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ABSTRACT  

 

Vestibular nerve afferents are divided into regular and irregular groups based on the variability 

of interspike intervals in their resting discharge. Most afferents receive inputs from bouton 

terminals that contact type II hair cells as well as from calyx terminals that cover the basolateral 

walls of type I hair cells.  Calyces have an abundance of different subtypes of KCNQ (Kv7) 

potassium channels and muscarinic acetylcholine receptors (mAChRs) and receive cholinergic 

efferent inputs from neurons in the brainstem. We investigated whether mAChRs affected 

membrane properties and firing patterns of calyx terminals through modulation of KCNQ 

channel activity. Patch clamp recordings were performed from calyx terminals in central regions 

of the cristae of the horizontal and anterior canals in 13 – 18 day old Sprague-Dawley rats. 

KCNQ mediated currents were observed as voltage sensitive currents with slow kinetics 

(activation and deactivation), resulting in spike frequency adaptation so that calyces at best fired 

a single action potential at the beginning of a depolarizing step. Activation of mAChRs by 

application of oxotremorine methiodide or inhibition of KCNQ channels by linopirdine 

dihydrochloride decreased voltage activated currents by ~30%, decreased first spike latencies 

by ~40%, decreased spike thresholds by ~50%, and resulted in continuous firing during 

depolarizing steps. Interestingly, some of the calyces showed spontaneous discharge in the 

presence of these drugs. Together, these findings suggest that cholinergic efferents can 

modulate the response properties and encoding of head movements by afferents.  

 

 

 

 

Keywords 
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INTRODUCTION  

 

Vestibular sensors in the inner ear detect head movements and provide information that is 

carried by vestibular nerve afferents to the vestibular nuclei (VN) in the brainstem. The afferents 

are divided into regular (tonic) and irregular (phasic) groups based on the variability in interspike 

intervals of their resting discharges [1]. The most irregular afferents innervate the central 

regions of the sensory epithelium and have a specialized afferent terminal – the calyx – that 

covers the basolateral walls of one group of hair cells (type I) in adult amniotes [1, 2]. 

Interestingly, in squirrel monkeys and chinchillas, it has been shown that calyx terminals 

occasionally receive inputs from type II hair cells on their outer surface (with a 40:1 ratio of inner 

to outer surface ribbon inputs) [3]. The most regular afferents innervate the peripheral region of 

the epithelium by bouton terminals that contact another group of hair cells (type II). However, 

the majority of afferents innervate both type I and type II hair cells throughout the epithelium. 

The firing regularity of these ‘dimorphic’ afferents is correlated with the number of bouton 

terminals: those with fewer bouton terminals have higher irregular resting discharges [4, 5]. 

Irregular afferents innervating the semicircular canals have phasic properties and encode faster 

head movements, while their regular counterparts have tonic properties and provide detailed 

information about head movements, with lower detection thresholds [6].  Irregular afferents, as 

part of the phasic vestibular pathway (which also includes VN neurons) have been associated 

with vestibular compensation and adaptation [7-9].  

 

Vestibular periphery of almost all vertebrates receives efferent inputs from neurons in the 

brainstem [10, 11].  In mammals, the net effect of efferent stimulation is an increase in resting 

discharge and a decrease in sensitivity of afferents, with a stronger effect on irregular afferents 

[11-13]. Both nicotinic (nAChR) and muscarinic (mAChR) acetylcholine receptors are expressed 

in the vestibular periphery [14-16] and mediate the fast [17] and slow components [18] of 

efferent mediated responses, respectively. Recent studies in knockout mice for CGRP [19] or α9 

nAChR [20, 21] have shown defective VOR responses during high frequency rotations, 

suggesting that efferents are required for normal function of irregular afferents / phasic pathway.  

Furthermore, in vitro activation of mAChR in vestibular (Scarpa’s) ganglion neurons increases 

their firing rates during depolarization [22]. Systemic application of mAChR agonist in vivo also 

results in an increase in the response of vestibular nerve afferents [23].  
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In other brain areas, it has been shown that typically, the effect of mAChRs is mediated through 

inhibition of KCNQ potassium channels (i.e., M-currents) through a G-protein mediated pathway 

[24-26].  KCNQ potassium channels are one of the major contributors to the conductances 

observed in calyx terminals and play a role in setting the regularity of the resting discharge in 

vestibular ganglion neurons [27-35]. Four of the five KCNQ subtypes are expressed in the 

nervous system (KCNQ2 – KCNQ5 or Kv7.2 – Kv7.5) [24-26, 36] and all four are also present in 

the vestibular periphery [31, 37, 38]. Modulation of KCNQ channels have been shown to affect 

neuronal response properties in different brain areas: vestibular ganglion neuron somas [22, 

27], sympathetic neurons [39], dorsal root ganglia [40, 41], sensory Aδ and C-fiber peripheral 

endings [42, 43], peripheral baroreceptor afferents [44], and CA1 pyramidal neurons [45, 46]. 

Decrease in the current and / or activation and deactivation rates of KCNQ channels result in a 

decrease in spike frequency adaptation and an increase in excitability of neurons, a decrease in 

their firing threshold, and induction of spontaneous discharge (mainly attributed to the 

expression of KCNQ channels near the axonal spike generation zone) [47-51].  

 

While the above previous studies on the function of mAChR and KCNQ channels in the 

vestibular periphery are informative, they also have some limitations or may differ from those in 

mammals.  First, these studies have been performed on the soma of ganglion cells, which do 

not receive cholinergic efferent inputs and the effect of drugs in this area is an indirect indication 

of efferent-mediated effects on afferent terminals. Second, most ganglion cell receives inputs 

from many calyx and bouton terminals, which might be differentially affected by mAChRs 

activation. Finally, systemic application of KCNQ antagonists also affects K+ recycling in the 

inner ear [36], which can indirectly affect the vestibular function. One study that shows a link 

between mAChR and slow efferent-mediated changes in afferent firing rate has been performed 

in turtle [18]. Recordings from a group of turtle vestibular afferents that only have calyx terminals 

was used for this purpose. However, as mentioned above, most afferents in mammals receive 

inputs from both type I and type II hair cells and their properties therefore might differ from those 

in the turtle. In the present study, we used patch clamp recordings from calyx terminals to 

directly investigate whether mAChR activation affected their membrane properties in rats. We 

found that application of oxotremorine methiodide (oxo-M), a mAChR agonist resulted in 

attenuation of voltage sensitive currents and enhancement of excitatory membrane properties, 

similar to what has been observed by inhibition of KCNQ channels. Additionally, the oxo-M 

effect could be completely blocked by KCNQ channel antagonists. Typically, under in vitro 

conditions, most calyces in the central regions of the neuroepithelium display no spontaneous 
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firing and only fire a single action potential during step depolarizations [52, 53].  In the presence 

of mAChR agonist, calyces fired many action potentials during step depolarizations, most likely 

due to inhibition of KCNQ channels and decreased spike frequency adaptation. Interestingly, 

some of the calyces even developed spontaneous activity in the presence of mAChR agonist. In 

addition, calyces fired action potentials in response to smaller step depolarizations (i.e., 

decreased AP threshold), with decreased first spike latencies. Similar results were observed 

with application of KCNQ antagonist linopirdine dihydrochloride. Our findings suggest that 

without mAChR activity, calyces cannot respond to stimuli due to open KCNQ channels and the 

resultant high spike frequency adaptation, a finding supported by our previous in vivo findings 

[54]. We propose that through activation of mAChRs, cholinergic efferent inputs provide the 

means for changing membrane properties of calyx terminals and consequently, spontaneous 

activity and response properties of irregular afferents.  

 

MATERIALS AND METHODS 

Animals 

All procedures were approved by the Institutional Animal Care and Use Committee of the State 

University of New York at Buffalo, Buffalo, NY and the Johns Hopkins University, Baltimore, MD,  

and carried out in strict accordance with the recommendations in the Guide for the Care and 

Use of Laboratory Animals of the National Institute of Health. Fifty seven Sprague-Dawley rats 

(Charles River Laboratories), 13 to 18 day old and of either sex were used for the experiments.   

 

Tissue preparation 

Dissection of the end organ and tissue preparation were performed as described previously 

[52]. Briefly, rats were deeply anesthetized by isoflurane inhalation and decapitated. The bony 

labyrinth was then removed and placed in extracellular solution. Under the microscope, the 

bone was opened over the ampullae of the horizontal and anterior canals and the utricle. The 

membranous labyrinth containing the horizontal canal, anterior canal, the utricle, and the 

Scarpa’s ganglion was taken out of the bone. The top of the membranous labyrinth was opened 

to expose the neuroepithelium of the two cristae and the utricle. It is important to note that while 

efferent terminals are present in this preparation, efferent fibers are cut and separated from their 

somata located in the brainstem[52, 53]. These efferent fibers and terminals can be stimulated 

by electrical or optogenetic stimulation [55]. Note that while the drugs applied in the current 

study can potentially affect these efferent terminals, this will not affect our conclusions. 

Furthermore, there is currently no evidence that mAChR exist on efferent terminals.  
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Electrophysiology recordings 

The preparation was secured under a pin on a coverslip, transferred to the recording chamber, 

and perfused with extracellular solution at 1.5 -3 ml/min. The extracellular solution contained (in 

mM): 5.8 KCl, 144 NaCl, 0.9 MgCl2, 1.3 CaCl2, 0.7 NaH2PO4, 5.6 glucose, 10 HEPES, 300 

mOsm, pH 7.4 (NaOH). The intracellular solution contained (in mM): 20 KCl, 110 K-

methanesulfonate, 0.1 CaCl2, 5 EGTA, 5 HEPES, 5 Na2 phosphocreatine, 4 MgATP, 0.3 Tris-

GTP, 290 mOsm, pH 7.2 (KOH).  To perform patch-clamp recordings, tissue was visualized with 

a 40x water-immersion objective, differential interference contrast (DIC) optics (Examiner D1 

Zeiss microscope), and viewed on a monitor via a video camera (optiMOS, Qimaging). Patch-

clamp recording pipettes were fabricated from 1 mm inner diameter borosilicate glass capillaries 

(World Precision Instruments, item# 1B100F-4). Pipettes were pulled with a multistep horizontal 

puller (P-1000, Sutter), coated with Sylgard 184 (Dow Corning) and fire polished. Pipettes were 

filled with the internal solution and at the beginning of each experiment, resistances were 

measured in voltage clamp during a depolarizing 10 mV step (from -79 mV) with the tip of the 

electrode submerged in the extracellular solution. Electrodes typically had resistances of 5-10 

MΩ. All recordings were performed at 23 – 25 °C (room temperature). Application of drug 

solutions was performed (VC-6 channel valve controller, Warner Instruments, Hamden, CT) 

using a gravity-driven flow pipette (~100 μm tip diameter) placed near the recorded calyx (~200 

m). The above solutions result in a liquid junction potential of −9 mV [52], which is corrected for 

voltages presented in figures and text. Drugs were dissolved daily in the extracellular solution to 

their final concentrations from frozen stocks.  Agonist of mAchR, Oxotremorine-M (Oxo-M) (20 

µM) and KCNQ antagonist Linopirdine (20 µM) [56] were purchased from Tocris. We used 

concentrations higher than the usual 10 µM for Linopirdine [27, 37] and Oxo-M [22] in order to 

get larger effects more consistently in larger number of recordings.   

 

Experiment protocol 

Whole cell patch clamp recordings were performed from calyx afferent terminals in the central 

region of the cristae of either anterior or horizontal canals. All measurements were acquired 

using pCLAMP 10 software in conjunction with a Multiclamp 700B amplifier (Molecular Devices), 

digitized at 50 kHz with a Digidata 1440A, and filtered at 10 kHz.  

 

Calyces were identified as thickenings around type I hair cells, which were identified by their 

typical morphology [52]. Membrane capacitance and series resistance were electronically 
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compensated during recordings (correction and prediction circuits set to 75 – 80% with a 

bandwidth of 10 – 15 kHz). To have a uniform initial condition, cells were held at a holding 

potential of −79 mV, which was slightly hyperpolarized compared to rest and resulted in holding 

currents of < 200 pA (on average: 127 ± 15 pA). Since our experiments lasted ~20 min and whole 

cell currents can change over time [37], all data were collected 5-7 min after the membrane was 

ruptured for whole cell recording to minimize time dependent changes. For drug applications, 

data were collected 9-12 min after start of application to have consistently stable, significant and 

reliable effects (see Results and Fig. 4).   

 

During voltage clamp recordings, a voltage step protocol was used (Fig. 1A), which consisted of 

an initial holding potential of −79 mV (100 ms), a hyperpolarizing step to -129 mV (100 ms), 20 

mV steps between −129 and +11 mV (300 ms), and return to holding potential of -79 mV.  As 

previously described [37, 52, 53, 58], calyx recordings exhibited (1) large Na+ inward currents 

corresponding to action potentials, at the beginning of depolarizing steps (starting at -69 mV or -

49 mV; average: -62.6 ± 3.3 mV) with amplitudes of several nA, (2) delayed rectifier type 

outward currents during depolarizing voltage steps (mainly due to KCNQ activation), (3) slowly 

deactivating currents during the initial hyperpolarizing step (mainly due to KCNQ deactivation), 

and (4) hyperpolarization-activated (Ih) currents during hyperpolarizing steps.  

 

During current clamp recordings, the membrane potential was first measured with no current 

injection (i.e., resting membrane potential). Current injection was adjusted to hold the 

membrane potential between -69 mV to -79 mV for 10 s.  None of the recorded calyces in the 

present study had spontaneous firing at the resting potential or at ~ -79 mV. Calyces were then 

depolarized by injecting step currents of 100 pA, 200 pA, 300 pA, 400 pA, and 500 pA.  The 

steps were typically about 2 s in duration, however, we sometimes waited up to 5 s in order to 

get closer to a plateau potential.  A wait time of ~5 s was required between different steps so 

that the membrane potential returned to the initial potential.  

 

Data analysis 

Clampfit 10 (Molecular Devices), minianalysis (Synaptosoft), and Graphpad Prism (version 5) 

software was used for the analysis of data. Results are reported as mean ± SE. Paired t-test 

was used for comparison between two parameters and repeated measures two way ANOVA 

with Bonferroni post hoc test was used for comparisons of more than two conditions. Level of 

statistical significance was set at α = 0.05. 
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To study the effect of various drugs in voltage clamp, currents were measured at 3 different 

parts of the voltage step protocol (Fig. 1A, dashed boxes 1 – 3): (1) the peak amplitude of the 

inactivating current during the initial hyperpolarization step from -79 mV to -129 mV, (2) current 

amplitude over the last 50 ms of the steps (from -129 mV to +11 mV), and (3) peak amplitude of 

tail currents at -79 mV during the first 50 ms after steps. For tail currents, peak amplitudes were 

plotted against holding potential at the preceding step (‘activation step’ in figures). All changes 

in currents were calculated relative to the current at the initial holding potential of -79 mV. 

 

During current clamp steps, the smallest of the five steps that generated an AP was considered 

as the threshold. If a spike was generated with 100 pA step, smaller current steps were also 

injected to find a value closer to the actual threshold. The latency of the first spike was 

measured as the time from the beginning of the step to the peak of first AP for this threshold 

step. Finally, the number of APs during the 2 s steps were also counted.  Results were 

compared before and after application of drugs.   

 

RESULTS 

Patch clamp recordings were performed as described before [52] from the calyces in the central 

zone of the cristae of the horizontal or anterior canals in Sprague-Dawley rats. Thirteen to 18 

day old animals were used (n = 57) so that type I hair cells and calyx afferent terminals had 

acquired their characteristic morphological and electrophysiological properties [37, 59-61]. The 

average resting membrane potential of calyces during whole-cell recordings was -71.9 ± 3.8 mV 

(n = 27), comparable to numbers reported previously [52, 53, 62]. A voltage step protocol was 

used to study the voltage sensitive KCNQ potassium currents (Fig. 1A). During the initial 

hyperpolarization, calyx recordings showed an early slowly deactivating current, mainly 

attributed to KCNQ channels [37, 52, 53, 59] followed by a hyperpolarization-activated (Ih) 

current [29, 52, 58]. During depolarizing steps, an inward Na+ current (corresponding to an 

action potential) was observed at the beginning of steps and later slow outward currents most 

likely due to activation of different K+ channels (Sadeghi et al. 2014) including (1) delayed 

rectifier type currents by KCNQ channels [37], (2) voltage sensitive BK channels [30], and (3) 

calcium sensitive SK channels [63]. No spontaneous (resting) discharge was present in any of 

our control recordings from the central regions of the cristae.   

 

Voltage sensitive currents were suppressed by mAChR activation 
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To investigate whether mAChR receptors were present on calyx terminals and their possible 

effect on membrane properties of calyces, we applied the mAChR agonist oxo-M (20 µM) during 

patch clamp recording from calyces. For all recordings during oxo-M application (n = 9), a 

decrease in voltage sensitive currents was observed, suggesting the presence of mAChR 

receptors. In the presence of oxo-M, the amplitude of the inward current during the initial 

hyperpolarizing step (Fig. 1B) decreased from -1649.89 ± 538.67 pA to -858.9 ± 215.6 pA 

(paired t-test, p = 0.0006).  It has been shown that this inward current is mainly due to slow 

deactivation of KCNQ channels [37], suggesting that mAChR activation by oxo-M inhibited the 

KCNQ current. Oxo-M application also decreased voltage activated currents during depolarizing 

steps (Fig. 1C).  For the population of recorded calyx terminals, application of oxo-M resulted in 

an inhibition of currents in response to depolarizations above resting membrane potential (-49 

mV to +11 mV steps) (repeated measures two way ANOVA: p < 0.0001, Bonferroni posthoc 

test: p > 0.05 for steps ≤ -69 mV, p < 0.05 at -49 mV and p < 0.001 for steps > -49 mV). Finally, 

tail currents recorded when membrane potential returned to -79 mV at the end of steps were 

also decreased during oxo-M application (Fig. 1D). Tail currents are most likely due to increased 

extracellular [K+] due to outward voltage sensitive K+ currents during depolarizing steps.. Based 

on the observed decrease in voltage activated K+ currents during depolarizing steps with oxo-M 

application, decreases in tail currents were also expected. While the small tail currents were not 

affected significantly, the amplitude decreased after all other steps (Fig. 1D, asterisks) (repeated 

measures two way ANOVA, p = 0.0001, Bonferroni posthoc, p < 0.05 for steps < -109 mV, p > 

0.05 for steps -89 mV to -49 mV and p < 0.001 for steps > -49 mV for comparisons at each 

voltage before and after oxo-M). Note, voltages that produced small tail currents close to K+ 

reversal potential in the control condition will be minimally affected by linopirdine. Together, 

these results confirm that mAChRs are expressed by calyces and that their activation inhibits 

voltage sensitive K+ currents. 

 

Suppression of voltage sensitive currents by KCNQ channel inhibition 

We next investigated the effect of inhibition of KCNQ channels on calyx membrane properties.   

We first applied the KCNQ antagonist linopirdine (20 µM) during the same step protocol as 

described above. In the presence of linopirdine, inward and outward current changes were 

almost identical to that observed with oxo-M application. The inward current during the initial 

hyperpolarizing step was reduced in the presence of linopirdine (Fig. 2A) and on average (n = 6) 

decreased from -966 ± 255 pA in co580 ± 89 pA after linopirdine application (paired t-test, p = 

0.017). For depolarizing steps, linopirdine reduced the outward K+ currents (Fig. 2B) during 
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depolarizing steps of -49 mV to +11 mV (repeated measures two way ANOVA, p < 0.0001, 

Bonferroni posthoc, p > 0.05 for steps ≤ -69 mV, p < 0.05 for -49 mV step and p < 0.001 for 

steps > -49 mV). Finally, while linopirdine had no effect on tail currents after steps of -69 mV 

and -89 mV (i.e., near K+ reversal potential), it reduced the outward and inward tail currents 

after other steps (Fig. 2C, asterisks) (repeated measures two way ANOVA, p < 0.0001, 

Bonferroni posthoc, p < 0.01). The similarities between these results and those obtained with 

oxo-M application, strongly support the idea that oxo-M effects were mediated by the interaction 

between mAChR and KCNQ channels, similar to that shown in the vestibular ganglion [22] and 

neurons in other brain areas [25].  To directly show that the mAChR effect in the calyx is 

mediated through KCNQ channels, in a subset of recordings, linopirdine was applied initially to 

suppress KCNQ-mediated currents, followed by oxo-M (plus linopirdine) application (Fig. 3).  As 

expected, linopirdine decreased voltage sensitive K+ currents during depolarizing steps (Fig. 3A) 

of -129 mV to +11 mV.  Application of Oxo-M (with linopirdine) did not have any further effect on 

K+ currents. For 5 calyces recorded, there were significant decreases in K+ currents at the two 

highest depolarizations after linopirdine application (Fig. 3B, repeated measures two way 

ANOVA, Bonferroni post-hoc test, p < 0.01), with no further decrease when oxo-M was added.  

This result shows that the oxo-M effect is mediated through KCNQ channels in the calyx 

afferent terminal.  

 

The effect of duration of recordings and drug application 

We noticed early during experiments that both linopirdine and oxo-M typically required about 3 – 

5 min of application before any effect was observed and the effects increased with time. Similar 

long wait times had previously been reported for other metabotropic agonists applied to the 

cochlea [67] and for KCNQ antagonists used in the hippocampus [46].  However, previous 

studies had suggested that currents obtained by intracellular patch clamp recording could be 

affected by duration of the recording [37]. Since this could have been a source of variability in 

our results, we investigated possible effects of long wait times on the recorded currents.  In a 

set of experiments, we kept recordings for up to 30 min or more and compared responses at 

different time points. In the control condition, we did not observe any significant change in K+ 

currents up to 15 min (n = 25) or even 30 min (n = 7) after the beginning of intracellular 

recording (Fig. 4A). This result suggested that changes in patch clamp recording itself were not 

a major contributor to the observed effects of drug applications. During linopirdine application (n 

= 6), a decrease in K+ currents was observed after 3 – 5 min and reached significant levels by 7 

– 9 min (Fig. 4B). The effect of oxo-M (n = 9) also became significant 7-9 min after starting the 
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application (Fig. 4C) and further recordings up to 12 min did not show further change in its 

effect. To be uniform in our conditions and to decrease the variability of drug effects, all our data 

were collected 9-11 min after application of linopirdine or oxo-M.    

 

Activation of mAChRs increased the sensitivity of calyx terminals 

We next used current clamp recordings to investigate changes in firing properties and more 

functional aspects of mAChR activation. To have a similar initial condition for all recordings, we 

injected currents to keep the initial membrane potential between -60 mV to -70 mV.  We then 

injected current steps of 100 – 500 pA in 100 pA steps (Fig. 5A, top row) to depolarize the calyx. 

In control condition, none of the recorded calyces (n = 15) showed spontaneous firing and the 

threshold for generating an action potentials (AP) was reached by injecting an average current 

of 318 ± 135 pA.  In control, some calyces did not fire any AP even with the largest 

depolarization (Figs. 5A1 and 5A2). For the rest of the recordings, calyces generated only a 

single AP at threshold as well as at higher membrane potentials, consistent with a previous 

report [53].  Some calyces displayed oscillations in membrane potential after firing an AP, 

similar to that shown in some of Scarpa’s ganglion neurons [27]. The latency of the single spike 

was 5 ± 0.36 ms at threshold and decreased as a function of increasing amplitudes of injected 

currents / depolarizations.  

 

After oxo-M (n = 9) or linopirdine (n = 6) application, calyces became more excitable. As 

mentioned above, all values presented here were recorded 9 – 11 minutes after beginning of 

drug application.  Most calyces (5/9 with oxo-M and 3/6 with linopirdine) generated a higher 

number of spikes after oxo-M or linopirdine application compared to control conditions (Figs. 

5A1 and 5A2), particularly for 300 pA, 400 pA, and 500 pA steps. Furthermore, the minimum 

current required for AP generation (i.e., threshold current) significantly decreased (Fig. 5B) from 

372 ± 156 pA to 211 ± 102 pA with oxo-M (paired t-test, p=0.03) and from 260 ± 151 pA to 70 ± 

27 pA with linopirdine (paired test, p = 0.03). Finally, 3 of the 15 recorded calyces exhibited 

spontaneous firing in the presence of oxo-M or linopirdine, which occurred either after a current 

step (Fig. 5C) or spontaneously in between trials. Induction of spontaneous activity following 

KCNQ inhibition has been reported in other brain areas and is attributed to inhibition of KCNQ 

channels in the vicinity of the spike generation zone [25, 48-50]. Such colocalization is also 

observed in the calyx [31] and could contribute to the observed increase in spike generation 

with inhibition of KCNQ channels in the calyx.  
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During drug applications responses also became faster in that the first spike latency decreased 

during depolarization.  Figure 5D shows the decrease in average threshold currents during 

application of oxo-M (4.8 ± 1.15 ms vs. 3.8 ± 0.67 ms, paired t-test, p=0.033) or linopirdine (4.8 

± 1.37 ms vs. 3.9 ± 1.35 ms, paired t-test, p=0.036). Similar to the control condition, the latency 

of the first spike decreased with increasing amplitude of step currents so that the first spike 

latency remained lower after drug applications even for 500 pA steps (paired t-test, p<0.05).  

 

DISCUSSION 

The results of the present study suggest an important role for the cholinergic efferent vestibular 

pathway in shaping membrane properties and spike frequency adaptation of calyx terminals. 

We show that in vitro, calyx terminals in the central region of the cristae at best fire a single AP 

during step depolarizations. With activation of mAChRs, calyces fire more APs during such 

steps (i.e., increased sensitivity), which is also associated with a decrease in the minimum 

current required for AP generation (i.e., decreased current threshold) and a decrease in the 

latency of the first spike during steps (i.e., faster response). Interestingly, mAChR activation 

results in spontaneous firing in some calyces. These effects are due to a decrease in voltage 

sensitive K+ currents. Inhibiting KCNQ channels blocked the effect of mAChR agonists, 

suggesting that these receptors function through inhibition of KCNQ channels similar to other 

brain areas. Together, these results show that efferent inputs and activation of mAChRs can 

change membrane properties of calyces through inhibition of KCNQ channels. We propose that 

such cholinergic modulation of calyx membrane properties provides the means for continuous 

adjustment of the sensitivity and response dynamics of calyx terminals and by extension 

vestibular afferents, particularly irregular fibers.   

 

Modulation of subthreshold potentials by efferents: effects on quantal and non-quantal 

transmission 

We have recently shown that inhibition of efferents  results in a decrease in resting discharge of 

afferents and even complete shutdown of the most irregular afferents [54]. The present study 

supports these previous findings.  The in vitro tissue preparation consists of the anterior and 

horizontal canal cristae and utricular macula along with afferent cell bodies in the Scarpa’s 

ganglion [52, 53], but it is devoid of efferent cell bodies that are located in the brainstem. Lack of 

spontaneous efferent inputs in this preparation was previously shown by block of all 

spontaneous synaptic events in calyx recordings in the presence of glutamate receptor 

antagonists [52]. We propose that the activity of different types of K+ channels in calyces [31, 
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37, 63, 70], particularly KCNQ channels that are open near the resting membrane potential 

results in spike frequency adaptation, a property shared with other brain areas [25]. In particular, 

KCNQ channels are unique in that they become inactive only at very hyperpolarized potentials 

and are still open close to the resting membrane potential. Therefore, they can play an 

important role in modulating subthreshold membrane properties. KCNQ inhibition can also make 

neurons more responsive to synaptic inputs (i.e., larger EPSPs with the same presynaptic 

condition) [71]. The type I hair cell – calyx synapse is unique in that in addition to the typical 

quantal signal transmission, it also provides a non-quantal component that is mediated by 

accumulation of K+, glutamate, and H+ in the closed synaptic space between the calyx and type 

I hair cell [52, 62, 64, 72-75]. The non-quantal transmission has been proposed as a mechanism 

for encoding fast movements [53]. Modification of the activity of KCNQ channels by mAChR 

provides the means for adjusting the firing properties of calyx terminals, which can affect their 

responses to both quantal (through both type I and type II hair cells) and non-quantal signal 

transmission.    

 

Efferent inputs can affect the response properties of dimorphic afferents 

Of the two groups of afferents, irregular fibers have phasic properties and encode fast head 

movements, while regular fibers have tonic properties and carry detailed information about head 

movements by the semicircular canals and changes in the gravity vector (i.e., head tilt) by 

otoliths [6, 76]. Most afferents have ‘dimorphic’ terminals and receive inputs from both type I and 

type II hair cells [1]. Irregular dimorphic afferents have fewer bouton terminals than regular 

dimorphic afferents [4, 5], suggesting that the ratio of calyx-to-bouton terminals affects afferent 

properties. Note that some of the input to dimorphic afferents could come from type II hair cells 

by direct synapses on the outer surface of calyces [3, 77]. Our results provide evidence that one 

way for changing the contribution of phasic / tonic inputs in dimorphic afferents is through 

changes in KCNQ channel activity by cholinergic efferent inputs, which affects the relative 

contribution of inputs from calyces to these fibers.   

 

Our results show that cholinergic efferent inputs on calyces in the central region could play an 

important role in modifying response properties of calyx membrane properties. However, it 

should be noted that there are differences in membrane properties of hair cells and afferent 

terminals between the central and peripheral regions of the neuroepithelium [31, 32, 53, 72]. In 

the present study, we only recorded from calyces in the central regions of the cristae and cannot 

speculate about the effects on calyces that innervate the peripheral regions. Afferents that 
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innervate the central region have the most irregular resting discharge [1], receive inputs only 

from calyx terminals or have fewer bouton terminals compared to peripheral regular dimorphic 

afferents [4, 5], show the largest efferent-mediated effects [11-13, 54], and have an abundance 

of KCNQ channels [31].   

 

Effect of mAChR activation on spike generation by calyx terminals 

 

With both oxo-M and linopirdine, the first spike latency was reduced compared to the control 

condition. The importance of first spike latency has been studied in transmission of sensory 

information and different stimulus features in several sensory systems, including the auditory 

[79, 80], visual [81], and somatosensory [82] systems. In the vestibular periphery, it is possible 

that the first spike carries information about very fast head movements when afferents mostly 

phase lock to the stimulus [83]. Otolith afferents are particularly prone to such phase locking 

[76, 84]; a response that could underlie short latency vestibular sensory evoked potential 

(VsEP) responses measured by subcutaneous electrodes [85]. A recent in vivo study has 

shown supporting evidence for an enhancement of VsEP responses after systemic application 

of KCNQ antagonist XE-991 [23].  Future in vivo studies are required to address whether first 

spikes play a role in transmitting information about specific aspects of head movement.  

 

Both oxo-M and linopirdine strongly enhance firing of action potentials by calyx terminals, similar 

to that shown in dissociated ganglion neurons in response to application of oxo-M or KCNQ 

antagonists [22, 27, 33] and in support of in vivo responses after systemic application of KCNQ 

antagonist XE-991 [23]. These excitatory responses are in contrast to the hyperpolarizing effect 

of mAChR activation on type II HC [86-88].  The latter has been attributed to activation of the 

M2 subtype of mAChR and its effect on opening of calcium channels and subsequently, big 

current (BK) potassium channels [89].  While all subtypes of mAChR are expressed in the 

vestibular sensory epithelium [16], the excitatory responses of calyces suggest the presence of 

a different subtypes of mAChR, most likely M1, M3, or M5 that are known to modulate KCNQ 

channels [25, 90] in calyx afferent terminals. Such peripheral changes are most likely part of the 

effect of nonspecific anticholinergic drugs (e.g., scopolamine) that are used for treating 

vestibular conditions such as motion sickness. The effect of these drugs are only considered 

with respect to their central effects, such as suppression of neurons in the vestibular nuclei [91]. 

However, such peripheral changes as the source of inputs to the vestibular nuclei should also 

be taken into account.  
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An excitatory effect with inhibition of KCNQ channels similar to that observed in the present 

study has also been shown in peripheral Aδ fibers (in response to thermal or mechanical stimuli) 

[43] as well as pyramidal neurons in the CA1 region of the hippocampus [45, 92]. In the latter, 

KCNQ channels regulate the threshold [49] because of the colocalization of KCNQ channels 

with Na+ channels in the spike initiation zone of axons [47, 48]. As a result, inhibition of KCNQ 

channels in the CA1 region can produce spontaneous firing, even in the absence of synaptic 

inputs [49]. Similarly, KCNQ channels are being expressed near the AP initiation zone in 

calyces [31], which could explain the induction of spontaneous firing in some calyces during 

application of oxo-M or linopirdine.  

 

Conclusion 

Our results suggest that cholinergic efferent inputs can modulate the activity of calyces and 

most likely irregular afferents through changes in the activity of KCNQ channels. Our findings 

suggest that without efferent inputs, open KCNQ channels result in low membrane resistances 

and high spike frequency adaptation, which precludes rapid firing of action potentials and most 

likely results in decreased excitability.  Activation of mAChR by efferents and inhibition of KCNQ 

channels in calyces, result in lower thresholds, faster responses (i.e., decrease in first spike 

latency), and higher sensitivities (i.e., firing many APs during step depolarizations). In this way, 

efferents can play a role in modifying and adjusting the activity of calyx terminals and by 

extension, irregular afferents.  Such adjustments could play a role in gauging responses to fast 

movements as required during daily activities or following changes in the peripheral sensory 

organs, such as loss of hair cells with aging.  

 

  

.CC-BY-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 17, 2020. ; https://doi.org/10.1101/2020.04.15.041491doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.15.041491
http://creativecommons.org/licenses/by-nd/4.0/


16 
 

ACKNOWLEDGEMENTS 

We thank Dr. Malcolm Slaughter and Dr. Elisabeth Glowatzki for comments on the manuscript 

and Dr. Matthew Johnson for helping in the early stages of setting up the experiments.  

 

Grants 

This work was supported by NIDCD RO3 DC015091 grant and a Research Grant from the 

American Otological Society to SGS and by NIDCD R01DC012957 to Elisabeth Glowatzki, 

Johns Hopkins School of Medicine, Baltimore, MD. 

 

Disclosures 

No conflicts of interest, financial or otherwise, are declared by the authors.  

 

  

.CC-BY-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 17, 2020. ; https://doi.org/10.1101/2020.04.15.041491doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.15.041491
http://creativecommons.org/licenses/by-nd/4.0/


17 
 

REFERENCES 

 

[1] J.M. Goldberg, A. Lysakowski, C. Fernandez, Structure and function of vestibular nerve 
fibers in the chinchilla and squirrel monkey, Ann N Y Acad Sci, 656 (1992) 92-107. 
[2] C. Fernandez, A. Lysakowski, J.M. Goldberg, Hair-cell counts and afferent innervation 
patterns in the cristae ampullares of the squirrel monkey with a comparison to the chinchilla, J 
Neurophysiol, 73 (1995) 1253-1269. 
[3] A. Lysakowski, J.M. Goldberg, Ultrastructural analysis of the cristae ampullares in the 
squirrel monkey (Saimiri sciureus), J Comp Neurol, 511 (2008) 47-64. 
[4] J.M. Goldberg, A. Lysakowski, C. Fernandez, Morphophysiological and ultrastructural 
studies in the mammalian cristae ampullares, Hear Res, 49 (1990) 89-102. 
[5] W.R. Holmes, J.A. Huwe, B. Williams, M.H. Rowe, E.H. Peterson, Models of utricular bouton 
afferents: role of afferent-hair cell connectivity in determining spike train regularity, J 
Neurophysiol, 117 (2017) 1969-1986. 
[6] S.G. Sadeghi, M.J. Chacron, M.C. Taylor, K.E. Cullen, Neural variability, detection 
thresholds, and information transmission in the vestibular system, J Neurosci, 27 (2007) 771-
781. 
[7] S.G. Sadeghi, L.B. Minor, K.E. Cullen, Response of vestibular-nerve afferents to active and 
passive rotations under normal conditions and after unilateral labyrinthectomy, J Neurophysiol, 
97 (2007) 1503-1514. 
[8] L.B. Minor, D.M. Lasker, Tonic and phasic contributions to the pathways mediating 
compensation and adaptation of the vestibulo-ocular reflex, J Vestib Res, 19 (2009) 159-170. 
[9] M. Beraneck, E. Idoux, A. Uno, P.P. Vidal, L.E. Moore, N. Vibert, Unilateral labyrinthectomy 
modifies the membrane properties of contralesional vestibular neurons, J Neurophysiol, 92 
(2004) 1668-1684. 
[10] R.R. Gacek, M. Lyon, The localization of vestibular efferent neurons in the kitten with 
horseradish peroxidase, Acta Otolaryngol, 77 (1974) 92-101. 
[11] J.M. Goldberg, C. Fernandez, Efferent vestibular system in the squirrel monkey: anatomical 
location and influence on afferent activity, J Neurophysiol, 43 (1980) 986-1025. 
[12] M. Plotnik, V. Marlinski, J.M. Goldberg, Reflections of efferent activity in rotational 
responses of chinchilla vestibular afferents, J Neurophysiol, 88 (2002) 1234-1244. 
[13] S.G. Sadeghi, J.M. Goldberg, L.B. Minor, K.E. Cullen, Efferent-mediated responses in 
vestibular nerve afferents of the alert macaque, J Neurophysiol, 101 (2009) 988-1001. 
[14] H. Hiel, A.B. Elgoyhen, D.G. Drescher, B.J. Morley, Expression of nicotinic acetylcholine 
receptor mRNA in the adult rat peripheral vestibular system, Brain Res, 738 (1996) 347-352. 
[15] E. Katz, A.B. Elgoyhen, M.E. Gomez-Casati, M. Knipper, D.E. Vetter, P.A. Fuchs, E. 
Glowatzki, Developmental regulation of nicotinic synapses on cochlear inner hair cells, J 
Neurosci, 24 (2004) 7814-7820. 
[16] G.Q. Li, G.A. Kevetter, R.B. Leonard, D.J. Prusak, T.G. Wood, M.J. Correia, Muscarinic 
acetylcholine receptor subtype expression in avian vestibular hair cells, nerve terminals and 
ganglion cells, Neuroscience, 146 (2007) 384-402. 
[17] J.C. Holt, K. Kewin, P.M. Jordan, P. Cameron, M. Klapczynski, J.M. McIntosh, P.A. Crooks, 
L.P. Dwoskin, A. Lysakowski, Pharmacologically distinct nicotinic acetylcholine receptors drive 
efferent-mediated excitation in calyx-bearing vestibular afferents, J Neurosci, 35 (2015) 3625-
3643. 
[18] J.C. Holt, P.M. Jordan, A. Lysakowski, A. Shah, K. Barsz, D. Contini, Muscarinic 
Acetylcholine Receptors and M-Currents Underlie Efferent-Mediated Slow Excitation in Calyx-
Bearing Vestibular Afferents, J Neurosci, 37 (2017) 1873-1887. 

.CC-BY-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 17, 2020. ; https://doi.org/10.1101/2020.04.15.041491doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.15.041491
http://creativecommons.org/licenses/by-nd/4.0/


18 
 

[19] A.E. Luebke, J.C. Holt, P.M. Jordan, Y.S. Wong, J.S. Caldwell, K.E. Cullen, Loss of alpha-
calcitonin gene-related peptide (alphaCGRP) reduces the efficacy of the Vestibulo-ocular Reflex 
(VOR), J Neurosci, 34 (2014) 10453-10458. 
[20] P.P. Hubner, S.I. Khan, A.A. Migliaccio, The mammalian efferent vestibular system plays a 
crucial role in vestibulo-ocular reflex compensation after unilateral labyrinthectomy, J 
Neurophysiol, 117 (2017) 1553-1568. 
[21] P.P. Hubner, S.I. Khan, A.A. Migliaccio, The mammalian efferent vestibular system plays a 
crucial role in the high-frequency response and short-term adaptation of the vestibuloocular 
reflex, J Neurophysiol, 114 (2015) 3154-3165. 
[22] C. Perez, A. Limon, R. Vega, E. Soto, The muscarinic inhibition of the potassium M-current 
modulates the action-potential discharge in the vestibular primary-afferent neurons of the rat, 
Neuroscience, 158 (2009) 1662-1674. 
[23] C. Lee, J.C. Holt, T.A. Jones, Effect of M-current modulation on mammalian vestibular 
responses to transient head motion, J Neurophysiol, 118 (2017) 2991-3006. 
[24] D.A. Brown, P.R. Adams, Muscarinic suppression of a novel voltage-sensitive K+ current in 
a vertebrate neurone, Nature, 283 (1980) 673-676. 
[25] D.A. Brown, G.M. Passmore, Neural KCNQ (Kv7) channels, Br J Pharmacol, 156 (2009) 
1185-1195. 
[26] J. Robbins, KCNQ potassium channels: physiology, pathophysiology, and pharmacology, 
Pharmacol Ther, 90 (2001) 1-19. 
[27] R. Kalluri, J. Xue, R.A. Eatock, Ion channels set spike timing regularity of mammalian 
vestibular afferent neurons, J Neurophysiol, 104 (2010) 2034-2051. 
[28] A.E. Hight, R. Kalluri, A biophysical model examining the role of low-voltage-activated 
potassium currents in shaping the responses of vestibular ganglion neurons, J Neurophysiol, 
116 (2016) 503-521. 
[29] C.M. Ventura, R. Kalluri, Enhanced Activation of HCN Channels Reduces Excitability and 
Spike-Timing Regularity in Maturing Vestibular Afferent Neurons, J Neurosci, 39 (2019) 2860-
2876. 
[30] A. Limon, C. Perez, R. Vega, E. Soto, Ca2+-activated K+-current density is correlated with 
soma size in rat vestibular-afferent neurons in culture, J Neurophysiol, 94 (2005) 3751-3761. 
[31] A. Lysakowski, S. Gaboyard-Niay, I. Calin-Jageman, S. Chatlani, S.D. Price, R.A. Eatock, 
Molecular microdomains in a sensory terminal, the vestibular calyx ending, J Neurosci, 31 
(2011) 10101-10114. 
[32] F.L. Meredith, K.J. Rennie, Zonal variations in K+ currents in vestibular crista calyx 
terminals, J Neurophysiol, 113 (2015) 264-276. 
[33] R.A. Eatock, J. Xue, R. Kalluri, Ion channels in mammalian vestibular afferents may set 
regularity of firing, J Exp Biol, 211 (2008) 1764-1774. 
[34] S. Iwasaki, Y. Chihara, Y. Komuta, K. Ito, Y. Sahara, Low-voltage-activated potassium 
channels underlie the regulation of intrinsic firing properties of rat vestibular ganglion cells, J 
Neurophysiol, 100 (2008) 2192-2204. 
[35] J.R. Risner, J.R. Holt, Heterogeneous potassium conductances contribute to the diverse 
firing properties of postnatal mouse vestibular ganglion neurons, J Neurophysiol, 96 (2006) 
2364-2376. 
[36] T.J. Jentsch, Neuronal KCNQ potassium channels: physiology and role in disease, Nat Rev 
Neurosci, 1 (2000) 21-30. 
[37] K.M. Hurley, S. Gaboyard, M. Zhong, S.D. Price, J.R. Wooltorton, A. Lysakowski, R.A. 
Eatock, M-like K+ currents in type I hair cells and calyx afferent endings of the developing rat 
utricle, J Neurosci, 26 (2006) 10253-10269. 
[38] T. cKharkovets, J.P. Hardelin, S. Safieddine, M. Schweizer, A. El-Amraoui, C. Petit, T.J. 
Jentsch, KCNQ4, a K+ channel mutated in a form of dominant deafness, is expressed in the 
inner ear and the central auditory pathway, Proc Natl Acad Sci U S A, 97 (2000) 4333-4338. 

.CC-BY-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 17, 2020. ; https://doi.org/10.1101/2020.04.15.041491doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.15.041491
http://creativecommons.org/licenses/by-nd/4.0/


19 
 

[39] A.A. Selyanko, C.E. Stansfeld, D.A. Brown, Closure of potassium M-channels by 
muscarinic acetylcholine-receptor stimulants requires a diffusible messenger, Proc Biol Sci, 250 
(1992) 119-125. 
[40] G.M. Passmore, A.A. Selyanko, M. Mistry, M. Al-Qatari, S.J. Marsh, E.A. Matthews, A.H. 
Dickenson, T.A. Brown, S.A. Burbidge, M. Main, D.A. Brown, KCNQ/M currents in sensory 
neurons: significance for pain therapy, J Neurosci, 23 (2003) 7227-7236. 
[41] I. Rivera-Arconada, J.A. Lopez-Garcia, Retigabine-induced population primary afferent 
hyperpolarisation in vitro, Neuropharmacology, 51 (2006) 756-763. 
[42] P.M. Lang, J. Fleckenstein, G.M. Passmore, D.A. Brown, P. Grafe, Retigabine reduces the 
excitability of unmyelinated peripheral human axons, Neuropharmacology, 54 (2008) 1271-
1278. 
[43] G.M. Passmore, J.M. Reilly, M. Thakur, V.N. Keasberry, S.J. Marsh, A.H. Dickenson, D.A. 
Brown, Functional significance of M-type potassium channels in nociceptive cutaneous sensory 
endings, Front Mol Neurosci, 5 (2012) 63. 
[44] C.L. Wladyka, B. Feng, P.A. Glazebrook, J.H. Schild, D.L. Kunze, The KCNQ/M-current 
modulates arterial baroreceptor function at the sensory terminal in rats, J Physiol, 586 (2008) 
795-802. 
[45] H.C. Peters, H. Hu, O. Pongs, J.F. Storm, D. Isbrandt, Conditional transgenic suppression 
of M channels in mouse brain reveals functions in neuronal excitability, resonance and behavior, 
Nat Neurosci, 8 (2005) 51-60. 
[46] C. Yue, Y. Yaari, KCNQ/M channels control spike afterdepolarization and burst generation 
in hippocampal neurons, J Neurosci, 24 (2004) 4614-4624. 
[47] H.J. Chung, Y.N. Jan, L.Y. Jan, Polarized axonal surface expression of neuronal KCNQ 
channels is mediated by multiple signals in the KCNQ2 and KCNQ3 C-terminal domains, Proc 
Natl Acad Sci U S A, 103 (2006) 8870-8875. 
[48] Z. Pan, T. Kao, Z. Horvath, J. Lemos, J.Y. Sul, S.D. Cranstoun, V. Bennett, S.S. Scherer, 
E.C. Cooper, A common ankyrin-G-based mechanism retains KCNQ and NaV channels at 
electrically active domains of the axon, J Neurosci, 26 (2006) 2599-2613. 
[49] M.M. Shah, M. Migliore, I. Valencia, E.C. Cooper, D.A. Brown, Functional significance of 
axonal Kv7 channels in hippocampal pyramidal neurons, Proc Natl Acad Sci U S A, 105 (2008) 
7869-7874. 
[50] E.C. Cooper, Made for "anchorin": Kv7.2/7.3 (KCNQ2/KCNQ3) channels and the 
modulation of neuronal excitability in vertebrate axons, Semin Cell Dev Biol, 22 (2011) 185-192. 
[51] A.S. Hill, A. Nishino, K. Nakajo, G. Zhang, J.R. Fineman, M.E. Selzer, Y. Okamura, E.C. 
Cooper, Ion channel clustering at the axon initial segment and node of Ranvier evolved 
sequentially in early chordates, PLoS Genet, 4 (2008) e1000317. 
[52] S.G. Sadeghi, S.J. Pyott, Z. Yu, E. Glowatzki, Glutamatergic signaling at the vestibular hair 
cell calyx synapse, J Neurosci, 34 (2014) 14536-14550. 
[53] J.E. Songer, R.A. Eatock, Tuning and timing in mammalian type I hair cells and calyceal 
synapses, J Neurosci, 33 (2013) 3706-3724. 
[54] V. Raghu, R. Salvi, S.G. Sadeghi, Efferent inputs are required for normal function of 
vestibular nerve afferents, J Neurosci, 39 (2019) 6922-6935. 
[55] Z. Yu, J.M. McIntosh, S.G. Sadeghi, E. Glowatzki, Efferent Synaptic Transmission at the 
Vestibular Type II Hair Cell Synapse., bioRxiv, DOI 
https://doi.org/10.1101/2020.03.14.992180(2020). 
[56] K.J. Rennie, M.A. Streeter, Voltage-dependent currents in isolated vestibular afferent calyx 
terminals, J Neurophysiol, 95 (2006) 26-32. 
[57] K.J. Rennie, T. Weng, M.J. Correia, Effects of KCNQ channel blockers on K(+) currents in 
vestibular hair cells, Am J Physiol Cell Physiol, 280 (2001) C473-480. 

.CC-BY-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 17, 2020. ; https://doi.org/10.1101/2020.04.15.041491doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.14.992180(2020
https://doi.org/10.1101/2020.04.15.041491
http://creativecommons.org/licenses/by-nd/4.0/


20 
 

[58] F.L. Meredith, T.A. Benke, K.J. Rennie, Hyperpolarization-activated current (I(h)) in 
vestibular calyx terminals: characterization and role in shaping postsynaptic events, J Assoc 
Res Otolaryngol, 13 (2012) 745-758. 
[59] A. Rusch, A. Lysakowski, R.A. Eatock, Postnatal development of type I and type II hair cells 
in the mouse utricle: acquisition of voltage-gated conductances and differentiated morphology, J 
Neurosci, 18 (1998) 7487-7501. 
[60] D. Favre, A. Sans, Morphological changes in afferent vestibular hair cell synapses during 
the postnatal development of the cat, J Neurocytol, 8 (1979) 765-775. 
[61] D. Favre, A. Sans, Embryonic and postnatal development of afferent innervation in cat 
vestibular receptors, Acta Otolaryngol, 87 (1979) 97-107. 
[62] R. Lim, A.E. Kindig, S.W. Donne, R.J. Callister, A.M. Brichta, Potassium accumulation 
between type I hair cells and calyx terminals in mouse crista, Exp Brain Res, 210 (2011) 607-
621. 
[63] F.L. Meredith, G.Q. Li, K.J. Rennie, Postnatal expression of an apamin-sensitive k(ca) 
current in vestibular calyx terminals, J Membr Biol, 244 (2011) 81-91. 
[64] D. Contini, V. Zampini, E. Tavazzani, J. Magistretti, G. Russo, I. Prigioni, S. Masetto, 
Intercellular K(+) accumulation depolarizes Type I vestibular hair cells and their associated 
afferent nerve calyx, Neuroscience, 227 (2012) 232-246. 
[65] D. Contini, S.D. Price, J.J. Art, Accumulation of K(+) in the synaptic cleft modulates activity 
by influencing both vestibular hair cell and calyx afferent in the turtle, J Physiol, 595 (2017) 777-
803. 
[66] P. Spaiardi, E. Tavazzani, M. Manca, G. Russo, I. Prigioni, G. Biella, R. Giunta, S.L. 
Johnson, W. Marcotti, S. Masetto, K(+) Accumulation and Clearance in the Calyx Synaptic Cleft 
of Type I Mouse Vestibular Hair Cells, Neuroscience, 426 (2020) 69-86. 
[67] Z. Ye, J.D. Goutman, S.J. Pyott, E. Glowatzki, mGluR1 enhances efferent inhibition of inner 
hair cells in the developing rat cochlea, J Physiol, 595 (2017) 3483-3495. 
[68] M.A. Mathews, A. Murray, R. Wijesinghe, K. Cullen, V.W. Tung, A.J. Camp, Efferent 
Vestibular Neurons Show Homogenous Discharge Output But Heterogeneous Synaptic Input 
Profile In Vitro, PLoS One, 10 (2015) e0139548. 
[69] S. Leijon, A.K. Magnusson, Physiological characterization of vestibular efferent brainstem 
neurons using a transgenic mouse model, PLoS One, 9 (2014) e98277. 
[70] F.E. Schweizer, D. Savin, C. Luu, D.R. Sultemeier, L.F. Hoffman, Distribution of high-
conductance calcium-activated potassium channels in rat vestibular epithelia, J Comp Neurol, 
517 (2009) 134-145. 
[71] H. Peng, X.L. Bian, F.C. Ma, K.W. Wang, Pharmacological modulation of the voltage-gated 
neuronal Kv7/KCNQ/M-channel alters the intrinsic excitability and synaptic responses of 
pyramidal neurons in rat prefrontal cortex slices, Acta Pharmacol Sin, 38 (2017) 1248-1256. 
[72] R.A. Eatock, J.E. Songer, Vestibular hair cells and afferents: two channels for head motion 
signals, Annu Rev Neurosci, 34 (2011) 501-534. 
[73] S.M. Highstein, G.R. Holstein, M.A. Mann, R.D. Rabbitt, Evidence that protons act as 
neurotransmitters at vestibular hair cell-calyx afferent synapses, Proc Natl Acad Sci U S A, 111 
(2014) 5421-5426. 
[74] J.C. Holt, S. Chatlani, A. Lysakowski, J.M. Goldberg, Quantal and nonquantal transmission 
in calyx-bearing fibers of the turtle posterior crista, J Neurophysiol, 98 (2007) 1083-1101. 
[75] D. Contini, G.R. Holstein, J.J. Art, Synaptic cleft microenvironment influences potassium 
permeation and synaptic transmission in hair cells surrounded by calyx afferents in the turtle, J 
Physiol, 598 (2020) 853-889. 
[76] M. Jamali, J. Carriot, M.J. Chacron, K.E. Cullen, Coding strategies in the otolith system 
differ for translational head motion vs. static orientation relative to gravity, Elife, 8 (2019). 
[77] A. Lysakowski, J.M. Goldberg, A regional ultrastructural analysis of the cellular and synaptic 
architecture in the chinchilla cristae ampullares, J Comp Neurol, 389 (1997) 419-443. 

.CC-BY-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 17, 2020. ; https://doi.org/10.1101/2020.04.15.041491doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.15.041491
http://creativecommons.org/licenses/by-nd/4.0/


21 
 

[78] S.M. Rocha-Sanchez, K.A. Morris, B. Kachar, D. Nichols, B. Fritzsch, K.W. Beisel, 
Developmental expression of Kcnq4 in vestibular neurons and neurosensory epithelia, Brain 
Res, 1139 (2007) 117-125. 
[79] S.M. Chase, E.D. Young, First-spike latency information in single neurons increases when 
referenced to population onset, Proc Natl Acad Sci U S A, 104 (2007) 5175-5180. 
[80] S. Furukawa, J.C. Middlebrooks, Sensitivity of auditory cortical neurons to locations of 
signals and competing noise sources, J Neurophysiol, 86 (2001) 226-240. 
[81] D.S. Reich, F. Mechler, J.D. Victor, Temporal coding of contrast in primary visual cortex: 
when, what, and why, J Neurophysiol, 85 (2001) 1039-1050. 
[82] S. Panzeri, R.S. Petersen, S.R. Schultz, M. Lebedev, M.E. Diamond, The role of spike 
timing in the coding of stimulus location in rat somatosensory cortex, Neuron, 29 (2001) 769-
777. 
[83] R. Ramachandran, S.G. Lisberger, Transformation of vestibular signals into motor 
commands in the vestibuloocular reflex pathways of monkeys, J Neurophysiol, 96 (2006) 1061-
1074. 
[84] I.S. Curthoys, A.M. Burgess, S.C. Goonetilleke, Phase-locking of irregular guinea pig 
primary vestibular afferents to high frequency (>250Hz) sound and vibration, Hear Res, 373 
(2019) 59-70. 
[85] T.A. Jones, S.M. Jones, S. Vijayakumar, A. Brugeaud, M. Bothwell, C. Chabbert, The 
adequate stimulus for mammalian linear vestibular evoked potentials (VsEPs), Hear Res, 280 
(2011) 133-140. 
[86] W.J. Kong, C.K. Guo, S. Zhang, J. Hao, Y.J. Wang, Z.W. Li, The properties of ACh-induced 
BK currents in guinea pig type II vestibular hair cells, Hear Res, 209 (2005) 1-9. 
[87] T. Zhou, Y. Wang, C.K. Guo, W.J. Zhang, H. Yu, K. Zhang, W.J. Kong, Two distinct 
channels mediated by m2mAChR and alpha9nAChR co-exist in type II vestibular hair cells of 
guinea pig, Int J Mol Sci, 14 (2013) 8818-8831. 
[88] G.Q. Li, M.J. Correia, Responses of pigeon vestibular hair cells to cholinergic agonists and 
antagonists, Brain Res, 1373 (2011) 25-38. 
[89] C.K. Guo, Y. Wang, T. Zhou, H. Yu, W.J. Zhang, W.J. Kong, M2 muscarinic ACh receptors 
sensitive BK channels mediate cholinergic inhibition of type II vestibular hair cells, Hear Res, 
285 (2012) 13-19. 
[90] P. Delmas, D.A. Brown, Pathways modulating neural KCNQ/M (Kv7) potassium channels, 
Nat Rev Neurosci, 6 (2005) 850-862. 
[91] E. Idoux, M. Tagliabue, M. Beraneck, No Gain No Pain: Relations Between Vestibulo-
Ocular Reflexes and Motion Sickness in Mice, Front Neurol, 9 (2018) 918. 
[92] S.P. Aiken, B.J. Lampe, P.A. Murphy, B.S. Brown, Reduction of spike frequency adaptation 
and blockade of M-current in rat CA1 pyramidal neurones by linopirdine (DuP 996), a 
neurotransmitter release enhancer, Br J Pharmacol, 115 (1995) 1163-1168. 

 

  

.CC-BY-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 17, 2020. ; https://doi.org/10.1101/2020.04.15.041491doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.15.041491
http://creativecommons.org/licenses/by-nd/4.0/


22 
 

FIGURE CAPTIONS 

 

Figure 1.  Activation of mAChR attenuates voltage activated currents.  (A) Response of a 

calyx to the voltage step protocol (holding potential of −79 mV, initial hyperpolarizing step to -

129 mV, 20 mV steps between −129 mV and +11 mV, and return to -79 mV after the steps). 

Calyx recordings exhibited slowly deactivating currents during initial hyperpolarizing steps 

(dashed box 1), delayed rectifier type outward currents during depolarizing voltage steps 

(dashed box 2), and tail currents (dashed box 3). INa: sodium inward currents corresponding to 

action potential at the beginning of depolarizing steps.  (B) Deactivating currents during the 

initial hyperpolarization decreased in the presence of oxo-M (20 µM). Top traces are examples 

of responses in control condition (black) and in the presence of oxo-M (grey). Bottom bar graphs 

show a significant decrease in average responses (n = 9 calyces).  (C) Outward currents 

produced by step protocol decreased during oxo-M application in an example recording (left). 

Average responses (right) showed a significant decrease for depolarizing steps above resting 

membrane potential.  (D) The amplitude of tail currents after the steps decreased during oxo-M 

application in an example recording (left). Average tail currents (right) significantly decreased 

after steps that were > 20 mV away from the resting membrane potential. In all panels 

significant changes are marked by asterisks. Note, all changes in average currents are 

presented relative to the current at the initial holding potential of -79 mV. 

 

Figure 2.  Inhibition of KCNQ channels attenuates voltage activated currents.  (A) 

Deactivating currents during the initial hyperpolarization decreased in the presence of 

linopirdine (20 µM). Traces on the left show examples of responses under control condition 

(black) and during linopirdine application (grey). Linopirdine resulted in a significant decrease in 

average responses (n = 6 calyces).  (B) Outward currents produced by step protocol decreased 

during linopirdine application in an example recording (left). Average responses (right) showed a 

significant decrease for depolarizing steps above resting membrane potential. (C) Tail currents 

produced after steps decreased during linopirdine application in an example recording (left). 

Average tail currents (right) were significantly decreased after steps that were > 11 mV away 

from the resting membrane potential. In all panels significant changes are marked by asterisks.  

Note, all changes in average currents are presented relative to the current at the initial holding 

potential of -79 mV. 
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Figure 3.  Effect of mAChR is mediated through KCNQ channels.  (A) Example calyx 

recording showing that application of the KCNQ antagonist linopirdine decreased voltage 

sensitive currents and blocked the effect of mAChR activation by oxo-M.  (B) Average 

responses (right) showed a significant decrease in currents in the presence of linopirdine and no 

further change when oxo-M was added, suggesting that mAChR effect was mediated through 

KCNQ channels.  ** and *** represent p<0.01 and p<0.001, respectively. 

 

Figure 4.  Effect of duration of patch clamp recording and drug applications on calyx 

responses.  (A) For the control condition, the currents did not show any significant change over 

time, even after 30 min of recording.  (B) The effect of linopirdine application increased over 

time, reaching significant values after 7-9 min of application.  (C) The effect of oxo-M increased 

over time, reaching significant values of inhibition after 7-9 min of application.  The effect did not 

increase further when measured after 10-12 min of drug application.  In all panels significant 

changes are marked by asterisks; details are provided in the Results. Box plots show the mean 

(plus sign), median (line), 25 – 75% interval (box), and 10 – 90% interval (whiskers). Note, all 

changes in average currents are presented relative to the current at the initial holding potential 

of -79 mV. 

 

Figure 5.  Calyces become more sensitive and respond faster following activation of 

mAChR or inhibition of KCNQ channels (oxo-M: n = 9, linopirdine: n = 6).  (A) Examples of 

current clamp recordings from calyces that did not fire any APs in the control condition in 

response to injection of 100 – 500 pA current steps, but in the presence of oxo-M fired a single 

AP at the beginning of a step (A1) or many APs during the step (A2). Similar results were 

observed during linopirdine application (not shown).  (B) The amplitude of the current required 

for AP generation (i.e., current threshold) decreased significantly during oxo-M or linopirdine 

application. Note that in the presence of oxo-M, currents below 100 pA were also tested to find 

a closer value to the actual threshold.  (C) Some calyces showed spontaneous AP firing in the 

presence of oxo-M application. Similar results were also observed during linopirdine application 

(not shown).  (D) The latency of the first spike decreased during application of oxo-M (grey 

arrow) or linopirdine (not shown) compared to control condition (black arrow).  Although small, 

the decrease was significant.  In all panels significant changes are marked by asterisks.  
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