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21

Significance Statement

22

Vestibular afferents express a diverse complement of ion channels. This diversity

23

is key to shaping their various response properties, allowing them to encode both fast

24

and slow head movements. In vitro studies that characterized afferent diversity identified

25

low-voltage activated potassium channels and hyperpolarization-activated cyclic-

26

nucleotide gated (HCN) channels as crucial for shaping the timing and sensitivity of

27

afferent responses.

28

acetylcholine-releasing efferent neurons that close a type of low-voltage activated

29

potassium channel found on the afferent neuron. Here, we show that the same efferent

30

signaling cascade that shuts these potassium channels also enhances the activation of

31

HCN channels by depolarizing their voltage-activation range. The size of this effect varies

32

from cell to cell depending on the endogenous properties of the HCN channel and on cell

33

type (as determined by discharge patterns and cell size). Simultaneously controlling two

34

ion-channel groups gives the vestibular efferent system robust and flexible control over

35

the excitability and timing properties vestibular afferent activity.

Afferent excitability is known to be controlled by a network of
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36

Abstract

37

Vestibular efferent neurons play an important role in shaping vestibular afferent

38

excitability and, accordingly, on the information encoded by their spike patterns. Efferent-

39

modulation is linked to muscarinic signaling cascades that affect ion channel

40

conductances, most notably low-voltage gated potassium channels such as KCNQ. Here

41

we tested and found that muscarinic signaling cascades also modulate hyperpolarization-

42

activated cyclic-nucleotide gated channels (HCN). HCN channels play a key role in

43

controlling spike-timing regularity and a non-chemical form of transmission between type

44

I hair cells and vestibular afferents. The impact of cholinergic efferent input on HCN

45

channels was assessed using voltage-clamp methods, which measure currents in the

46

disassociated cell bodies of vestibular ganglion neurons (VGN). Membrane properties in

47

VGN were characterized before and after administration of the muscarinic acetylcholine

48

receptor (mAChR) agonist oxotremorine-M (Oxo-M). We found that Oxo-M shifted the

49

voltage-activation range of HCN channels in the positive direction by 3.2 ± 0.7 mV, which

50

more than doubled the available current when held near rest at -70 mV (a 139 ± 43%

51

increase, n=12). This effect was not blocked by pre-treating the cells with a KCNQ

52

channel blocker, linopirdine, which suggests that this effect is not dependent on KCNQ

53

currents. We also found that HCN channel properties in the baseline condition and

54

sensitivity to mAChR activation depended on cell size and firing patterns. Large-bodied

55

neurons with onset firing patterns had the most depolarized activation range and least

56

sensitivity to mAChR activation. Together, our results highlight the complex and dynamic

57

regulation of HCN channels in VGN.
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58

Introduction

59

The mammalian vestibular system detects head motions across a wide range of

60

amplitudes and frequencies. Low and high-frequency head movements are encoded by

61

two parallel streams of vestibular afferents that differ in excitability and spike-timing

62

(Sadeghi et al., 2007; Eatock and Songer, 2011). Afferents that spike at regular intervals

63

have lower detection thresholds for low-frequency head movements, while so-called

64

irregular afferents have lower detection thresholds for all other frequencies. Afferent

65

excitability and spike-timing reflect, in part, the complement of ion channel conductances

66

they express. In vitro studies have identified low-voltage gated potassium channels (e.g.,

67

Kv1 and KCNQ) and hyperpolarization-activated cyclic-nucleotide gated (HCN) channels

68

as critical regulators of afferent spike timing. These two ion channel groups have voltage-

69

gated properties that make currents available between rest potential and voltage

70

threshold, where they can influence the summation of synaptic events and action potential

71

generation.

72

Vestibular efferents modulate afferent excitability through their impact on ion

73

channels.

Vestibular afferents receive input from an extensive network of primarily

74

cholinergic efferent neurons, which increase afferent excitability by activating muscarinic

75

acetylcholine receptors (mAChR). The resulting signaling cascades increase afferent

76

excitability by shutting down low-voltage activated potassium currents carried by KCNQ

77

channels (Pérez et al., 2009; Sadeghi et al., 2009; Holt et al., 2017; Raghu et al., 2019).

78

Here, we consider whether muscarinic signaling cascades also affect HCN channels in

79

vestibular afferent neurons.

80

cascades initiated by mAChR activation include phosphatidylinositol 4,5-bisphosphate

This is a possibility because the second messenger
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81

(PIP2) and cAMP (Zhang et al., 2003; Hughes et al., 2007); which are known modulators

82

of HCN channels (Wainger et al., 2001; Pian et al., 2007). Therefore, we tested if HCN

83

channels in vestibular afferents are sensitive to muscarinic signaling cascades.

84

Efferent modulation of HCN channels is significant because both channel density

85

and voltage-activation properties impact vestibular afferent activity.

86

conduct an inward, hyperpolarizing-activated Na+/K+ current (IH) that famously controls

87

pace-making in the heart and brain (Pape and McCormick, 1989; DiFrancesco, 1993; Biel

88

et al., 2009). The IH current has received significant attention in the vestibular system for

89

its putative role in shaping spike-timing regularity (Horwitz et al., 2014; Yoshimoto et al.,

90

2015). HCN channels are also thought to mediate a non-chemical form of communication

91

(Yamashita and Ohmori, 1991; Songer and Eatock, 2013; Highstein et al., 2014) by

92

resistively coupling sensory hair-cells to vestibular afferent neurons (Contini et al., 2020).

93

However, HCN channels can only shape neuronal responses when the HCN current, IH,

94

is available between rest and threshold. The HCN channel is highly modifiable, so

95

characterizing how HCN channels are regulated in the vestibular system remains an

96

important goal.

97

HCN channels

This study extends our understanding of HCN channel properties in vestibular

98

afferent neurons under experimental conditions that preserve endogenous signaling

99

cascades and intracellular second messengers. To do this, we recorded from vestibular

100

ganglion neurons (VGN; the cell bodies of vestibular afferents) using the perforated-

101

patch clamping technique to avoid disturbing the intracellular signaling cascades

102

typically disrupted by standard whole-cell patch-clamping methods. This further allowed

103

us to test if HCN channels are sensitive to the intracellular signaling triggered by
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104

mAChR activation in these neurons. The recordings were made in VGN older than

105

post-natal day (P)9 to allow for the developmental upregulation of both HCN and KCNQ

106

channels; the latter are the primary ion channel target for muscarinic signaling

107

cascades.

108

Our findings reveal a previously unrecognized diversity in the activation

109

properties of HCN channels that is related to both cell size and firing pattern. Large,

110

transient-firing VGN have HCN channels that activate at more positive potentials than

111

do the medium to small-sized VGN. Moreover, mAChR signaling cascades depolarize

112

HCN activation range in VGN neurons. There was also a size dependence; HCN

113

channels were most sensitive to mAChR activation in small neurons. Our results paint

114

a rich and complex picture of how HCN channel properties vary and dynamically

115

change in vestibular ganglion neurons.
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116

Materials and Methods

117

Preparations

118

Data were recorded from the superior portion of the vestibular ganglion of Long-

119

Evans rats of either sex aged post-natal day (P)9-18 (P0, birth day). All animals were

120

handled and housed in accordance with National Institutes of Health Guide for the Care

121

and Use of Laboratory Animals. All animal procedures were approved by the University

122

of Southern California Institutional Animal Care and Use Committee. Chemicals were

123

obtained from Sigma-Aldrich unless otherwise specified. The temporal bones from the

124

animals were dissected in chilled and oxygenated Leibowitz medium supplemented with

125

10 mM HEPES (L-15 solution). The superior part of the vestibular ganglia was

126

detached from the distal and central nerve branches and separated from the otic

127

capsule. Bone fragments, debris and any remaining connective tissue were removed

128

from the surface of the ganglia. Ganglia from 2 litter-matched animals of either sex

129

were pooled together. Ganglia were then incubated at 37°C in L-15 medium solution

130

with 0.05% collagenase and 0.25% trypsin for 20-40 min, depending on age of the

131

animal. The ganglia were then washed in fresh L-15 solution, dissociated by triturating

132

through a series of polished Pasteur pipettes and allowed to settle onto 1%

133

polyethyleneimine-coated glass coverslips. Culture dishes contained bicarbonate-

134

buffered culture medium (minimal essential medium, Invitrogen), supplemented with 10

135

mM HEPES, 5% FBS, and 1% penicillin-streptomycin (Invitrogen) . The culture medium

136

was titrated with NaOH to a pH of 7.35. Cells were incubated for 16-24 hrs in 5%

137

CO2/95% air at 37°C. Short-term incubation tends to remove supporting and satellite

138

cells, clears debris from enzyme treatment, allows cells to adhere to the substrate, and
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139

promotes successful recordings as the animals entered the second post-natal week and

140

beyond.

141

Electrophysiology

142

Cells were viewed at 40x using an inverted microscope (Zeiss, Axiovert 135 TV)

143

fitted with Nomarski optics. A MultiClamp 700B amplifier, Digidata 1440 board, and

144

pClamp 10.7 software (MDS; RRID: SCR_011323) were used to deliver, record, and

145

amplify all signals. Recording pipettes were fabricated using filamented borosilicate

146

glass. Pipettes were fire polished to yield an access resistance between 4 and 8 MΩ.

147

Recording pipettes were coated with parafilm (Bemis Company Inc) to reduce pipette

148

capacitance.

149

The properties of ion channels were studied using perforated-patch methods.

150

The contents of the perforated-patch internal solution contained the following (in mM):

151

75 K2SO4 ,25 KCl, 5MgCl2 , 5 HEPES, 5 EGTA, 0.1 CaCl2 , and titrated with 1 M KOH to

152

a pH of 7.4 and an osmolality of ~260 mmol/kg. Amphotericin B (240/ml; Sigma-Aldrich)

153

was dissolved in DMSO and added to the perforated-patch solution on day of recording.

154

This allowed passage of small monovalent ions while preventing larger molecules from

155

dialyzing.

156

The series resistance was estimated using whole-cell compensation in voltage-

157

clamp and ranged between 8 and 35 MΩ. Although series resistance tends to be higher

158

in perforated patch than ruptured patch, the same cutoff value of 35 MΩ has been used

159

in our previous studies (Ventura and Kalluri, 2019). Series resistance was left

160

uncompensated and instead corrected off-line. In a subset of experiments, we applied

161

50% series resistance compensation to better understand the influence of series
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162

resistance to our IH measurements and found that off-line compensation produced

163

similar values and that series resistance was not a significant predictor of IH activation

164

(data not shown).

165

Recordings were made at room temperature (25-27°C) and in an external bath

166

continuously perfused with fresh oxygenated L-15 media. Perforated patch internal

167

solution had junction potentials of +5.0 mV, which was computed with JPCalc (Barry,

168

1994) as implemented by pClamp 10.7 and left uncorrected. Only recordings in which

169

the cell had formed a gigaOhm seal were used. Recording stability was monitored by

170

measuring resting potential, input resistance, series resistance and size of action

171

potential and significant fluctuations in these values within each experimental condition

172

was indicative of an unhealthy cell and/or compromised recording and was not included

173

in our dataset.

174

Pharmacology

175

10 or 100 µM solutions of the mAChR agonist oxotremorine-M (Oxo-M) were

176

prepared on the day of the experiment by dilution in L-15. The effect of Oxo-M on IH

177

was equally saturated at both doses (Average shift in IH V1/2 with 10 µM Oxo-M = 4.4 ±

178

0.8, n=4, 100 µM = 4.0 ±1.2, n=17, student t-test t(20)=0.16, p=0.8754, n=21).

179

Therefore, we pooled both concentrations for our statistical analyses. Figures include

180

Oxo-M concentration whenever relevant. In the experiments that used linopirdine, a 10

181

µM solution was prepared on the day of the experiment by dilution in L-15. Drugs were

182

applied via pressurized super-perfusion system (Warner Instruments). Measurements

183

of IH were made at least 5 min after exposure to any drug.
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184
185

IH activation parameters
We studied the voltage-dependent activation of IH using a voltage-clamp tail-

186

current protocol (Fig. 2). The protocol begins with a pre-conditioning voltage step, then

187

a 100 mV “tail-step” for 300 ms and finally returns to -60 mV for 100 ms. The pre-

188

conditioning voltage step is incremented by 5 mV to range between -135 and -40 mV. A

189

15 s delay was implemented between each step to allow enough time for HCN channels

190

to close completely before starting the next voltage step.

191

The HCN channel that carries IH opens very slowly and the voltage-dependent

192

activation of IH is sensitive to the length of the pre-conditioning hyperpolarization. We

193

chose to make all measurements with a 1.7s pre-conditioning step. Although even

194

longer steps would allow more current to activate and reach its true steady state, the

195

extreme hyperpolarization significantly increases the cell’s risk of dying during recording

196

(Ventura and Kalluri, 2019). Therefore, we chose the shorter duration step to allow us

197

to repeat the protocol in several pharmacological conditions.

198

The voltage-dependent activation of zH is characterized by plotting the currents

199

flowing during the tail step (Itail) against the pre-condition voltage (Vpre). These data

200

were fit with a Boltzmann function (Eq. 1):

201

𝐼𝑡𝑎𝑖𝑙 =

𝐼𝑚𝑎𝑥

𝑉1/2−𝑉𝑝𝑟𝑒
𝑘
)

+𝐶

(1)

1+(exp

202

where Imax is the maximum current measured during the tail, Vpre is the pre-conditioning

203

/ test voltage, V1/2 is the half-activation potential, k is the slope factor, and C is a

204

constant. Measurements of Itail were taken 100 ms into the tail step to avoid
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205

contamination from other low-voltage-gated currents, particularly during the most

206

positive voltage steps (-60 to -40mV).

207

The time course for IH current activation was estimated by fitting the current

208

evoked at the -135 to -70 mV pre-conditioning step with a single exponential. All fits

209

were obtained after a 60 ms delay from the start of the voltage step. Only fits with a

210

correlation coefficient ≥ 0.95 were retained. The τ value was used to estimate the time-

211

course of IH activation. Values greater than 5 ms, which were often observed at the

212

smallest voltage steps (± 10 mV), were discarded since these values greatly exceeded

213

our 1.7 s IH-testing protocol and cannot be assumed to be accurate. To estimate the

214

effect of Oxo-M on the voltage activation speed of HCN channels, the τ values across

215

multiple voltage steps were fitted with a simple exponential equation shown in Equation

216

2. This fit allowed us to account for the positive shift in voltage-activation range caused

217

by Oxo-M and quantify the extent to which the current activated fully at smaller voltage

218

steps. Only fits with a correlation coefficient ≥ 0.80 are included in figures and our

219

analyses. From this equation, we quantified the slope of the relationship between τ and

220

voltage-step as a single model parameter, α.

221

𝜏 = 𝛼 ∗ exp(0.05∗𝑉)

222

(2)

Analysis

223

General. All data were analyzed with pClamp 10 software (Clampfit; MDS

224

Analytical Technologies). Input resistance (Rin) was calculated from voltage changes in

225

response to a hyperpolarizing 10 or 20 pA step in current-clamp mode. The membrane

226

time constant (τm) was assessed by fitting a single exponential to the current transient

227

measured in response to a 5 mV depolarizing voltage step in voltage-clamp mode.
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228

Membrane capacitance (Cm) was calculated by dividing τm by the series resistance (Rs).

229

On-line calculations of Cm were verified off-line using the average of multiple

230

depolarizing steps recorded with whole-cell compensation turned off.

231

Statistical analysis was done with Origin Pro (OriginLab; RRID: SCR_014212)

232

and/or JMP Pro 13 (SAS Institute; RRID:SCR_014242). Statistical significance was

233

estimated with Student’s t test when variances were equal or with Welch’s t test when

234

variances were not equal. We used an ɑ level of 0.05 for all statistical tests. One-way

235

and two-way ANOVAs were applied followed by a post hoc Tukey’s HSD analysis, as

236

required, to drug condition and firing pattern on IH half-activation. Statistics are reported

237

as means ± SEM.
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238
239

Results
We present whole-cell, perforated-patch clamp recordings from cultured VGN of

240

rats aged post-natal day (P)9 to P22 (n = 81). Firing pattern was assessed in all

241

recorded cells, and IH was characterized in 48 of the 81 cells recorded in this study.

242

First, we describe the diversity of HCN current characteristics in VGN and its sensitivity

243

to recording conditions. Second, we test whether HCN channels in VGN are sensitive

244

to muscarinic signaling cascades using the muscarinic agonist Oxotremorine-M (Oxo-

245

M). Third, we characterize HCN channel sensitivity to muscarinic signaling cascades in

246

relation to cell type as defined by firing pattern and somatic size. Finally, we examine

247

the impact of muscarinic signaling cascades on firing patterns. Table I summarizes the

248

number of cells included in each analysis.

249

Diversity in the activation properties of HCN channels in the vestibular ganglion

250

We quantified the voltage-sensitive properties of IH using a voltage-clamp tail

251

protocol consisting of 1.7-s pre-conditioning steps from -135 to -35 mV in 5 mV

252

increments followed by a tail step to -100 mV (Figure 1A). The goal of the 1.7-s pre-

253

conditioning step was to activate the slowly-activating hyperpolarization-gated inward

254

currents conducted through the HCN channels. We assessed two properties of HCN

255

channel activation that are known to be modifiable: voltage sensitivity and rate of

256

activation.

257

The voltage dependence of IH activation is apparent when the magnitude of the

258

current measured during the tail step (-100 mV, arrow in Figure 1A top) is plotted as a

259

function of the pre-conditioning voltage step (arrow in Figure 1A bottom, circles in

260

Figure 1B). These current-voltage curves are sigmoidal in shape and fit a Boltzmann
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261

equation (dashed line in Figure 1B, see Equation 1 in methods). IH activation curves

262

derived from this protocol closely approximate those extracted by pharmacologically

263

isolating IH using HCN channel blockers like CsCl or ZD7288 (Ventura and Kalluri,

264

2019). To ensure adequate fitting, the stimulus range was adjusted in each cell to

265

ensure that the IH current saturated at the most negative potentials. Only Boltzmann

266

curves with correlation coefficients of 0.95 or greater were retained to ensure that the

267

voltage-activation properties were well described by the fit. The size of the maximum IH

268

current ranged from as large as 807 pA to as small as 33 pA (mean = 258.9 ± 24.0 nA,

269

SD = 166.4 n= 48). The maximum size of the IH current (Imax) varied with membrane

270

capacitance, which is an indirect measure of cell size (Limón et al., 2005). We found

271

that capacitance is bimodally distributed and we classified eleven VGN as large

272

according to previously established criteria of greater than 30 pF in capacitance (Cm)

273

(Almanza et al., 2012). Large VGN had larger maximum IH currents than small VGN

274

(large VGN maximum IH current = 449.9 ± 62.7 pA, n=11 small VGN maximum IH

275

current = 202.0 ± 16.1 pA, n=37, t(47)=14.6, p<.0001, total n=48). However, maximum

276

current density (Imax/Cm) was the same in both groups (t(47)=0.16, p=0.88, n=48) with

277

an average of 12.0 ± 0.81 pA/pF in all cells recorded. To account for the variability in the

278

size of IH currents, we normalized the current-voltage curves using Boltzmann fits to

279

compare the activation range from different cells (Figure 1C, example from Figure 1A

280

bolded). The voltage at which half of the IH current is active (V1/2) is indicated in Figure

281

1C as a dotted line. V1/2 ranged from as positive as -70 mV to as negative as -109 mV

282

(Average V1/2 = -95.5 ± 1.1 mV, n=48).
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283

The IH activation rate depends on the size of the pre-conditioning voltage step

284

with more negative steps activating the current more quickly than more positive steps.

285

To quantify the relationship between voltage and activation rate, we fit a single

286

exponential curve with a time constant (τ) to the IH trace during each of the long pre-

287

conditioning voltage steps (V) (blue curve overlaid on current response to -130 mV

288

hyperpolarizing step in Figure 1A). τ measurements were discarded if they greatly

289

exceeded the 1.7 s pre-pulse duration as they could not be assumed to be accurate

290

(see IH activation parameters in Methods). Figure 1D shows the relationship between τ

291

and the command voltage-steps, τ(V), in the same cell shown in Figure 1A. τ values

292

were smallest (i.e., IH activated more quickly) in response to the largest hyperpolarizing

293

steps while τ values were largest at the smallest pre-conditioning steps (± 10 mV). We

294

quantified the sensitivity of the IH activation rate to voltage by fitting τ(V) with an

295

exponential function with one free parameter, α (see Eq. 2 in Methods). α reflects the

296

steepness of τ(V) and therefore how quickly the channel activates across a range of

297

membrane potentials. In Figure 1D, the fit for the example cell is shown in the dashed

298

line. The exponential fits of τ(V) show that the rate of activation is voltage sensitive is

299

fastest (and τ is smallest) in response to the most hyperpolarized steps and is slower (τ

300

is larger) in response to pre-conditioning steps near or more positive than the half-

301

activation voltage. At potentials positive of V1/2, the reduced size of the IH current and

302

emergence of other currents makes it difficult to accurately characterize the kinetics of

303

IH in response to these voltage steps. Therefore, steps positive of -70 mV are excluded

304

from activation rate analyses (see IH activation parameters, Materials and Methods).
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305

We assessed IH voltage-sensitivity and whether VGN with more depolarized

306

activation ranges also have faster activation kinetics. Other studies have linked HCN

307

channel activation rate and voltage activation range since increased cAMP both shifts

308

the voltage-activation range in the depolarizing direction and increases the rate of

309

activation in VGN (Almanza et al., 2012; Ventura and Kalluri, 2019). τ(V) varied from

310

cell to cell; both in the maximal activation rate of IH and in its voltage-dependence

311

(Figure 1E, n=22). Figure 1E color-codes exponential fits according to the half-

312

activation voltage of IH (V1/2). and cells with more depolarized V1/2 (red) have smaller

313

values for τ(V) and faster activation rates than cells with hyperpolarized V1/2 (blue). To

314

quantify the covariance between V1/2 and activation kinetics, we plotted V1/2 against the

315

single parameter of our exponential fit, α (Figure 1F, see Eq. 2 in Methods). Larger

316

values of α correspond to τ values that more quickly increase (i.e., slower activation) as

317

the pre-conditioning steps approach the half-activation voltage. As illustrated in Figure

318

1F, α is inversely dependent on V1/2, which shows that HCN channel activation kinetics

319

are faster in cells that have a depolarized IH activation range.

320

There was significant cell-to-cell variability in the half-activation voltage (V1/2),

321

which was broadly distributed between -70.4 mV and -109.3 mV (mean = -95.5 ± 1.1

322

mV, SD = 7.4 mV, n=48). The range of V1/2 values seen here is broader than in previous

323

studies (Almanza et al., 2012; Ventura and Kalluri, 2019). These studies mostly

324

recorded cells using rupture-patch methods in which the intracellular composition is

325

subject to dialysis with the contents of the recording pipette. This dialysis may reduce

326

endogenous cell-to-cell variability since HCN channels are sensitive to the intracellular

327

of second messengers such as cAMP. Figure 1G and 1H illustrate the stability of V1/2 in
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328

an individual cell during recordings using perforated patch as compared to the instability

329

of V1/2 in a second cell using ruptured patch methods. In perforated patch, the

330

estimates of IH currents are stable over the duration of the recording session, both in

331

current magnitude and in V1/2 (Figure 1G). In contrast, there is considerable drift over

332

time in both the current magnitude and V1/2 when recordings were made in rupture-

333

patch (Figure 1H). In less than an hour, all four cells recorded using the ruptured patch

334

technique experienced a hyperpolarizing shift in the IH activation range, while the IH

335

activation range remained stable in all cells recorded using the perforated-patch

336

technique (Figure 1I). The remaining data are reported only for recordings made using

337

perforated-patch methods.

338

Activating muscarinic acetylcholine receptors depolarizes the activation range of

339

HCN channels via a KCNQ-independent mechanism

340

To test if activating muscarinic receptors influences the voltage-gated properties

341

of HCN channels, we measured the voltage activation of IH currents under different

342

pharmacological conditions (Figure 2A and Figure 2B). First, we characterized IH in a

343

control solution (Figure 2A.1 and Figure 2B.1). In some cells, we switched the bath

344

solution to contain Oxotremorine (Oxo-M; Fig. 2A.2), a muscarinic receptor agonist

345

known to close KCNQ channels in VGN by activating a G-protein coupled signaling

346

cascade. In other cells, we first added a KCNQ channel blocker, linopirdine (Lino; Fig.

347

2B.2) before switching to a cocktail containing both Lino and Oxo-M (Lino+Oxo-M; Fig.

348

2B.3). In order to maximize the number of successful recordings, we continued

349

recording from new cells after Lino, Oxo-M, or Lino+Oxo-M were introduced into the
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350

bath. In these not-naïve cases, a control-condition recording was not available for a

351

paired comparison before and after treatment.

352

Activating the muscarinic receptor via Oxo-M enhanced HCN channels by

353

shifting the activation range of IH in the depolarizing direction. Figure 2C shows the

354

voltage-activation of the IH current in control and drug conditions for the cell shown in

355

2A. The IH half-activation voltage, V1/2, is shown as a dotted line in Figure 2A. The

356

voltage-dependent activation of IH shifted in the depolarizing direction in 10 of the 12

357

cells tested, with one cell showing no change and another exhibiting a slight

358

hyperpolarizing shift (Figure 2D). The extent of the depolarizing shift was variable from

359

cell to cell; some cells saw a dramatic shift of as much as 6.3 mV while others had more

360

modest shifts. The overall effect on IH was a significant positive shift of 3.2 ± 0.7 mV

361

(Paired t-test, t(11)=4.78, p = 0.0006, n=12). This depolarizing shift was consistent

362

across the whole voltage range as the steepness of the fractional activation of IH (the

363

slope factor, k) was unaffected (kcontrol = 6.56 ± 0.37, kOxo-M = 6.44 ±0.18 mV, t(11)=0.32,

364

p=0.753, paired t-test). Therefore, Oxo-M induced a depolarizing shift in the voltage

365

activation range while the shape of the IH current’s voltage sensitivity remained

366

consistent.

367

We explored the mechanism of muscarinic enhancement of the IH current by

368

characterizing the involvement of the primary target of muscarinic signaling cascades in

369

VGN: KCNQ channels. Activation of mAChR is known to reduce potassium currents

370

carried by KNCQ channels (Pérez et al., 2009; Brown, 2010; Holt et al., 2017). To test

371

if directly blocking the KCNQ channels had a similar impact on the activation of HCN

372

channels as did the muscarinic agonist, we characterized IH activation with the KCNQ
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373

channel blocker linopirdine in the bath. Figure 2E shows the voltage-activation of the IH

374

current in control and drug conditions for the cell shown in 2B. We verified that

375

Linopirdine closed KCNQ channels by recording the change in the resting membrane

376

potential, which depolarized by 5.7 ± 1.2 mV (t(8)=19.6, p = 0.0022, paired t-test, n=9).

377

The activation range of IH did not change significantly after blocking KCNQ with

378

Linopirdine (ΔV1/2 = 0.61 ± 1.1 mV in the hyperpolarizing direction; t(6)=0.61, p = 0.61,

379

paired t-test, n=7; Figure 2D). While Linopirdine-alone had no effect on V1/2, the addition

380

of Oxo-M shifted IH in the depolarizing direction (F(2,13)=5.86, p=0.0149, repeated

381

measures ANOVA, post-hoc Tukey HSD, p = .0324) (Figure 2F). These results show

382

that Oxo-M shifts IH activation in the positive direction independently of its effect on

383

closing KCNQ channels. These results are consistent with the idea that mAChR

384

activation initiates second messenger cascades (e.g., cAMP or PIP2 ) that depolarize

385

the activation range of HCN channels. It remains to be determined which second

386

messengers are responsible for this effect. Since we found that linopirdine has no

387

effect on HCN channels, cells that received both linopirdine and Oxo-M are included in

388

the Oxo-M group unless otherwise noted.

389

mAChR agonists increase the speed of HCN channel activation

390

We next examined whether muscarinic signaling cascades affect the activation

391

rate of HCN channels. Since cells with more depolarized V1/2 also have faster activation

392

kinetics (Figure 1F), we assumed that muscarinic signaling cascades would increase

393

the rate of activation. However, variable expression of HCN channel isoforms that

394

control activation kinetics and cAMP sensitivity suggests that mAChR-responsivity vary

395

among vestibular afferents (Almanza et al., 2012). Therefore, variability in the
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396

sensitivity of the activation rate to muscarinic signaling cascades may reflect

397

endogenous heterogeneity in HCN channel isoform and / or second messenger

398

concentration within vestibular afferents.

399

Figure 3 shows evoked currents in a single cell before (Fig. 3A.1) and after Oxo-

400

M (Fig. 3A.2). To characterize the activation time course in each condition, we fit single

401

exponential curves to the currents evoked by voltage steps from -140 to -70 mV in 32

402

cells before and after adding Oxo-M to the bath. The time constants of these

403

exponential fits are shown as a function of command voltage in Figure 3C. τ(V) and

404

exponential fits to τ(V) in control condition are drawn with blue symbols and lines,

405

respectively. Red symbols and curves are for the Oxo-M condition. τ(V) is generally

406

smaller across all voltage steps (V) and is less sensitive to changes in voltage in Oxo-M

407

(red curves) than in control condition (blue curves) (Figure 3C). This trend is quantified

408

by comparing the parameter 𝛼from the fits to τ(V). Oxo-M reduced 𝛼 values by 21.4 ±

409

4.9%, which reflects a significant increase in activation rate (t(10)=-2.49, p=0.0322,

410

N=11, paired t-test).

411

We next considered whether the linear relationship between HCN channel

412

activation rate and range remains intact after Oxo-M depolarizes the voltage-activation

413

range of IH. Recall that in Figure 1F we described the correlation between V1/2 and α in

414

the control condition; cells with more depolarized V1/2 also had faster activation kinetics.

415

In Figures 3D.1 and 3D.2, we replot τ(V) in control and Oxo-M conditions with individual

416

curves colored according to V1/2 (blue to red as V1/2 becomes more depolarized). The

417

depolarizing shift in V1/2 by Oxo-M is evident in Figure D.2 by the decrease in number of

418

cells with hyperpolarized V1/2 -in blue and an increase in the number of cells with
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419

depolarized V1/2 in red. The overall diversity in V1/2 values was unaffected

420

(F(1,42)=0.0006, p=0.9802, Levene’s test, N=44). However, the activation rate is less

421

diverse after Oxo-M, which is reflected in the significant reduction in variability in the

422

activation-rate parameter 𝛼(F(1,42)=7.1294, p=0.0107, Levene’s Test, N=44). These

423

results show that the effect of Oxo-M was strongest in cells with slower IH kinetics, while

424

cells with HCN channels that activate more quickly were less affected. While this may

425

indicate that the effect of Oxo-M on the HCN channel activation rate is saturated in cells

426

with faster baseline activation rates, our results suggest that the muscarinic signaling

427

cascades affect the activation rate in some cells differently than others.

428

To assess how activating mAChR influences HCN channel kinetics in the broad

429

population of cells recorded, we next directly compared the correlation between IH

430

voltage-activation range and activation rate before and after Oxo-M. As described in

431

Fig. 1F, parameter α derived from the exponential fits to the voltage-activation range

432

measured by V1/2 quantifies this dependence. Figure 3E adds the linear correlation

433

between α and V1/2 in the Oxo-M condition. α is significantly dependent on V1/2 in both

434

the control and Oxo-M conditions (rcontrol(20)=-0.84, p<.0001,N=22, rOxo-M(20)=-0.68,

435

p=0.0005, n=22). However, the strength of the dependence between α and V1/2 is

436

weaker in Oxo-M, as indicated by the shallower slope of the linear regression. This

437

means that the IH activation kinetics in relatively slow cells may have been more

438

affected than the kinetics in cells that are relatively fast. This is particularly evident in

439

individual cells where IH was characterized in both control and Oxo-M conditions.

440

Figure 3F shows α in 10 cells that saw at least a 1 mV shift in V1/2. We found that only 2

441

cells saw a significant shift in both the activation range and speed of I H, while 8 cells
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442

reported shifts in the activation range only. Of the two cells that saw a large reduction in

443

the activation rate, both had voltage activation ranges that were relatively

444

hyperpolarized prior to mAChR activation (negative to -100 mV). These results show

445

that the effect of muscarinic signaling cascades on HCN channels in VGN may vary

446

depending on endogenous differences between cells such as cAMP concentration or

447

HCN channel isoform, although identifying the mechanism is beyond the current scope

448

of this article. In the following sections, we consider the extent to which HCN channel

449

sensitivity to muscarinic signaling cascades is correlated with two features that are

450

known to be heterogenous in VGN: depolarization-evoked firing patterns and cell size.

451

Vestibular ganglion neurons that differ in firing pattern and cell size also have

452

different HCN channel properties.

453

The goal of the following analysis was test if HCN channels properties and the

454

HCN current’s sensitivity to mAChR activation varied by VGN sub-groups. Two criteria

455

were used to classify VGN sub-groups: 1) cell size (as inferred from capacitance

456

measurements) and 2) firing patterns in response to current injection. We considered

457

whether IH properties may vary according to cell size because of the following: 1)

458

Afferents with larger cell bodies and axon diameter are more common in the central

459

region of vestibular epithelia (Lysakowski and Goldberg, 1997), 2) afferents that project

460

from the central regions are more likely to synapse with Type I hair cells with HCN

461

channels that mediate to non-quantal transmission (Leonard and Kevetter, 2002;

462

Contini et al., 2020) and 3) the HCN2 channel subunit, which is more sensitive to cAMP

463

than other HCN channel subunits, is selectively expressed in a subset of large VGN

464

(Almanza et al., 2012). We also assessed HCN channels in relation to firing patterns
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465

evoked in current-clamp mode. VGN with transient firing patterns are linked to irregular

466

afferents from the central region of the vestibular sensory epithelia due to their ability to

467

generate irregular firing patterns in response to pseudosynaptic stimuli (Kalluri et al.,

468

2010; Ventura and Kalluri, 2019). Given that HCN channels may play different roles in

469

afferents from the central and peripheral regions, these transients may also differ in

470

their HCN channel properties.

471

Defining vestibular ganglion neuron sub-groups based on firing patterns and cell size

472

VGN exhibit diverse responses to simple injections of depolarizing currents.

473

Previous work has established that this diversity is driven by varied expression of low

474

voltage-activated potassium channels (Iwasaki et al., 2008; Kalluri et al., 2010; Yoshimoto

475

et al., 2015; Hight and Kalluri, 2016). In response to depolarizing current injection, VGN

476

broadly show two distinct firing patterns: transient-firing or sustained-firing (Figure 4A).

477

We classified VGN as either transient-firing (N=40) or sustained-firing (N=41) according

478

to criteria described in Kalluri et al., 2010 and Iwasaki et al., 2008 (Iwasaki et al., 2008;

479

Kalluri et al., 2010). Transient-firing VGN produce a single action potential in response

480

to 200-ms current steps that reach or exceed spike threshold (Figure 4A.1, N=40). The

481

responses of sustained-firing VGN are more variable and can be divided into three

482

subgroups. Sustained-A neurons fire continuously throughout the current step (Figure

483

4B.1, N=5). Sustained-B neurons fire multiple action potentials (up to 9 in this study) that

484

increase in frequency at larger current steps (Figure 4C.1, n=26). Sustained-C neurons

485

fire a single action potential followed by voltage oscillations (Figure 4D.1 N=10). In

486

contrast to positive current steps, large negative current steps produced a sharp

487

hyperpolarization followed by a slow depolarization in all VGN. The resulting voltage ‘sag’
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488

is indicative of the activation of net inward currents through HCN channels (see arrow in

489

Figure 4A.1 through 4D.1). Figure 4E.1 shows the number of cells recorded with each

490

firing pattern. The largest firing pattern group in the age range of this study had Transient

491

firing patterns (N=40), while cells with Sustained-A firing patterns were rarely encountered

492

(N=5).

493

In disassociated VGN, membrane capacitance is an indirect measure of somatic

494

size (Limón et al., 2005). We measured capacitance (Cm) by first fitting a single

495

exponential to the transient current evoked by a 5-mV depolarizing step and measuring

496

the membrane time constant (τm). Cm was calculated by dividing τm by the series

497

resistance. On-line calculation of Cm was verified off-line using the average of multiple

498

depolarizing steps recorded with whole-cell compensation turned off. Consistent with

499

other studies, transient-firing VGN had higher capacitance than sustained-firing VGN

500

(Kalluri et al., 2010; Ventura and Kalluri, 2019 p.20). Figures 4A.2 through 4D.2 show

501

the distribution of cell size in VGN with different firing patterns. Figure 4E.2 shows that

502

the distribution of capacitance values in 65 recorded cells. The overall distribution is

503

bimodal with most cells having a Cm of 15 to 20 pF and another group of large cells

504

between Cm between 25 and 30 pF Cm. All large cells were classified as transient

505

except for one large cell with a sustained-A firing pattern. In the following sections, we

506

will classify VGN with capacitance values 30 pF or greater as large cells and those with

507

Cm < 30 pF as small, which is the same size classification criteria used in other studies

508

(Limón et al., 2005; Mercado et al., 2006; Almanza et al., 2012).
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509

The dependence of IH activation range and kinetics on firing pattern

510

Figure 5A shows three representative examples of IH current responses in VGN

511

with transient, sustained-A, sustained-B and sustained-C firing patterns. We recorded

512

whole-cell recording of IH properties in only one cell with a sustained-A firing pattern as

513

they are rarely found in this study’s age range, which spans the second and third post-

514

natal weeks (Kalluri et al., 2010; Ventura and Kalluri, 2019). The IH current densities of

515

in all firing pattern groups were not statistically different (Current density transient = 12.2

516

± 1.0 pA/pF, N = 29, sustained-A = 12.1 pA/pF, N=1, sustained-B = 12.0 ± 1.4, N=11,

517

sustained-C = 11.0 ± 3.2 pA/pF, N=7, F(3,47)=0.0850, p=0.9679). However, larger cells

518

had greater maximum currents to hyperpolarization (Imax). Cells with transient-firing

519

patterns had greater membrane capacitance (24.1 ± 1.8 pF) and Imax (285.8 ± 30.0 pA,

520

N=29). VGN with sustained-B firing patterns were similarly larger than cells with

521

sustained-C firing patterns (Cm Sustained-B = 20.1 ± 3.2 pF, N=11, Cm Sustained-C =

522

16.6 ± 2.0 pF, N=7) and had Imax (Imax Sustained-B = 256.2 ± 64.2 pF, N=11, Imax

523

Sustained-C = 156.3 ± 22.9 pF). The only cell with a sustained-A firing pattern that we

524

have IH data on was between transient firing VGN and sustained-B firing VGN in terms

525

of cell size and Imax (18.5 pF, 224.3).

526

We next tested whether cells with different firing patterns have different IH

527

voltage-activation ranges. In the example traces, the cell with the transient firing pattern

528

has a more depolarized IH voltage-activation range than the cells with sustained-A,

529

sustained-B or sustained-C firing patterns (Figure 5C). These examples are

530

representative of the relationship between firing pattern and IH voltage-activation range

531

with transient-firing cells having more depolarized IH voltage-activation range (transient
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532

V1/2 = -93.3 ± 1.0 mV, n = 29) than cells with sustained-C firing patterns (-103.0 ± 1.7,

533

n=7, firing pattern effect on V1/2 : ANOVA F(3,44)=3.86, p=0.015, ANOVA, Difference in

534

V1/2 between transient and sustained-C VGN: Tukey’s HSD, p=0.0084). However, only

535

about half of transient-firing VGN had IH voltage-activation ranges that were more

536

depolarized than cells with sustained-B or sustained-C firing patterns (Figure 5D).

537

Consistent with their more hyperpolarized V1/2, IH activated slower is sustained-C firing

538

neurons than in transient-firing neurons, although the latter group had considerable

539

variability. Two cells with the most depolarized IH voltage-activation range and fastest

540

kinetics in the study had sustained-B firing patterns.

541

We classified any cell with an IH activation range more positive than -95 mV as

542

an HCN-enhanced cell (Figure 5D, above horizontal dotted line). In Figure 5F, we

543

plotted the distribution of cell size. Different colored bars indicate the number of cells

544

with HCN-enhanced (yellow) or HCN-inactive (gray). HCN-enhanced cells were larger

545

on average than HCN-inactive cells regardless of firing pattern (Cm HCN-enhanced =

546

29.5 ± 2.3 pF, n=18; Cm HCN-inactive 17.5 ± 1.1 pF, N=30; t(47)=27.9, p<.0001). The

547

two HCN-enhanced, sustained-B firing VGN were significantly larger than all other

548

sustained-A, B and C-firing VGN in our sample. These results show that VGN large cell

549

size and transient firing patterns are two related features that correlate with IH voltage-

550

activation range. One possibility is that these large cells express HCN channel subunits

551

with greater sensitivity to cAMP as suggested in the preferential expression of the

552

HCN2 subunit in large cell bodies of the vestibular epithelia (Almanza et al., 2012).

553
554

We also tested whether cells with a depolarized IH activation range (HCNenhanced) have faster kinetics than cells in which the IH activation range is
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555

hyperpolarized (HCN-inactive). Note that the HCN-enhanced and HCN-inactive groups

556

contain a mix of both transient and sustained-firing cells. The time course of IH was

557

measured by fitting single-exponential curves to the IH currents elicited by voltage steps

558

between -130 mV and -70 mV. In Figure 5F, we plotted the exponent τ as a function of

559

voltage in HCN-enhanced cells (yellow closed squares) and HCN-inactive cells (open

560

gray triangles). The voltage-dependent relationship between the time course of IH

561

activation in HCN-enhanced and HCN-inactive cells were fit using an exponential

562

equation with a single parameter (Equation 2, See Materials and Methods). HCN-

563

enhanced VGN had faster IH kinetics than HCN-inactive VGN. Together, these results

564

underline the diversity in HCN channel properties and suggest that this diversity is

565

related to cell size and firing pattern. Given that perforated patch revealed this diversity

566

suggests that this technique may preserve intracellular factors such as cAMP that

567

depolarize the activation range of HCN channels in some VGN. These HCN-enhanced

568

VGN were mostly large and transient-firing, although small transient-firing and large

569

sustained-firing VGN were also included in this group.

570

Muscarinic modulation of IH shapes firing pattern in VGN with sustained-firing patterns

571

Given that VGN with different firing patterns and size also differ in their voltage-

572

dependent properties of IH at baseline, an important question is whether these

573

differences shape the sensitivity to mAChR activation. We first assessed the sensitivity

574

of firing pattern to mAChR activation in 6 cells that were tested in all three bath

575

solutions: control, linopirdine, and linopirdine plus Oxo-M. We selected three example

576

cells in which we saw differing degrees of responsiveness to Oxo-M. In each cell we

577

examined changes in the voltage activation range of IH, resting membrane potential
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578

(RMP) and step-evoked firing patterns. Figure 6A.1 shows an example of a large,

579

transient-firing cells in all three conditions. Although Oxo-M shifted the IH voltage

580

activation range by approximately 5 mV, the firing pattern was virtually unchanged after

581

adding linopirdine and after adding Oxo-M. The absence of an IH-mediated effect on

582

transient firing patterns is consistent with previous studies showing that in some

583

neurons transient-firing patterns are dominated by Kv1 mediated low-voltage activated

584

potassium channels that remain active after treatment with Oxo-M (Iwasaki et al., 2008;

585

Kalluri et al., 2010; Hight and Kalluri, 2016). We have previously shown that these low-

586

voltage activated potassium channels counteract the excitatory effects of HCN channel

587

activation in a model cell (Ventura and Kalluri, 2019).

588

In cells with sustained-B firing patterns, IKL is likely comprised in part by KCNQ

589

channels that are closed by Oxo-M and Lino (Kalluri et al., 2010). In this case, the lack

590

of inhibition by IKL may allow HCN channels to contribute to VGN firing patterns. Figure

591

6A.2 shows a Sustained-B with an IH voltage activation range that also shifted in the

592

depolarizing direction by 3-5 mV, but in this case the cell fired 5 spikes near threshold

593

after Oxo-M while only a single action potential was fired in control and lino conditions.

594

In some neurons, the resting potential of the neuron depolarized significantly in

595

the presence of Oxo-M. The cell shown in Figure 6A.3 saw the largest shift in IH

596

voltage-activation range after adding Oxo-M at ~11 mV. The depolarization from the

597

closure of KCNQ was so significant in this cell (from -66 mV to -49 mV) such that it was

598

unable to fire an action potential after the addition of linopirdine. The addition of Oxo-M

599

to the bath solution further depolarized the membrane potential (-43 mV). The inability

600

to fire an action potential presumably occurred due to sodium channel inactivation at
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601

this membrane potential since the cell fired successfully when held at -56 mV in both

602

lino and oxo-M conditions (dark gray and black traces, Figure 6A.3). When held at a

603

constant -56 mV, the cell fired slightly fewer spikes near threshold (7 spikes after lino

604

when compared to 6 spikes after Oxo-M). In this case, the depolarization of resting

605

membrane potential and the resulting sodium channel activation may have obscured

606

changes in firing pattern. In Figure 6B, we plotted the resting membrane potential in 8

607

cells as they transitioned between bath solutions with control, linopirdine, and linopirdine

608

and Oxo-M. Linopirdine and Oxo-M significantly depolarized RMP (F(2,14)=7.51,

609

p=0.0061) as the bath solution was switched; (RMPControl = -68.3 ± 1.9; after linopirdine

610

RMPLino = -59.9 ± 3.2 mV, p > .05, Tukey HSD) and then again after linopirdine and

611

Oxo-M (RMPLino+Oxo-M = -57.8 ± 4.4 mV, p > .05, Tukey HSD).

612

Next, we compared the relationship between cell size and IH half-activation

613

properties in cells from both control and Oxo-M conditions (Figure 6C). In the control

614

condition, cells with depolarized IH properties (V1/2 > - 95) tend to be larger cells. In

615

contrast, after Oxo-M there is no obvious relationship between cell size and IH voltage-

616

activation properties since the number of cells with depolarized IH properties is evenly

617

distributed among different sized cells. This suggests that the cells that are most-

618

sensitive to Oxo-M are the smaller cells. Given the relationship between cell size and

619

firing pattern, we next compared the activation properties of cells that received Oxo-M

620

or control within each firing pattern group (transient or sustained-A/B/C). Figure 6D

621

shows that the effect of Oxo-M on transient-firing VGN was less dramatic, as cells in

622

both control (V1/2: -93.5 ± 1.3 mV, n=21) and oxo-M conditions (V1/2: -92.7 ± 1.2 mV,

623

n=17) were almost equally depolarized. In contrast, VGN with sustained-A/B/C firing
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624

patterns, which also tend to be small cells, saw the largest differences between control

625

(-100.9 ± 1.1 mV, n=7) and Oxo-M conditions (-93.3 ± 1.7, n=9). Together, these

626

results suggest that the sensitivity of IH to muscarinic signaling cascades is dependent

627

on both cell size and firing pattern. This suggests that there is considerable

628

heterogeneity in either the intracellular factors and/or in HCN channel sub-units that

629

determine IH properties at baseline. For example, transient-firing VGN have depolarized

630

IH properties at baseline and may be saturated prior to any mAChR activation-induced

631

shift in V1/2. In contrast, the IH activation range in sustained-firing cells is hyperpolarized

632

with room to be depolarized via intracellular signaling pathways.

633

The powerful impact of activating HCN on top of closing KCNQ was apparent in a

634

handful of cells whose firing patterns were affected by Oxo-M in a way that was not

635

observed following linopirdine. The most striking example is shown in Figure 6E. A

636

sustained-B neuron in control conditions became spontaneously active after we applied

637

linopirdine (Figure 6E, gray). Though spontaneously active, the firing pattern showed

638

some burstiness as some spikes failed to fully form. The firing pattern remained

639

spontaneous when Oxo-M was added (Figure 6E, black). However, notice that there

640

were fewer failed spikes producing a striking increase in the regularity inter-spike

641

intervals (CVLino = 0.33, CVLino+Oxo = 0.06). In this case, Oxo-M induced the most regular

642

firing we’ve recorded in vitro and the CV value is comparable to the most regular

643

afferent firing patterns observed in vivo (Goldberg et al., 1990, Ventura and Kalluri,

644

2019). Therefore, the muscarinic receptor agonist, Oxo-M, boosted the regularity of

645

spiking to beyond that which resulted from simply closing KCNQ. This is likely the result

646

of enhancing IH due to the depolarization of HCN channel activation. This role of IH is
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647

akin to its famous role in promoting pace-making in other cells, including the heart

648

(Harvey and Belevych, 2003; DiFrancesco Dario, 2010).
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649

Discussion

650

An endogenous mechanism for depolarizing HCN channels

651

HCN channels are thought to contribute to vestibular afferent signaling by

652

promoting non-quantal transmission and regular spike-timing (Horwitz et al., 2014; Contini

653

et al., 2020). However, previous in vitro characterizations from isolated ganglion neurons

654

indicated that the HCN current, IH, is mostly unavailable for shaping vestibular neuron

655

activity (Hight and Kalluri, 2016) due to its hyperpolarized voltage activation range

656

(Chabbert et al., 2001; Almanza et al., 2012). In vitro experiments also show that the

657

activation range of HCN channels in vestibular afferents can be depolarized into a

658

physiologically useful range by artificially elevating the concentration of intracellular

659

second messengers like cAMP (e.g., Horwitz et al., 2014; Ventura and Kalluri 2019).

660

Such modulation of HCN can dramatically alter patterns of afferent activity in immature

661

neurons (Horwitz et al., 2014). Our results show cholinergic efferent inputs drive a

662

mechanism for naturally activating HCN channels. This would make more IH current

663

available for shaping afferent activity.

664

vestibular efferents are tonically active (Raghu et al., 2019), IH may be more available in

665

vivo than indicated by previous in vitro work. In summary, our results show that HCN

666

channels are targeted by the same muscarinic signaling cascades that are already known

667

to influence the firing rate of vestibular afferent neurons by closing KCNQ channels (Pérez

668

et al., 2009; Holt et al., 2017).

Given recent evidence that the cholinergic

669

G-protein coupled signaling cascades triggered by mAChR receptors affect the

670

availability of cAMP and PIP2 and accordingly the IH voltage-activation range (Robinson

671

and Siegelbaum, 2003; Pian et al., 2007). Whether mAChR activation upregulates

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.30.474193; this version posted January 1, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

672

intracellular cAMP or PIP2 depends on the receptor subtype, all five of which (M1 through

673

M5) are expressed in vestibular neurons (Li et al., 2007). Muscarinic acetylcholine

674

receptors that contain M1, M3 and M5 subtypes couple to the Gαq/11 G-protein and

675

activate the phospholipid, phosphatidylinositol-4,5-bisphosphate (PIP2) (Brown, 2010).

676

Activation of M1-receptors in expression systems depolarizes the IH activation range

677

through a PIP2-related mechanism (Pian et al., 2007). The M2 and M4 subtypes release

678

Gi/Go G-proteins that can either inhibit or stimulate cAMP activity. Increasing cAMP

679

concentration in VGN shifts the IH activation range in the positive direction (Almanza et

680

al., 2012; Ventura and Kalluri, 2019). Whether efferent modulation of HCN channels is

681

mediated by cAMP or PIP2 is unclear, but multiple signaling pathways may be involved

682

because VGN express diverse mAChR subtypes.

683

IH activation range in VGN is cell size and firing pattern-dependent

684

VGN are remarkably diverse in their cell size, discharge pattern and ion-channel

685

composition (Iwasaki et al., 2008; Kalluri et al., 2010; Almanza et al., 2012; Yoshimoto et

686

al., 2015; Hight and Kalluri, 2016; Ventura and Kalluri, 2019). Our results provide novel

687

insight into how these categories overlap with HCN channel properties, which we found

688

to be more variable than previously characterized. The half-activation voltage of IH ranged

689

from -70 mV to -109 mV. Previous studies did not find IH activation ranges near -70 mV

690

in VGN (Chabbert et al., 2001; Almanza et al., 2012; Yoshimoto et al., 2015; Ventura and

691

Kalluri, 2019). The likely difference between this and previous studies is that we used

692

perforated-patch methods to characterize IH (8 cells across two previous studies

693

compared to 48 cells in this study used perforated-patch; (Almanza et al., 2012; Ventura

694

and Kalluri, 2019).

Rupture-patch techniques used in previous studies cause the
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695

intracellular composition to dialyze with the contents of the recording pipette.

The

696

resulting time-dependent rundown in second messengers likely hyperpolarizes the

697

activation range of HCN and reduces the cell-to-cell variability in HCN channel properties

698

observed here.

699

Functional Significance

700

Efferent control of IH is significant because of the relevance of HCN channels to

701

two hallmarks features of vestibular afferent signaling, non-quantal transmission and

702

spike-timing regularity. HCN channels are believed to be essential for producing a form

703

of fast (non-quantal) transmission between vestibular hair cells and the calyceal synapses

704

of vestibular afferents (Contini et al., 2020). This ultrafast inward current is thought to

705

facilitate the rapid transmission of sensory information from hair cells to afferent neurons

706

(Gersdorff et al., 2020). Our results show that large VGN with transient firing patterns,

707

which likely include the somata of pure calyx afferents from the central zones of vestibular

708

epithelia (Kevetter and Leonard, 2012), have HCN channels that are naturally more

709

depolarized than HCN channels in small ganglion neurons. The more depolarized HCN

710

channels may therefore be important for supporting non-quantal transmission.

711

Modulation of non-quantal transmission

712

Efferent control of HCN channels has the potential to shape non-quantal

713

transmission in vestibular afferents. HCN channels provide the pathway for resistive

714

coupling between Type I hair cells and post-synaptic calyces (Yamashita and Ohmori,

715

1991; Songer and Eatock, 2013; Highstein et al., 2014; Contini et al., 2020). Resistive

716

coupling results when K+ released from type I hair cells accumulates in the narrow

717

synaptic cleft of the calyx and flows into the afferent through HCN channels (Goldberg,
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718

1996; Contini et al., 2020). The size of this current is proportional to the resting HCN

719

conductance on the inner face of the afferent. Efferent terminals synapse with the outer

720

face of the calyx (Lysakowski and Goldberg, 1997), which express muscarinic M1, M2,

721

M4 and M5 receptors (Li et al., 2007). To potentiate non-quantal transmission, mAChRs

722

on the outer face would have to shift the activation range of HCN channels on the inner

723

face of the calyx. Although it remains to be empirically tested, it is plausible for the

724

intracellular signaling cascades triggered by mAchR receptor activation to impact

725

remotely located HCN channels.

726

Dual impact of mAchR on KCNQ and HCN channels is necessary for promoting

727

regularity

728

The depolarizing currents of HCN channels are believed to be instrumental toward

729

generating the strikingly regular inter-spike intervals found in many vestibular afferents

730

(Horwitz et al., 2014; Yoshimoto et al., 2015). This is akin to HCN channels’ role in cardiac

731

pacemaking (DiFrancesco and Tromba, 1988). Evidence supporting this hypothesis is

732

that highly regular-spike patterns become more prevalent with post-natal development as

733

HCN channel expression grows and matures (Yoshimoto et al., 2015) and spike-timing

734

regularity is sensitive to pharmacological manipulation of HCN channel activity in neonatal

735

vestibular afferents (Horwitz et al., 2014).

736

Vestibular ganglion neurons containing low-voltage gated potassium currents

737

produce irregular-timed spike patterns in response to simulated synaptic currents (Kalluri

738

et al., 2010). Although HCN channels promote pace-making in other systems (Pape and

739

McCormick, 1989; DiFrancesco, 1993), their impact on vestibular afferent spike timing

740

likely depends on whether the afferent also expresses low-voltage activated potassium
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741

channels. HCN channels interact with low-voltage gated potassium currents in auditory

742

brainstem neurons to enhance phasic-firing (Oertel et al., 2000; Rothman and Manis,

743

2003; McGinley and Oertel, 2006; Cao and Oertel, 2011; Khurana et al., 2012). Similarly,

744

Ventura and Kalluri (2019) showed that HCN channels amplify transient firing in

745

disassociated vestibular ganglion neurons by shifting the membrane potential towards the

746

activation range of potassium channels (Ventura and Kalluri, 2019). Thus, HCN channels

747

enhance transient-spiking and irregular-timed spiking in neurons that contain IKL, even

748

when the HCN channel activation is depolarized by artificially increasing the intracellular

749

concentration of cAMP (Ventura and Kalluri, 2019). In a model, Ventura and Kalluri

750

(2019) demonstrated that HCN channels could only promote regular-timed firing in

751

simulated neurons that don’t have IKL.

752

Most mature vestibular ganglion neurons are likely to have some IKL due to the

753

upregulation of KCNQ channels with maturation (Rocha-Sanchez et al., 2007). This

754

suggests that a developmental upregulation of HCN channels alone is unlikely to account

755

for an increase in the prevalence of regular spiking with maturation. However, since

756

vestibular efferent neurons are believed to be tonically active (Sadeghi et al., 2009; Raghu

757

et al., 2019), the simultaneous closure of KCNQ channels and enhancement of HCN

758

channel activation via the muscarinic receptor cascade provides a plausible scenario for

759

promoting highly-regular firing.

760

Our results suggest that spike-timing regularity may not be a fixed property for all

761

vestibular neurons, but dynamically regulated by efferent inputs. Efferent activity may

762

promote ion channel configurations that favor both regular and irregular spike-timing,

763

depending on the balance between low-voltage gated potassium currents and the
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764

activation range of HCN currents. Simultaneously closing KCNQ and enhancing HCN

765

channels would promote regular-timed spiking. This means that some neurons may be

766

capable of firing at both regular and irregular intervals depending on the strength of the

767

efferent input. Spike-timing regularity may be less flexible in other neurons if they contain

768

low-voltage gated potassium channels (such as Kv1) that are not easily closed by

769

activating mAChR signaling (Iwasaki et al., 2008; Kalluri et al., 2010). The closure of

770

KCNQ and enhancement of IH would increase firing rate, but Kv1 mediated currents would

771

still drive transient-spiking in response to injected current steps and produce irregular

772

firing patterns in response to synaptic drive (as predicted by modeling, Ventura and

773

Kalluri, 2019). Thus, efferent-mediated modulation is likely to be more nuanced than

774

previously appreciated because of its dual impact on two ion channel groups known to

775

shape features of vestibular afferent excitability and timing.
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789

Table I.
Data
Collected

Firing
Pattern

IH Voltage
Activation
Range

HCN
Channel
Activation
Rate

790

Control (n)

Linopirdine (n)

Oxo-M (n)

Linopirdine
+ Oxo-M (n)

Total n = 81

Total n = 10

Total n = 21

Total n = 12

Transient
(n=40),
Sustained-A
(n=5),
Sustained-B
(n=26),
Sustained-C
(n=10)

Transient (n=5)
Sustained-A
(n=1),
Sustained-B
(n=3),
Sustained-C
(n=1),

Transient (n=13)
Sustained-B
(n=1),
Sustained-B
(n=6),
Sustained-C
(n=1),

Transient
(n=4)
Sustained-A
(n=1),
Sustained-B
(n=4),
Sustained-C
(n=3),

Total n = 48

Total n = 10

Total n = 21

Total n = 12

Transient
(n=29),
Sustained-A
(n=1),
Sustained-B
(n=11),
Sustained-C
(n=7)

Transient (n=5)
Sustained-A
(n=1),
Sustained-B
(n=3),
Sustained-C
(n=1),

Transient (n=13)
Sustained-B
(n=1),
Sustained-B
(n=6),
Sustained-C
(n=1),

Transient
(n=4)
Sustained-A
(n=1),
Sustained-B
(n=4),
Sustained-C
(n=3),

Total n = 22

Total n = 3

Total n = 16

Total n = 6

Transient
(n=14)
Sustained-B
(n=5),
Sustained-C
(n=3),

Transient (n=1)

Transient (n=10)

Sustained-B
(n=2)

Sustained-A
(n=1)

Transient
(n=2)

data not shown

Sustained-B
(n=5)

Sustained-A
(n=1)
Sustained-B
(n=3)
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791

Figure Captions

792

Figure 1. VGN have HCN channels with diverse voltage-gated activation

793

properties. A. Currents activated from voltage-steps from -130 to -70 mV in a single

794

cell. A single-exponential fit in blue is overlaid on the current response to each pre-

795

conditioning step (example exponential fit is shown in blue). B. IH activation measured

796

as the magnitude of the tail current (arrow head in A, top) as a function of the pre-

797

conditioning voltage step (arrow head in A, bottom). IH activation curves were fit by

798

Boltzmann function from Eq. 1 of the methods (dotted curve) C. IH activation curves fit

799

by Boltzmann function are then normalized to the maximum conductance of IH. Gray

800

curves show the activation curves measured in 48 cells, bold curve shows the activation

801

curve for cell shown in A and B. D. Current responses were fit with an exponential line

802

(Exponential fit of current response to -130 mV step is shown in blue in A). The time

803

constant τ from the exponential fits of the cell shown in A are plotted with the voltage-

804

step on the x-axis. A single-parameter exponential described in Eq. 2 of the methods

805

was used to fit the τ value / voltage relationship in this cell (dotted line). F. Fits of the τ

806

value / voltage relationship for each cell. Points and lines are color-coded according to

807

the V1/2 of each individual cell, with the most depolarized V1/2 values in red and the most

808

hyperpolarized V1/2 values in blue. J. The 𝛼parameter, which describes the steepness

809

of the fits in IH activation rate, are shown for each cell plotted against the V1/2 of IH.G.

810

Tail currents from a single neuron assessed at three different time points using the

811

perforated patch technique. H. Tail currents from a different single neuron assessed at

812

two different time points using the rupture patch technique. I. Shift in the half-activation

813

voltage of IH (V1/2) after short (10-20 mins) and long (21-40) intervals.
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814

Figure 2. Activation of muscarinic acetylcholine receptors depolarizes the

815

voltage-activation range of IH. A. Currents activated from voltage-steps from -135 to -

816

60 mV in a single before and after Oxo-M (A.1 and A.2) and in a single cell in control,

817

linopirdine, and linopirdine and Oxo-M conditions (B.1, B.2, and B.3). C and E show

818

data from the individual neuron shown in A and B, respectively. C. IH activation curves

819

were fit by Boltzmann function and the fractional activation of IH plotted as a function of

820

the pre-conditioning voltage step before (light gray) and after Oxo-M (black). D. Each

821

point represents a single V1/2 measurement with lines connecting each cell before

822

(square) and after Oxo-M (circle). The average shift of all cells is drawn in bold. V1/2 in

823

10 of 12 neurons shifted in the depolarized direction (* = p = 0.0018, paired t-test). E. IH

824

activation curves were fit by Boltzmann function and the fractional activation of IH plotted

825

as a function of the pre-conditioning voltage step in control (light gray), linopirdine (dark

826

gray) and after Oxo-M (black). F. Each point represents a single V1/2 measurements at

827

baseline (square), after linopirdine (circle) and then after administration of both

828

linopirdine and Oxo-M (triangle). The average shift of all cells is drawn in bold.

829

Linopirdine had no effect on V1/2, while the cocktail containing linopirdine and Oxo-M

830

shifted the activation range in the depolarizing direction (* = p = .0324, Tukey’s HSD).

831

Figure 3. mAChR agonists increase the rate of HCN channel activation. A.

832

Currents activated from voltage-steps from -130 to -70 mV in a single cell in control-

833

solution (A.1, black) and in Oxo-M (B.2, red). B. the time constant τ derived from fits to

834

whole cell currents is plotted as a function of the command voltage-step (V). A single-

835

parameter exponential described in Eq. 2 of the methods was used to fit the τ(V) for

836

each cell. τ(V) recorded in the control condition are shown in blue and cells from the
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837

Oxo-M condition are shown in in red. C. α from equation 2 is plotted for each cell before

838

(blue square) and after Oxo-M (red triangle). Thin lines connect individual cells. The

839

bold line indicates the average change in α. Oxo-M increased the activation rate of IH

840

as indicated y the reduction in α (* p=0.0309). D.1. τ(V) in control solution. D.2. τ(V)

841

in Oxo-M. Points and lines are color-coded according to V1/2, with the most depolarized

842

V1/2 values in red and the most hyperpolarized V1/2 values in blue. E. α values plotted

843

against the V1/2 of each cell on the x-axis in control (black) and Oxo-M (red) conditions.

844

Straight lines represent linear regression and 95% confidence interval estimates of

845

control and Oxo-M groups in black and red, respectively. F. α and V1/2 measurements

846

pairs from individual cells tested before (black) and after (red) Oxo-M administration.

847

Arrows are drawn between two data points in each cell. Linear regressions in from 2E

848

are shown in dotted lines in 2F.

849

Figure 4. Vestibular ganglion neurons are heterogenous with different

850

firing patterns in response to depolarizing current steps. Large hyperpolarizing

851

current steps produce a voltage sag (arrow) driven by the hyperpolarization-activated

852

mixed cationic current (IH). Scale bars in are consistent throughout all traces.

853

Depolarizing current steps are the closest 20 pA current step to threshold in each trace.

854

A.1 Transient-firing neurons fire a single action potential at the onset of suprathreshold

855

depolarizing current steps. The amplitude of the positive current step necessary to

856

reach threshold is shown below each trace and the dashed line indicates -60 mV. A.2.

857

Size was measured from membrane capacitance (Cm). The size distribution of

858

transient-firing neurons is bimodal with approximately 1/3 of all transients classified as

859

large (> 30 pF). B.1. Sustained-A neurons fire continuously throughout the current
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860

step. B.2. Sustained-A firing neurons are mostly smaller than transient-firing VGN with

861

3 of the 5 cells recorded with a Cm less than 30 pF. C.1 Sustained-B neurons fire

862

multiple action potentials after the onset of the depolarizing current steps and are

863

rapidly-adapting. C.2. Cells with sustained-B firing patterns varied from large to small

864

but were no average smaller than transient-firing neurons. D.1. Sustained-C neurons

865

fire a single action potential followed by voltage oscillations. D.2. All sustained-C

866

neurons were in the

867

against age in post-natal days. Transients are shown as blue triangles (n=40),

868

sustained-A as gray asterisks (n=5), sustained-B as red squares (n=26), and sustained-

869

C as green circles. E.2. Firing pattern of all 81 cells according to their size as

870

measured by Cm.

- small size group. E.1. firing patterns in all cells (n=81) plotted

871

Figure 5. Heterogeneity of IH activation properties as a function of firing

872

pattern and cell size. A. Currents activated from voltage-steps from -135 to -60 mV

873

followed by a -100 mV tail step from four representative different neurons with different

874

firing patterns. Vertical gray line indicates where tail currents are measured. B-C and E

875

show data from the individual neurons shown in A. Large transient-firing is shown in

876

A.1, sustained-A in A.2, sustained-B in A.3, and sustained-C in A.4. Note that the

877

sustained-A example shown in A.2. is the only cell in this group. In same neurons, B.

878

tail-currents and C. IH activation curves fit by Boltzmann function and normalized to the

879

maximum conductance of IH are shown. D. Violin-plots and individual data points on a

880

normal distribution of V1/2 of IH in each firing-pattern group are shown. V1/2 is more

881

depolarized in transient-firing neurons than sustained-C neurons (* p=0.0084, Tukey’s

882

HSD). Cells in which the V1/2 of IH was positive of -95 mV were designated as HCN-
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883

enhanced (gold area of graph) and cells with IH activation ranges more negative than -

884

95 mV were grouped as HCN-inactive (grey area of graph) E. A single-exponential was

885

fit to each pre-conditioning step from -135 to -70 mV from cells in each firing pattern and

886

the time constant τ from each step is plotted as a function of voltage. Cells with

887

transient firing patterns are shown in blue triangles, sustained-A in gray asterisks,

888

sustained-B in red squares and sustained-C in green circles. F. Cm distribution in

889

transient-firing (top) and sustained-A, B, and C firing (bottom) cells. The number of cells

890

classified as HCN-enhanced is shown in the histogram in gold while cells defined as

891

HCN-inactive are shown in gray. Overlap between HCN-enhanced and HCN-inactive in

892

the distribution of Cm measurement is shown as grey and gold stripes. G. τ constant in

893

all cells are shown as either HCN-enhanced (gold squares, n=18) or HCN-inactive (gray

894

triangles, n=30).

895

Figure 6. Heterogeneity in the impact of activation mAchR on firing

896

patterns. A.1. Large transient-firing cell that saw no change in firing pattern despite a

897

moderate positive shift in IH activation range, A.2, Sustained-B with moderate effect,

898

A.3. Sustained-B with large effect. Voltage response are shown in a stacked array

899

separated by 10 mV. Dashed horizontal-line drawn at -60 mV in all three cells Traces

900

are shown at baseline control (light grey), after linopirdine (dark grey) and after

901

linopirdine and oxo-M (black). Note the cell in A.3. was held at -59 mV in both lino and

902

lino+oxo conditions B. Resting membrane potential is plotted for each cell before

903

(square), after linopirdine (circle), and after linopirdine and oxo-M (triangle). Thin lines

904

connect individual cells. The bold line and red data points indicates the average change

905

RMP in each condition. Both lino and lino+oxo-M significantly depolarized RMP relative
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906

to control (p>.05, Tukey HSD). C. The voltage-activation ranges of IH in small,

907

sustained-firing VGN were most sensitive to mAChR activation. Cm distribution in

908

control (left) and Oxo-M conditions. Bars are color coded for IH V1/2 values more

909

positive (HCN-enhanced, gold) or negative (HCN-inactive, gray) than -95 mV. Overlap

910

of HCN-enhanced and HCN-inactive distributions are shown as gold and gray stripes.

911

Note the increase in yellow on the distribution of small cells in the Oxo-M condition. D.

912

Cm distribution in transient-firing (top) and sustained-A, B or C-firing (below) cells in

913

control (left) and oxo-M (right) conditions. Note that only 1 sustained-firing cell is

914

classified as HCN-enhanced in the control condition, while approximately of the

915

sustained-firing VGN are classified as control after Oxo-M. E. Spontaneous-firing in the

916

cell shown in A.3 a in the presence of linopirdine alone (Gray thick trace) and in the

917

presence of linopridine and Oxo-M (Black thin trace). Note the reduction in spike failure

918

and the increase in the regularity of spikes after Oxo-M is added to the bath. Cell was

919

not spontaneously active in the control condition. RMP in control condition is shown as

920

a dotted horizontal line. This increase in regularity is reflected in the decrease in

921

coefficient of variability (CV) from 0.33 after Lino to 0.06 after Lino+Oxo, which is similar

922

to regular firing observed in vivo.
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