 

Sustained-C 4.5 ± 0.3 4.1 ± 0.9 80.0 ± 7.7 -44.0 ± 1.3 123.7 ± 28.3 7.0 ± 1.2 

Transient 4.2 ± 0.2 2.9 ± 0.6 75.1 ± 4.0 -42.9 ± 1.3 78.6 ± 12.5 7.5 ± 0.9 

p 0.45 0.00001 0.009 0.16 0.005  0.68 

power 0.23 0.99 0.83 0.16 0.88 0.14 

Table 5 AP waveform differences between firing patterns.  
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the NaV1.6 blocker increased current threshold for 500-ms steps. In general, for sustained VGNs, 435 

4,9-ah-TTX reduced the number of APs at spiking threshold and throughout the family of current 436 

steps. For transient VGNs, 100 nM 4,9-ah-TTX increased current threshold for spiking and 437 

decreased spike amplitude (Fig 6B).  438 

To assess changes in the AP waveform, we temporally aligned the peaks of the first APs evoked 439 

by long current steps (Fig. 6C, detailed in Table S4). 4,9-ah-TTX reduced spike height by ~20 mV 440 

(~25%) on average (Fig. 6D). AHP depth was also reduced, presumably because hyperpolarizing 441 

Figure 6 4,9-ah-TTX reduced step-evoked spiking excitability and altered the AP waveform. In 100 nM 4,9-ah-

TTX, the 50% block of I-NaVT was similar in transient VGNs (n = 8) and sustained VGNs (n = 5: 1 sustained-

A, 1 sustained-B, 3 sustained-C) (Welch’s t-test, p = 0.94, power = 0.05). (A & B) In 100 nm 4,9-ah-TTX (red), 

current threshold increased in a sustained-A VGN (A) and a transient VGN (B). In 7 cells, threshold increased 

from 92.3 ± 14.8 pA to 165.4 ± 23.6 pA (paired t-test, p = 0.002, Hedges’ g = 0.63; medium effect). (C) First 

AP from firing patterns such as (A) and (B), averaged (n = 7). (D) In 4,9-ah-TTX, spike height decreased (p = 

0.01), (E) afterhyperpolarization depth increased (p = 0.006), (F) and spike latency (i.e., time-to-peak) increased 

(p = 0.05). In some cases, AHP was depolarized relative to (Vrest) by the current step. (G) Phase plane plots of 

mean AP waveforms in (C) highlight the change in peak dV/dt and VAP. (H) Peak dV/dt, from (E), was decreased 

by 4,9-ah-TTX (p = 0.03, Hedges’ g = 0.14, small effect). (I & J) Sustained VGNs (I) were significantly 

hyperpolarized (p = 0.03, Hedges’ g = 0.67, medium-large effect) but not transient VGNs (J) (p = 0.16). 
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K+ currents were less activated during the smaller spike (Fig. 6E) and AP time-to-peak increased 442 

(Fig. 6F). No change was detected in spike width at half-height, although control spikes are 443 

narrower at their peaks, reflecting their higher rates of depolarization and repolarization (Fig. 6G, 444 

H).  445 

4,9-ah-TTX substantially hyperpolarized Vrest in sustained VGNs (Fig. 6I) but not transient VGNs 446 

(Fig. 6J). These data suggest that in sustained VGNs, 4,9-ah-TTX blocks depolarizing channels 447 

that are open at rest, such as I-NaVT and I-NaVP. The larger impact of the blocker on sustained 448 

VGNs may reflect a different balance of channels open at rest: they have smaller KLV conductances 449 

(Kalluri et al., 2010) and may also have larger NaV conductances open at rest.  450 

To test the impact of NaV1.6 current in spike timing (Fig. 7), we stimulated firing with frozen 451 

trains of synthetically generated (“pseudo”) EPSCs with pseudo-random timing to represent the 452 

noisy quantal input from hair cells to afferent terminals where spiking normally initiates (Kalluri 453 

et al., 2010). In 4 of 14 VGNs tested, block of NaV1.6 current with 4,9-ah-TTX eliminated EPSC-454 

induced spiking entirely. In the remaining 10 VGNs (6 transient and 4 sustained), we measured 455 

regularity with coefficient of variation (CV), avoiding rate-dependent changes in CV by 456 

controlling EPSC size to hold spike rate comparable with and without 4,9-ah-TTX (Fig. 7A) 457 

(Kalluri et al., 2010). Blocking NaV1.6 current did not significantly affect CV (Fig. 7B).  458 

In summary, in all firing pattern groups, blocking NaV1.6 current with 4,9-ah-TTX increased 459 

current threshold for spiking and decreased spike rate, spike amplitude and AHP. In sustained 460 

VGNs alone, 4,9-ah-TTX also made resting potential appreciably more negative, showing that 461 

NaV1.6 conductance is significant at resting potential. Later (see Fig. S4), we use the computational 462 

model to assess the effects of individual current modes on Vrest. In a sample of transient and 463 

Figure 7 Reduction in NaV currents with 4,9-ah-TTX did not significantly affect CV in EPSC-evoked spike trains. 

(A) 100 nm 4,9-ah-TTX (red middle panel) did not significantly reduce CV in spike trains evoked by pseudo-

EPSCs (bottom panel) relative to control conditions (black top panel) in a P5 transient VGN. Dashed lines at –

10 mV indicate event threshold for spike count; dashed lines at –60 mV indicate Vrest. Inset: first 50 ms of EPSC 

train. (B) CV was not significantly altered in 4,9-ah-TX (paired t-test, 0.85 ± 0.09 vs 0.94 ± 0.07, p = 0.15, 

power = 0.29). Sustained VGNs (n = 4, filled squares); transient VGNs (n = 6, open circles). 
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sustained neurons, blocking NaV1.6 current had no consistent effect on spike regularity when 464 

overall rate was held constant by increasing EPSC size.  465 

 ATX-II increased excitability and spiking regularity. 466 

In voltage clamp, 100 nM ATX-II, which reduces NaV channel inactivation, increased NaVP and 467 

NaVT currents (Fig. 4). We tested its impact on step-evoked firing patterns and pseudo-EPSC-468 

evoked spike trains (Fig. 8).  469 

In a sample of 9 VGNs, ATX-II reduced current threshold to zero and changed step-evoked firing 470 

patterns toward more sustained categories in 7 VGNs (3 sustained-A, 2 sustained-C, 2 transient); 471 

e.g., sustained-C VGNs became sustained-A (Fig. 8A). ATX-II also increased spike rate and 472 

decreased CV in responses to trains of pseudo-EPSCs. To control for rate effects on CV, we 473 

decreased EPSC amplitude in ATX-II to match spike rate to the control value (Figure 8C) and still 474 

found a consistent, if modest, decrease in CV in ATX-II (Fig. 8C, D). There was no significant 475 

effect on AP waveform (Table S4). Figure 8B shows one of 2 of 9 VGNs, both transient, that 476 

remained transient, irregular, and relatively inexcitable in ATX-II.  477 

In summary, reducing NaV channel inactivation with ATX-II lowered current thresholds for both 478 

step-and pseudo-EPSC-evoked firing, in most cases to zero current (spontaneous firing). ATX-II 479 

also slightly increased spike regularity independent of rate. These results show that ATX-II 480 

increases NaV channel availability near resting potential, presumably by reducing the percentage 481 

of inactivated channels, effectively increasing the persistent current.  482 

Figure 8 ATX-II increased spike rate and rate-independent regularity for current steps and EPSC-train stimuli. (A) 

100 nm ATX-II (red) increased excitability relative to control (black) in a P12 sustained-C VGN: increasing the 

number of APs per step and inducing spontaneous spiking at rest (step current threshold = 0). (B) In a P12 transient 

VGN, current threshold was reduced, but the number of APs remained unchanged. (C) Pseudo-EPSC trains (bottom 

panel) evoked spikes in the sustained-C VGN from (A). ATX-II increased spike timing regularity in all VGNs. Inset 

shows the first 50 ms of EPSC train. To keep spike rate constant between conditions at ~38 spikes/s, smaller EPSCs 

were applied during ATX-II (bottom panel). (D) ATX-II decreased CV in every VGN tested (transient = open circles, 

sustained = filled squares) (0.70 ± 0.06 to 0.34 ± 0.08, paired t-test; n = 7; p = 0.003, Hedges’ g = 0.13, small effect).  
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Modeling the effects of transient, persistent, and resurgent NaV current on VGN 483 

firing 484 

We hypothesized that I-NaVP and I-NaVR increase excitability in VGNs by increasing channel 485 

availability near spike threshold, and thus enhance the likelihood of firing. Because excitability 486 

has been associated with regularity in VGNs, we further hypothesized that I-NaVP and I-NaVR 487 

enhance regularity independent of rate. Lacking pharmacological tools to disentangle the impacts 488 

of NaVT, NaVP and NaVR currents, we adapted existing models of neuronal firing to create model 489 

VGNs (“mVGNs”) for which each current mode could be adjusted. In the simulations, adding 490 

NaVP and/or NaVR modes while holding total NaV current steady had negligible effects on model 491 

transient neurons but some effects on model sustained neurons.  492 

We combined a single-compartment conductance-based VGN spiking model (Hight and Kalluri, 493 

2016; Ventura and Kalluri, 2019) with equations for I-NaVP and I-NaVR (Wu et al., 2005; 494 

Venupogal et al., 2019). The equations for gKLV, gKH, gH, and gleak were used by Ventura and 495 

Kalluri (2019) to describe spiking in rat VGNs. For each mVGN (sustained-A, -B, -C and 496 

transient), KLV conductance densities were taken from rat VGN data of multiple sources (Table 2) 497 

and ranged from 1.1 mS/cm2 for transient to 0 for sustained-A. We calculated NaV conductance 498 

density (gNaT) values based on the literature (Table 2) and our data and refined them with model 499 

fitting (see Methods): 20 mS/cm2 for sustained-A, 16 mS/cm2 for sustained-B, and 13 mS/cm2 for 500 

sustained-C and transient model neurons (Table 3) 501 

We separately simulated four combinations of NaVT, NaVP and NaVR current modes of I-NaV to 502 

assess differential effects on firing: 1) “T”, 2) “T + P”, 3) “T + R”, and 4) “T + P + R”. I-NaVP 503 

and I-NaVR were simulated with conductance density values (expressed as a percentage of gNaT) 504 

based on our recordings and separately on larger values obtained from calyx afferent terminal 505 

recordings in semi-intact vestibular organs (Meredith & Rennie, 2020) (Methods and Table 3). 506 

Current-voltage relations of the simulated currents (dashed curves in Fig. 1D) reproduce the 507 

voltage dependence of experimental data. 508 

Another set of simulations explored whether any changes with adding I-NaVP and I-NaVR were 509 

simply the effect of increasing total NaV conductance. We increased gNaT (“T+”) to match total 510 

conductances achieved in other simulations by adding NaVP and/or NaVR conductances, and to 511 

explore the range of gNaT recorded (Fig. 5B).   512 

Adding I-NaVR or I-NaVP reduced refractory periods in response to current steps. 513 

We tested the responses of mVGNs to 500-ms current steps for comparison with step-evoked spike 514 

patterns as illustrated for real VGNs in Figure 5A. We show the simulations for I-NaVP at 2% and 515 

I-NaVR at 10% of I-NaVT. In Figure 9, we show the first 50 ms of the responses for 5 NaV 516 

combinations: the 4 possible combinations of I-NaV modes (T, P, R) plus a version (T+) with just 517 

I-NaVT, but increased to match the total conductance density for the (T+P+R) combination.  518 

Adding I-NaVR affected the firing patterns of sustained-A, -B, and -C mVGNs more than those of 519 

transient mVGNs, showing a decrease in the inter-spike interval (ISI). For example, in sustained-520 

A mVGN, ISI decreased in both T+R (44%) and T+P+R (30%) relative to T conditions (Fig. 9A 521 
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and Table 6). On its own, I-NaVP decreased ISI slightly (3%). In the sustained-C mVGN, I-NaVR 522 

also enhanced the size of oscillations/spikes after the first spike. There was no significant effect in 523 

the transient mVGN; I-NaVR enhanced the post-spike voltage oscillation. 524 

Adding I-NaVR or I-NaVP had small effects on firing rates and spike waveforms evoked in model 525 

VGNs by current steps. 526 

We tested responses of mVGNs to 500-ms current steps for comparison with step-evoked spike 527 

patterns (illustrated for real VGNs in Figure 5A). In Figure 9, we show the first 50 ms of the 528 

responses for the 5 I-NaV combinations, implemented with I-NaVP at 2% of I-NaVT and I-NaVR at 529 
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10%, based on our mouse VGN data. Small effects of on firing pattern or AP waveform were seen 530 

that were not reproduced by simply increasing I-NaVT by the same amount.  531 

Adding I-NaVR and to a lesser extent I-NaVP affected the firing patterns of sustained mVGNs in 532 

the direction of increased excitability. As an example, ISI decreased for the sustained-A mVGN 533 

in the T+R (44%) and T+P+R (30%) conditions relative to the T-alone condition (Fig. 9A). In 534 

sustained-C mVGNs, I-NaVR enhanced the size of spikes and oscillations (green arrow, Fig. 9A) 535 

after the first spike. I-NaVP by itself slightly reduced ISI, visibly advancing the third spike in the 536 

sustained-A mVGN (3% decrease in ISI).  537 

Adding I-NaVP slightly reduced the spike height and rate of rise for the sustained-A firing pattern 538 

(Table 6) but had little effect otherwise. For example, in sustained-A mVGNs, in both T+P and 539 

T+P+R condition, adding I-NaVP decreased time-to-peak by 8%, spike height by 4%, spike width 540 

by 7%, peak dV/dt by 6%, and increased AHP by 14% (Table 6). There were greater changes seen 541 

in the 2nd APs of the trains (e.g., 50% increase in time-to-peak) (Table 6). 542 

Effects of I-NaVR on spike waveform were evident only after a spike had occurred, consistent with 543 

its onset during repolarization from the first spike (Fig. 9C) and varied during the spike train. To 544 

highlight any effects on spike waveform, Figure 9 (E, F) shows the waveforms and phase-plane 545 

plots of aligned first spikes of each mVGN firing pattern shown above. I-NaVR greatly influenced 546 

the AHP in the T+R condition, decreasing it by 95%. For example, adding I-NaVR to sustained 547 

mVGNs nearly eliminated the first spike’s AHP (green arrows, Fig. 9E), but for the sustained-A 548 

mVGN, AHP slowly increased with each later spike. and F, Table 6). For transient mVGNs, adding 549 

I-NaVR affected the first (and only) spike by enhancing the post-spike oscillation (green arrow, 550 

Fig. 9A).  551 

We compared the effects of adding I-NaVR and/or I-NaVP to the effect of adding I-NaVT to the 552 

same total conductance (Fig. 9). In current step-evoked firing of sustained-B and -C mVGNs, 553 

increasing I-NaVT very slightly decreased ISI after the first spike - demonstrably less than I-NaVR 554 

(3% and 8%, respectively) (Fig. 9A, B). Increasing I-NaVT affected first-spike waveforms more 555 

Figure 9 Adding I-NaVR and I-NaVP altered AP waveform and ISI in current-step responses of sustained model 

VGNs. Step-evoked firing in model VGNs with only I-NaVT (T); added I-NaVR (T+R) (10% of I-NaVT); added I-

NaVP (T+P) (2% of I-NaVT); both added (T+P+R); and increased I-NaVT (T+). 1st 50 ms of responses to 500-ms 

current step are shown. Current steps, below, were increased (left to right) to account for increased current 

thresholds for spiking as firing patterns progressed from sustained-A to transient. Rows B-D show currents 

corresponding to the above firing pattern and isolated for each current mode (T, R, P). (A) In sustained-A, -B, and 

–C models, adding I-NaVR had variable effects on refractory periods and therefore AP time-to-peak in sustained-

A, -B, -C mVGNs, and increased the size of post-spike voltage oscillations in sustained-C and transient mVGNs. 

Adding I-NaVP slightly decreased refractory periods (time-to-peak) in sustained mVGNs. (B) I-NaVT current flow 

during AP train. To control for increased NaV conductance with added P and/or R conductance, we also ran a 

simulation with NaVT conductance density increased by the same amount (22.4, 18, 14.6 mS/cm2 in sustained-A, 

-B, -C, transient simulations, respectively; T+ (orange) traces). (C) I-NaVR current flow during APs; note that I-

NaVR flows during repolarization of each AP and decreases in amplitude with each successive AP in sustained 

model neurons. (D) I-NaVP current flow during AP train; note small variations in peak I-NaVP and the increase in 

amplitude with each AP in sustained mVGNs. (E) Temporally aligning the first APs from trains in (A) shows I-

NaVR decreases AHP (green arrows) and increased NaVT increases spike height (orange arrows). (F) Phase plane 

plots show that increasing NaVT also increases peak dV/dt.  

 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 29, 2023. ; https://doi.org/10.1101/2023.11.28.569044doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.28.569044
http://creativecommons.org/licenses/by-nd/4.0/


25 

 

than I-NaVR or I-NaVP, substantially increasing spike height and peak rate of rise of first-spike AP 556 

waveforms for all firing patterns (compare orange curves with all others, Fig. 9E, F).  557 

In summary, adding I-NaVR and/or I-NaVP slightly decreased interspike intervals (thereby 558 

increasing instantaneous spike rate) in step-evoked firing of sustained mVGNs. Increasing I-NaVR 559 

reduced AHP. Increasing I-NaVT had a more substantial effect than I-NaVR and/or I-NaVP on spike 560 

height and rate of rise.  561 

I-NaVP made resting potential less negative. 562 

In simulations aiming to reproduce the effects of 4,9-ah-TTX block, we compared step-evoked 563 

firing in the sustained-A mVGN and transient mVGN with and without 70% reduction of I-NaVT 564 

(Fig. S4), as observed in real VGNs (Fig. 6). The simulated block increased current thresholds and 565 

reduced spike height in both mVGNs and, in the sustained-A mVGN, also reduced spike rate, 566 

greatly reduced spike height, and hyperpolarized Vrest. These results replicated observations in real 567 

VGNs. 568 

We next tested the influence of each NaV current mode on Vrest by simulating the same blocking 569 

experiment for different P, R, and T combinations (Fig. S4C). Again, we included I-NaVP at 2% 570 

I-NaVT, and I-NaVR at 10% I-NaVT. Vrest has a major influence on excitability by controlling 571 

background conductance levels and activation and inactivation states. In these simulations, Vrest 572 

Table 6: AP waveform differences between model VGNs 

mVGN  
(Figure 9) 

  1
st
 AP: ISI 

(ms) 
2

nd
 AP: 

 NaV 
modes 

Time-
to- 

peak 
(ms) 

V
AP 

 

(mV) 

Spike 
width  
(ms) 

Peak 
dV/dt 

(mV/ms) 

AHP 
(mV) 

 
Time-

to- 
peak  
(ms) 

V
AP 

 

(mV) 

Spike 
width 
(ms) 

Peak 
dV/dt 

(mV/ms) 

Sustained-A T 6.3 96.2 1.4 131.7 -8.2 16.9 13.4 84.4 1.9 97.3 

T+P 5.8 92.6 1.3 124.2 -9.4 9.4 12.9 84.3 1.6 100.2 

T+R 6.3 96.2 1.4 131.7 -0.4 16.4 6.6 76.2 1.5 131.7 

T+P+R 5.8 92.6 1.3 124.3 -4.4 11.8 8.7 80.2 1.5 91.5 

T+ 6.1 101.7 1.3 149.4 -8.7 16.9 13.4 90.4 1.4 115.4 

Sustained-B T 5.3 104.7 1.2 146.4 -3.1 15.7 12.7 66.8 3 43.5 

T+P 5.2 104.6 1.2 147.6 -3.3 8.4 12.2 67.2 3 48.3 

T+R 5.3 104.7 1.2 146.4 4.2 15.2 5.8 68.5 1.6 146.4 

T+P+R 5.2 104.6 1.2 147.6 4.2 8.2 5.7 68.2 1.6 147.6 

T+ 5.2 110.7 1.2 166.6 3.5 15.3 12.2 71 2.4 57.2 

Sustained-C T 4.4 103.0 1.2 139.5 -0.7 14.6 11.8 81.2 3.3 19.5 

T+P 4.1 104.3 1.3 148.1 -0.6 9.5 10.4 76 2.6 27.3 

T+R 4.2 104.6 1.2 145.5 3.3 13.3 6.9 70 2.5 155.2 

T+P+R 4.1 104.3 1.3 148.1 3.2 9.4 6.9 69.5 2.4 148.1 

T+ 4.1 110.3 1.3 168.8 -0.8 13.4 10.6 73.4 2.4 32.7 

Transient T 3.6 106.2 1.0 164.6 -3.0 

     

T+P 3.6 106.7 1.1 161.3 -3.1 

     

T+R 3.6 106.2 1.0 164.6 -1.9 

     

T+P+R 3.6 106.7 1.1 161.3 -2.0 

     

T+ 3.6 112.3 1.0 188.3 -3.3 
     

Table 6 AP waveform differences between model VGNs. 
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was nearly 10 mV more negative for 90% reduced (“blocked”) I-NaVP for the sustained-A mVGN 573 

and only 0.5 mV more negative for the transient mVGN. 70% block of NaVT made Vrest ~3 mV 574 

more negative in the sustained-A mVGN and had no effect on Vrest in the transient mVGN. 90% 575 

reduced I-NaVR had no effect on Vrest in any mVGN, likely because this current is activated during 576 

spike repolarization and not at rest.  577 

Therefore, reduction in NaVT, NaVP, and NaVR currents in sustained mVGNs reproduced key 578 

effects of 100 nM 4,9-ah-TTX, with I-NaVP driving the substantial depolarization of Vrest. 579 

Effects of I-NaVT, I-NaVP or I-NaVR on simulated spike rate and regularity  580 

To examine the role of NaV current modes in spike rate and regularity, we drove mVGNs with 1-581 

second trains of simulated synaptic events (pseudo-EPSCs) (Fig. 10A, B), modeled after EPSCs 582 

recorded from vestibular afferent calyx events and quasi-randomly distributed in time (see 583 

Methods). For each measurement, we used the same set of 5 pseudo-EPSC trains (example is 584 

shown in Fig. 10B, bottom trace) and took the mean and SEM of the results.  585 

First, we assessed the effects of I-NaVT alone on spike rate and spike regularity at 5 values of 586 

gNaT density (14 to 22 mS/cm2; Fig. 10B and C; Table S4). For spike rate effects, we generated 587 

EPSC trains with inter-event interval and amplitude fixed at 1 ms and 30 pA. Spike rate increased 588 

with gNaT density, but leveled off at gNaT = 20 – 22 mS/cm2 in all mVGNs (Fig. 10A and D, Table 589 

S4). For spike regularity effects independent of rate, we kept spike rate approximately constant 590 

(~38 spikes/s) across simulations by titrating the size of pseudo-EPSCs while keeping inter-event 591 

interval fixed. Increasing I-NaVT decreased CV in sustained and transient mVGNs, with the effect 592 

on Sustained-A not significant (see Table S4 for details). 593 

We then asked whether adding I-NaVP and/or I-NaVR influenced spike rate and/or regularity of 594 

mVGNs (Fig. 10A, E, and F). For each firing pattern (sustained-A, -B, -C, and transient) and 595 

combination of T, P, and R modes, we set gNaT density at 18, 20, and 22 mS/cm2 and measured 596 

spike rate and CV (Fig. 10E, F). We simulated spiking using 2 levels as proportions of I-NaVT: 597 

“VGN” levels (this study: I-NaVP at 2% of I-NaVT; I-NaVR,10%) or at the afferent terminal using 598 

“Calyx” levels (I-NaVP, 4%; I-NaVR, 20%; Meredith and Rennie, 2020) (Fig. 10A, F, and G; see 599 

summary in Table S6). Two-way four factor ANOVAs indicated no interaction in any model VGN 600 

between effects of increasing gNaT and the effects of adding NaV current modes in any mVGN. 601 

Adding I-NaVP at the lower “VGN” level significantly increased average spike rate only in 602 

sustained-C mVGNs. Doubling I-NaVP to the “Calyx” level enhanced the rate increase in all 603 

mVGNs, including the transient mVGN (Fig. 10F). There was no effect of adding just I-NaVR 604 

(T+R condition) on spike rate, but adding I-NaVR (T+P+R) further increased spike rate over I-605 

NaVP alone (T+P) for some conditions: VGN-level simulations of sustained mVGNs (medium 606 

effect size), and Calyx-level simulations of sustained-C and transient mVGNs (large effect size) 607 

(Table S6).  608 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 29, 2023. ; https://doi.org/10.1101/2023.11.28.569044doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.28.569044
http://creativecommons.org/licenses/by-nd/4.0/


27 

 

Adding I-NaVR and/or I-NaVP affected CV, at a constant spike rate, for some combinations of 609 

NaVT, NaVP, and NaVR current modes in sustained mVGNs (Fig. 10F), but these effect sizes were 610 

negligible (g < 0.2, Table S6). There was no change in transient mVGNs. These simulations 611 

suggest that adding I-NaVP, especially at the 4% level found near spike initiation zones at afferent 612 

terminals on hair cells (Meredith and Rennie, 2020), can substantially increase spike rate, even in 613 

transient neurons.  614 

   615 

Figure 10 Adding I-NaVP increases 
spike rate in model VGNs. (A) 

Sustained-A mVGN under different 

NaV current combinations, here at 

“VGN” levels of I-NaVP (2% of I-

NaVT) and I-NaVR (10%): adding 

NaVP occasionally decreased ISI (see 

blue and pink arrows) relative to T or 

T+R (black and green arrows). (B) 

Sustained-A mVGN spike rate for 3 

densities of NaVT: increasing NaVT 

can shift spikes and increase spike 

height (e.g., orange arrow vs. purple 

arrow). Bottom panel, example of 

pseudo-EPSC train used to evoke 

spike trains shown. Inset: 10 ms of 

EPSCs. (C) Increasing NaVT 

increased spike rate in all model 

VGNs but plateaued above 18 

mS/cm2. (D) Increasing NaVT 

decreased CV in all model VGNs and 

again, roughly plateaued after 18 

mS/cm2. (E) Summary of spike rates 

from 15simulations for each 

combination of NaV current modes 

and firing pattern, including NaVT 

from (C) and comparing multiple 

NaV components conditions. T+P+R 

and T+P conditions showed increased 

spike rate relative to NaVT in 

sustained-A, -B, and –C mVGN in 

VGN conductances level simulations 

(2% and 10%), and all mVGNs in 

calyx simulations (4% and 20%). 

NaVR has no effect on spike rate. (F) 

A summary of CV at ~38 spikes/s, 

including I-NaVT from (D) and 

comparing multiple NaV components. 

Differences are highly significant but 

in each case the effect size was very 

small (Table S6). 
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DISCUSSION 616 

VGNs as a model preparation for firing patterns in the vestibular nerve 617 

VGNs are cell bodies that, when mature and in vivo, are bipolar, inter-nodal and myelinated. 618 

Research from multiple groups (Chabbert et al., 1997; Limon et al., 2005; Iwasaki et al., 2008) has 619 

shown that isolated VGNs express voltage-gated currents and firing patterns that resemble currents 620 

and firing at spike initiation zones just below the hair cell-afferent terminal synapses in the 621 

vestibular epithelium, as illustrated by immunohistochemistry and direct recordings from calyx 622 

terminals (e.g., Lysakowski et al., 2011; Songer and Eatock, 2013; Meredith and Rennie, 2020). It 623 

is not clear whether the presence of these channels in the dissociated cell bodies represents true 624 

somatic expression, or whether nodal NaV channels and paranodal KV channels on either side of 625 

the soma come along during dissociation. In most cases, investigators have cultured the dissociated 626 

VGNs overnight, causing the VGNs to shed their myelin and expose the neural membrane for 627 

whole-cell patch recording. 628 

In rat VGNs, there is some evidence that overnight culturing eliminates expression of some types 629 

of pore-forming NaV channels. Dissociated young rat VGNs that were studied acutely had multiple 630 

transient NaV currents with distinct voltage dependence and TTX sensitivity (Liu et al., 2016), 631 

including an NaV1.5 current (negatively shifted voltage range, TTX-insensitive) and an NaV1.8 632 

current (positively shifted voltage range, TTX-resistant). These non-TTX-sensitive forms were not 633 

detected in overnight-cultured rat VGNs (Liu et al., 2016). Age differences across studies may also 634 

matter. NaV1.5 expression in ganglion cell bodies may be an immature feature, as suggested by its 635 

time course of expression in small rat DRG neurons (Ranganathan et al. 2002) and some decline 636 

in current expression over the first postnatal week in rat VGNs (Liu et al. 2016). Meredith and 637 

Rennie (2020) recorded TTX-insensitive currents (consistent with NaV1.5) from gerbil afferent 638 

calyceal terminals, and but only in afferents younger than P12.  639 

Thus, isolated and cultured VGNs are compact cell bodies that allow high-quality voltage clamp 640 

recordings and reproduce some but not all naturally occurring ion channel expression. Importantly 641 

for our purposes, they show a range of firing patterns consistent with a role for intrinsic neuronal 642 

properties in setting up the different encoding strategies (temporal vs. rate) characteristic of 643 

irregular and regular afferent populations (Jamali et al., 2016; Cullen, 2019). Previous work has 644 

documented the difference in firing patterns of VGNs and probed their relationship to specific ion 645 

channels: low-voltage-activated KV1 (Iwasaki et al., 2008) and KV7 channels (Kalluri et al., 2010), 646 

Ca2+-dependent K channels (Limon et al. 2005), HCN channels (Horwitz et al., 2014) and NaV 647 

channels (Liu et al. 2016). By going beyond correlation and developing a method to interrogate 648 

regularity in these synapse-less somata, a particularly strong case was made for KLV channels 649 

(Kalluri et al., 2010). We took this approach with NaV channel modes and provide support for a 650 

substantial role of relatively small persistent and resurgent currents in excitability and related 651 

properties such as resting potential. 652 

NaV1.6 is the major NaV subunit in VGNs, contributing to resting potential and excitability 653 

All VGNs in our sample expressed I-NaVT and about half also expressed I-NaVP, with no clear 654 

change in incidence with age (range P3-28), in contrast to mouse cochlear ganglion neurons, where 655 
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both persistent and resurgent forms increased with maturation (Browne et al., 2017). We saw no 656 

I-NaVR before P10. Beyond P10, the incidence was 12% (6/49 tested). VGNs also have voltage-657 

dependent Ca2+ (CaV) currents (L-, N-, P/Q-, R-, and T-type) (Desmadryl et al. 1997; Chambard 658 

et al. 1999) which drive Ca2+-dependent K+ currents that reduce sustained firing (Limón et al., 659 

2005). Here we suppressed both CaV and Ca2+-dependent K+ currents by eliminating all but trace 660 

Ca2+ from the external medium. Our experiments do not indicate whether sustained VGNs have 661 

more NaVP or NaVR current than transient neurons, but modeling suggests that in transient 662 

neurons, NaVP and NaVR currents, if present, would have little effect on rate, regularity and resting 663 

potential.  664 

RT-PCR of whole rat vestibular ganglia indicated expression of most NaV pore-forming (α) 665 

subunits and all auxiliary (β) subunits (Liu et al. 2016). Block by the NaV1.6-selective blocker, 666 

4,9-ah-TTX, however, indicates that NaV1.6 channels make up much or all of the current we 667 

recorded, for all modes, again consistent with results from calyx terminals in gerbil cristae 668 

(Meredith and Rennie, 2020). In our study, 100 nM 4,9-ah-TTX blocked NaVT current by a similar 669 

amount (~50%) in sustained and transient firing VGNs, suggesting that they express similar 670 

densities of NaV1.6 channels. Persistent and resurgent I-NaV were almost fully blocked. Cochlear 671 

spiral ganglion neurons also express 4,9-ah-TTX-sensitive transient, persistent, and resurgent 672 

currents (Browne et al. 2017), and are immunoreactive for NaV1.6 at spike initiation zones next to 673 

their terminals on hair cells (Kim and Rutherford, 2016). I-NaVR is theorized to arise from the 674 

internal block of NaV channels, canonically NaV1.6, by a positively charged molecule, e.g., NaV 675 

auxiliary subunit β4 or fibroblast growth factor homologous factor 14 (Raman and Lewis, 2014; 676 

White et al., 2019).  677 

The residual NaV current in 4,9-ah-TTX had significantly more negative inactivation than the 678 

control and blocked currents, but not nearly as negative as the TTX-insensitive current carried by 679 

NaV1.5 in acutely cultured, immature rat VGNs (Liu et al., 2016). The RT-PCR data from rat 680 

vestibular ganglia (Liu et al., 2016) suggest NaV1.1, 1.2, 1.3, and 1.7 as candidates.  681 

As expected for a major NaV current, the NaV1.6 currents are critical to excitability in both firing 682 

types. In both sustained and transient neurons, spikes were substantially smaller in 4,9-ah-TTX, as 683 

expected from the strong block of the dominant transient mode NaV1.6 current. A large decrease 684 

in AHP size presumably reflected both the small spike height (reducing activation of K+ currents 685 

that cause AHPs) and the more negative Vrest (reducing the voltage difference from EK). 4,9-ah-686 

TTX blocking experiments showed that NaV1.6 channels contribute to resting potential in 687 

sustained neurons (Fig. 6I; Table S4). 688 

Our modeling also suggests that NaVP and, to a lesser extent, NaVT current modes may 689 

significantly contribute to resting conductance in sustained VGNs (Fig. S4). Although I-NaVP 690 

contributed just 2% of maximum NaV current density in VGNs, NaVP current at resting potential 691 

may be closer to 10% of total current, based on its relative voltage dependence and the substantial 692 

(~30%) steady-state inactivation of NaVT current even at resting potential (Fig. 2B). The small to 693 

negligible effect of blocking NaV1.6 channels on resting potential in transient VGNs (Fig. 6J vs. 694 

6I) is consistent with resting conductance being dominated by their greater density of KLV 695 
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channels. HCN conductances may also contribute to resting membrane potential in VGNs, 696 

depending on the balance of resting conductances (Ventura and Kalluri, 2019).  697 

Effects of NaV current modes on AP waveforms and firing patterns 698 

AP height and rate of rise varied across firing pattern (Fig. 5C ,F) and correlated modestly with 699 

maximum NaV conductance density (Fig. 5D), both for all VGNs and for transient VGNs alone, 700 

which showed the greatest variance in maximum NaV conductance density. VGNs with different 701 

firing patterns, in contrast, did not have significantly different NaV Gmax density. Gmax density is 702 

dominated by the NaVT current mode, so these correlations do not reveal roles for I-NaVP, which 703 

has a more significant effect near resting potential, and I-NaVR, which acts during spike 704 

repolarization. To isolate their effects, we used simulations.  705 

In sustained model VGNs, I-NaVP had a stronger effect than other modes on resting potential, 706 

depolarizing Vrest by ~10 mV. The effect on Vrest, in turn, shapes many AP metrics by affecting 707 

resting (input) conductance, inactivation state of I-NaVT, and current and voltage thresholds for 708 

spikes. I-NaVP reduced time-to-peak in sustained mVGNs’ APs and made transient APs wider. I-709 

NaVP also significantly increased firing rate, with a medium effect size for the 2% of transient 710 

current that we found in VGNs and a very large effect size for the 4% value based on published 711 

recordings (Meredith and Rennie, 2020) from calyceal terminals (Table S6). At either 2% or 4%, 712 

persistent current had negligible effect (Hedge’s g ≤ 0.02) on regularity (CV) (as measured with 713 

constant spike rate).  714 

In current step simulations (Fig. 9A, B), adding I-NaVR altered instantaneous spike rate in 715 

sustained mVGNs by truncating the AHP, decreasing the current threshold for spiking, and 716 

shortening ISI between the first two spikes. However, when tested with trains of pseudo-EPSCs, 717 

I-NaVR had no significant effect on average spike rate across multiple spike trains (Table S6), 718 

suggesting that long term effects of resurgent current reduce the impact of short-term changes in 719 

rate. Although in some simulated cases, resurgent current affected regularity (CV) independent of 720 

spike rate, the effects were very small (Hedge’s g ≤ 0.02; Table S6). Thus, under the conditions 721 

of our simulations, I-NaVR had little effect on the key properties that distinguish vestibular 722 

afferents, rate and regularity.  723 

Our simulations support previous work indicating a dominant role for KLV currents in 724 

differentiating spike rate and regularity of sustained (presumed regular) and transient (presumed 725 

irregular) VGNs (Kalluri et al., 2010; Ventura and Kalluri, 2019). In vivo, many factors differ 726 

across the peripheral and central epithelial zones that give rise to regular and irregular afferents, 727 

including the nature of the mechanical input to hair cells, numbers and types of synaptic inputs, 728 

relative contributions of non-quantal and quantal transmission, size of dendritic arbors, and 729 

complement of expressed ion channels, all of which might contribute to voltage noise at spike 730 

initiation zones. KLV currents increase irregularity by enhancing the afferent’s sensitivity to high-731 

frequency noise (Kalluri et al., 2010). In transient VGNs, KLV currents are larger, limiting the 732 

effects of varying NaV current modes on rate and regularity. For sustained VGNs with small KLV 733 

currents, increasing I-NaVT and I-NaVP increases spike rate, which, in vivo, will naturally increase 734 

regularity. 735 
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Supplementary Figures 894 

  895 

  896 

Figure S1 Comparison of VGN responses to model VGN simulations. (A – C) (reproduced from Fig. 5). 

Averaged recorded APs (A), corresponding mean phase-plane plots (B), and exemplar step-evoked firing 

patterns (C). (D) Model-generated APs based on APs from A. (E) Phase-plane plots for simulated APs from 

(D). Simulated APs have smaller peak rates of depolarization. (F) Step-evoked firing patterns of model 

VGNs capture key features of exemplar data in (C). 

 

Figure S2 Shape of simulated EPSCs. Simulated excitatory postsynaptic currents (EPSCs) used to evoke 

spiking in our cell-autonomous model were modeled after spontaneous vestibular synaptic potentials (sV) 

recorded at room temperature in mouse calyces. EPSC shapes previously tested in Hight and Kalluri (2016) 

(s1, s2, and s3) are shown for comparison.  

. 
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  897 

 898 

  899 

Figure S3 Changes in firing patterns and NaV conductance density with age. (A) Change in distribution of 

firing pattern in younger and older VGNs. (B) No relationship between NaV Gmax Density and postnatal 

age. 

Figure S4 Reducing NaV current modes replicates 4,9-ah-TTX block in model sustained and transient 

VGNs. (A & B) Firing patterns for a sustained-A (A) and transient (B) mVGNs with (black) control NaV 

densities of 20 mS/cm2. Reducing (red) I-NaVT by 70% replicates results observed with application of 4,9-

ah-TTX in sustained-A mVGNs: increase in current threshold, reduction inreduced spike height and spike 

rate, and slight hyperpolarization in Vrest. (B) Transient mVGNs had reduced in spike height. (C) NaVP and 

NaVT drives hyperpolarization in sustained mVGNs. Each individual component was reduced by the 

estimated 4,9-ah-TTX block percentage: NaVR and NaVP were each reduced by 90% and NaVT by 70%. 

Reducing (“blocking”) each individual component and combinations of components at a time shows that 

blocking NaVT and NaVP hyperpolarizes resting membrane potential.  
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Supplementary Tables 900 

 901 

Table S2: Firing pattern passive properties (one-way 4-factor ANOVA) 

Firing pattern Current threshold (pA) 
(n) 

Vrest (mV) Rin (MΩ) Cm (pF) 

Sustained-A 133.3 ± 16.7 
(3) 

-60.0 ± 2.2 
(6) 

1020.0 ± 247.8 
(5) 

21.9 ± 2.3 
(6) 

Sustained-B 261.1 ± 26.1 
(9) 

-64.1 ± 1.8 
(13) 

852.2 ± 280.6 
(9) 

16.9 ±1.8 
(12) 

Sustained-C 295.5 ± 34.7 
(11)  

-63.5 ± 1.3 
(10) 

475.3 ± 128.8 
(7) 

15.1 ± 2.1 
(9) 

Transient 426.8 ± 33.9 
(28) 

-65.7 ± 0.9 
(33) 

464.9 ± 73.8 
(20) 

16.1 ± 1.1 
(31) 

p  0.001 0.11 0.08 0.18 

power  0.94 0.51 0.56 0.41 

  902 

Table S1: Summary of one-way ANOVA tests for voltage clamp experiments  

NaV conductance 

density (Fig 2B) 

 F(2,70) = 6.7, p = 0.002, power = 0.90  
p  effect size, interpretation 

NaVT vs NaVT+P 0.33 
 

NaVT vs 

NaVT+P+R 

0.002 0.27, small 

NaVT+P vs 

NaVT+P+R 

0.02 0.41, med 

  Activation, V1/2 Inactivation, V1/2 

NaV current 

modes  
(Fig 2C) 

 
F(2,27) = 5.9, p = 0.008, 
power = 0.83 

F(2,26) = 0.38, p = 0.68, 
power = 0.10 

Bonferroni test: p effect size p 

NaVT vs NaVT+P 1 
 

0.66 

NaVT vs 

NaVT+P+R 

0.009 0.75, big 0.86 

NaVT+P vs 

NaVT+P+R 

0.02 0.59, med 0.97 

4,9-ah-TTX  
(Fig 3B) 
 

(n = 12) 
F(2, 35) = 1.1, p = 0.35,  
power = 0.22 

F(2, 35) = 5.5, p = 0.009, 
power = 0.82 

Bonferroni test: p p effect size 

Control vs 
Residual 

0.52 0.02 0.69, med 

Control vs 
Blocked 

1 1 
 

Residual vs 
Blocked 

0.83 0.02 0.66, med 

ATX-II  
(Fig 4) 
 

(n = 7) Activation, V1/2 Inactivation, V1/2 

Paired t-test: p power p power 

NaVT: Control vs 

ATX-II 

0.34 0.13 0.06 0.48 

NaVP: Control vs 

ATX-II 

0.12 0.33 - - 
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Table S3: Direct comparisons of AP waveform differences (one-way 4-factor ANOVA)  
Current threshold 

(pA) 
Spike height (VAP) 

(mV) 

Peak dV/dt 
(mV/ms) 

AHP  
(mV) 

 
p Effect size p Effect size p Effect size p Effect size 

Sustained-B vs 
Sustained-A 

0.35 
 

0.08 
 

0.79 
 

0.009 0.6 

Sustained-C vs 
Sustained-A 

0.58 
 

0.05 
 

0.31 
 

0.0005 0.9 

Sustained-C vs 
Sustained-B 

0.95 
 

0.98 
 

0.71 
 

0.46 
 

Transient vs 
Sustained-A 

0.01 0.4 0.004 0.6 0.01 0.5 0.000006 1.0 

Transient vs 
Sustained-B 

0.03 0.4 0.66 
 

0.03 0.3 0.04 0.5 

Transient vs 
Sustained-C 

0.08 
 

0.92 
 

0.58 
 

0.77 
 

 903 

Table S4: Pharmacological effects on AP waveform (paired t-test) 
4,9-ah-
TTX 

Vrest (mV) 
Transient 

Vrest (mV) 
Sustained 

Time-to-
peak 
(ms) 

Spike 
Width 
(ms) 

AHP 
(mV) 

VAP 
(mV) 

Voltage 
threshold 

(mV) 

Peak 
dV/dt 

(mV/ms) 
Control  
(n = 12) 

-59.5 ± 1.5 -57.6 ± 3.3 4.1 ± 0.3 2.9 ± 0.5 0.0 ± 1.9 74.4 ± 
6.4  

-42.3 ± 
2.3 

102 ± 20 

Drug -63.6 ± 2.9 -66.8 ± 3.4 4.8 ± 0.4 3.9 ± 0.6 6.8 ± 1.2 55.1 ± 
7.0  

-43.3 ± 
3.2 

64.4 ± 20 

 p 0.16 0.03 0.05 0.13 0.006 0.01 0.90 0.03 
Effect 
size 

 
0.67 0.42 0.19 0.72 0.49 0.05 0.41 

Power 0.27 0.67 0.53 0.31 0.86 0.76 0.05 0.62 
ATX-II Vrest (mV) 

      

Control  
(n = 7) 

-59.2 ± 0.9 3.8 ± 0.3 1.2 ± 0.1 4.8 ± 0.8 92.7 ± 
5.9 

-49.7 ± 
2.1 

229 ± 30 

Drug -64.0 ± 2.2 5.5 ± 0.8 2.4 ± 0.6 4.1 ± 1.5 92.8 ± 
6.3 

-52.2 ± 
3.5 

209 ± 50 

p 0.07 0.07 0.09 0.58 0.97 0.60 0.41 
Effect 
size 

0.83 0.45 0.35 0.10 0.01 0.23 0.14 

Power 0.45 0.45 0.41 0.07 0.05 0.07 0.11 
  904 
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Table S5: Effects of increased I-NaVT on spike rate and CV in mVGNs (p values from two-way 4-

factor ANOVA)  

 Spike Rate (Fig 10C) CV (~38 spikes/s) (Fig 10 D) 

gNaT vs gNaT Sus-A Sus-B Sus-C Tran  Sus-A Sus-B Sus-C Tran  

16 14 3E-13 3E-08 1E-08 0.008 1 0.1 1 0.1 

18 14 5E-22 3E-23 1E-18 4E-07 1 1E-05 0.3 0.04 

18 16 0.001 3E-09 1E-04 0.2 1 0.1 1 1 

20 14 7E-25 5E-30 2E-25 6E-12 0.3 5E-11 0.3 0.003 

20 16 3E-06 1E-16 5E-11 8E-05 1 1E-05 1 1 

20 18 1 0.0001 0.02 0.3 1 0.1 1 1 

22 14 2E-27 5E-33 1E-29 1E-15 0.06 9E-13 1 2E-04 

22 16 1E-08 3E-20 8E-16 5E-08 1 3E-07 1 1 

22 18 0.1 6E-05 4E-06 0.001 1 0.01 1 1 

22 20 1 1 0.4 1 1 1 1 1 

  905 
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Table S6: Effects of I-NaVP and I-NaVR on spike rate and CV in model VGNs driven by pseudo-EPSC 

trains (four-way 4-factor ANOVA)   
VGN: 2% P & 10% R Calyx: 4% P & 20% R 

  vs. NaVT  vs. NaVT 

Spike Rate  
(spikes/s) 

μ ± SEM p Effect size μ ± SEM p Effect size 

Sustained-A NaVT 82.2 ± 0.6 - 
 

82.2 ± 0.6 - 
 

NaVT+R 81.5 ± 0.7 1 
 

81.4 ± 0.6 1 
 

NaVT+P 83.9 ± 0.8 0.52 
 

88.7 ± 0.6 2E-08 1.20 

NaVT+R+P 85.5 ± 0.8 0.01 0.56 87.8 ± 0.6 6E-07 0.97 

Sustained-B NaVT 65.9 ± 0.8 - 
 

65.9 ± 0.8 - 
 

NaVT+R 64.5 ± 0.9 1 
 

66.1 ± 0.9 1 
 

NaVT+P 67.8 ± 0.8 0.34 
 

71.8 ± 0.6 2E-06 1.01 

NaVT+R+P 68.9 ± 0.8 0.03 0.62 71.8 ± 0.9 2E-06 0.94 

Sustained-C NaVT 57.9 ± 1.0 - 
 

58.5 ± 1.0 - 
 

NaVT+R 58.1 ± 1.1 1 
 

58.2 ± 1.2 1 
 

NaVT+P 61.3 ± 0.9 0.01 0.51 65.4 ± 0.9 1E-07 1.01 

NaVT+R+P 62.3 ± 0.9 0.0006 0.61 66.5 ± 0.8 2E-09 1.19 

Transient NaVT 29.5 ± 1.2 - 
 

29.3 ± 1.1 - 
 

NaVT+R 29.9 ± 1.2 1 
 

29.7 ± 1.2 1 
 

NaVT+P 32.1 ± 1.1 0.59 
 

34.8 ± 1.1 0.002 0.72 

NaVT+R+P 32.7 ± 1.3 0.26 
 

35.7 ± 1.2 0.0003 0.82 

CV  
(~38 spikes/s) 

μ ± SEM p Effect size μ ± SEM p Effect size 

Sustained-A NaVT 0.22 ± 0.00 - 
 

0.22 ± 0.02 - 
 

NaVT+R 0.24 ± 0.00 0.03 0.005 0.24 ± 0.02 0.01 0.01 

NaVT+P 0.21 ± 0.00 0.06 
 

0.19 ± 0.01 0.0004 0.01 

NaVT+R+P 0.21 ± 0.00 0.1 
 

0.20 ± 0.02 0.02 0.01 

Sustained-B NaVT 0.43 ± 0.01 - 
 

0.43 ± 0.01 - 
 

NaVT+R 0.46 ± 0.00 0.03 0.02 0.48 ± 0.01 0.02 0.01 

NaVT+P 0.41 ± 0.01 0.02 0.01 0.38 ± 0.00 0.002 0.01 

NaVT+R+P 0.42 ± 0.01 1 
 

0.44 ± 0.01 1 
 

Sustained-C NaVT 0.51 ± 0.01 - 
 

0.51 ± 0.01 - 
 

NaVT+R 0.56 ± 0.02 0.06 
 

0.58 ± 0.02 0.01 0.02 

NaVT+P 0.49 ± 0.01 1 
 

0.47 ± 0.01 0.26 
 

NaVT+R+P 0.53 ± 0.01 1 
 

0.53 ± 0.01 1 
 

Transient NaVT 0.60 ± 0.02 - 
 

0.60 ± 0.03 - 
 

NaVT+R 0.61 ± 0.03 1 
 

0.64 ± 0.03 1 
 

NaVT+P 0.57 ± 0.01 1 
 

0.57 ± 0.01 1 
 

NaVT+R+P 0.57 ± 0.01 1 
 

0.58 ± 0.01 1 
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