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ABSTRACT

In amniotes, head motions and tilt are detected by two types of vestibular hair cells (HCs) with
strikingly different morphology and physiology. Type  HCs appeared in amniotes along with other
adaptations to life out of water, likely to support faster vestibular signaling in the air. Mature type
I HCs express a large and very unusual potassium conductance, gk 1, which activates negative to
resting potential, confers very negative resting potentials and low input resistances, and enhances
a unique non-quantal transmission from type I HCs onto their calyceal afferent terminals. The
molecular identity of gL has been long debated. Following clues pointing to Kv1.8 (KCNA10) in
the Shaker K channel family as a candidate gk subunit, we compared whole-cell voltage-
dependent currents from utricular hair cells of Kv1.8-null mice and littermate controls. We found
that Kv1.8 was necessary not just for gk but also for fast-inactivating and delayed rectifier
currents in the more ancient type II HCs, which activate positive to resting potential.

Kv1.8 accelerated and dampened receptor potentials in both types of hair cells, enhancing their
ability to detect rapid head motions. Kv1.8 was essential for extending receptor potential tuning
above 20 Hz and reducing delays in synaptic transmission to calyx-bearing vestibular afferents.
Kv1.8-null mice had normal motor abilities but struggled on challenging vestibulomotor tasks such
as crossing a narrow balance beam and rearing on hindlegs. In the water, where proprioceptive
cues are limited, Kv1.8-null mice did not maintain horizontal swim posture or stable head position.

These investigations addressed a longstanding mystery about hair cell K channels and their
role in type I HC-calyx transmission and vestibular function. Such features that speed up vestibular
receptor potentials and non-quantal afferent transmission may have helped stabilize locomotion as

tetrapods moved from water to land.



CHAPTER 1
INTRODUCTION

The vestibular inner ear transduces head motion and tilt into neural discharges corresponding
to three axes of angular rotation and three axes of translational acceleration. These neural
discharges linearly and accurately encode head motions to drive cerebellar and brainstem circuits
that stabilize balance, posture, and gaze. To stabilize gaze, the inner ear detects head motions, and
the vestibulo-ocular reflex drives ocular muscles to counter-rotate the eyes. The resulting smooth
movie of the world lays the foundation for complex visually guided tasks such as swinging through
trees, throwing a spear, and reading a book. To minimize lags in this seamless visual field, the
vestibulo-ocular reflex spans 4-5 synapses and occurs in only 5-7 ms (Huterer & Cullen, 2002),
making it one of the fastest human reflexes. A core question driving this project was understanding
the structures and mechanisms in the inner ear that support such rapid signal transmission.

We study signal transmission in the mouse utricle, which detects horizontal acceleration and
head tilt when these forces displace the otoconia, deflecting mechanosensitive hair bundles (Fig.
1.1A). Hair cells (HCs) then generate receptor potentials that drive synaptic transmission to
afferent neurons, a signal transduction pathway that has been refined throughout evolution. We
can gather clues about the origin of the speed of vestibular function by analyzing critical points in
evolution when the need for speed increased, such as during the transition to life on land. Leaving
behind water’s high density and damping, amniotes experienced increased head motion power at
high frequencies. These faster head motions may have outpaced existing vestibular organs’ ability
to keep up and faithfully drive linear head motion compensation. We posit that this selected for a
new vestibular hair cell in amniotes: the type I hair cell, which extends head motion detection into

higher frequency ranges.
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Figure 1.1. Anatomy and morphology in the utricle. (A) The vestibular labyrinth contains two
otolith organs (saccule and utricle) and three semicircular canals. (A.1) Scanning electron
micrograph of a hamster utricle and crista with the otoconia removed to reveal ~3000 hair
bundles (adapted from Hunter-Duvar & Hinjosa, 1984). Type I and II hair cells are evenly
distributed across two utricular zones: the striola (central zone, green outline) and extrastriola
(peripheral zone, orange outline), which has a lateral and medial area. Hair bundles reverse
orientation along the line of polarity reversal, which runs between the striola and lateral
extrastriola. (A.2) Cartoon volume of utricular epithelia with type I (blue) and type II (purple)
hair cells contacted by afferent terminals (yellow).

(B) Type I and II hair cells differ in morphology and postsynaptic terminal. (B.1) Transmission
electron micrograph (adapted from Hunter-Duvar & Hinojosa, 1984). Type I HCs (blue) have
large bundles of stereocilia (S), thin necks, and lower nuclei, and are wrapped by a postsynaptic
calyx (yellow). Type Il HCs (purple) have small bundles, a cylindrical shape, and higher nuclei,
and are contacted by small boutons (yellow). Between hair cells are the thin processes of
supporting cells (SC) which have nuclei below the hair cells. (B.2) Cartoon of type I and II hair
cell with bundles deflected in the positive direction and apical-to-basal K* flow.

Unlike the more ancient type II hair cells present in anamniotes, type I hair cells are enveloped
by a postsynaptic calyx, or cup-like, afferent terminal (Fig. 1.1B), and have a large, low-voltage-
activated K conductance, gk 1. G (conductance) refers to a channel that conducts ions down their
electrochemical gradient. Voltage-activated K channels physically open and conduct K™ only when
the membrane potential reaches a certain threshold. For gk 1, that threshold is below the resting

membrane potential of type I hair cells, meaning most gL channels are open and conductive at



rest—quite different from gk 1’s counterparts in type II hair cells, which activate positive to rest.
gk,L and the calyx are the most distinguishing features of the type I hair cell, and together they
foster an unusual form of synaptic transmission driven by K" flow.

During a head motion or tilt, signals travel down the sensory transduction pathway. In brief,
the hair bundle is displaced in the positive direction towards the tallest row of stereocilia, K™ and
Ca?" enter, and the hair cell depolarizes, producing a receptor potential. Quantal transmission
occurs when voltage-gated calcium channels open, triggering release of packets (“quanta”) of
glutamate that bind receptors on the postsynaptic membrane and evoke excitatory postsynaptic
potentials in the afferent terminal. The most widespread afferents are dimorphic, forming both
calyx and bouton terminals on type I and II hair cells, respectively (Fig. 1.1B.2). Bouton-only
afferents are restricted to the extrastriola (Fig. 1.1A.1) and calyx-only afferents to the striola.

A key feature of the amniote-only type I hair cell-calyx synapse is a secondary form of synaptic
transmission. Calyces foster an additional, unusual mode of synaptic transmission that doesn’t rely
on quantal neurotransmitter release or gap junctions, giving it the name “non-quantal transmission”
(Holt et al., 2007; Songer and Eatock, 2013). First observed in 1990, non-quantal transmission
seems synchronized to the hair cell receptor potential (Yamashita and Ohmori, 1990). Like the
electrical synapses of reflex arcs, non-quantal transmission has the powerful ability to reduce
transmission delay by bypassing the biochemical steps of neurotransmitter release. Non-quantal
transmission also preserves a more linear relationship between the afferent signal and original head
motion.

Recent electrophysiology and computational modeling work has added to our understanding
of the mechanism behind non-quantal transmission. During a receptor potential, K* flows out of

basolateral hair cell K channels, predominantly gk 1, into the synaptic cleft (Fig. 1.1B.2). Excess



cleft K depolarizes the calyx through two mechanisms that reduce standing current though low-
voltage-activated K channels on the calyx inner face (Govindaraju et al., 2023). K" ions entering
the cleft generate (1) K™ accumulation that raises the K™ equilibrium potential (Ex) (Contini et al.,
2017, 2020; Lim et al., 2011), and (2) a spatially confined positive ephaptic potential that
hyperpolarizes the transmembrane voltage only of the calyx inner face (Govindaraju et al., 2023).

In contrast, the more ancient type II hair cells are contacted by smaller bouton terminals and
engage only in quantal transmission. They have more conventional delayed rectifier (gpr) and fast-
inactivating A-type (ga) K™ conductances that are opened by depolarization above resting potential
(Vrest). Type II hair cells are thought to encode low frequency head motions, such as static tilt
relative to gravity.

Low frequency head motions are preferentially transmitted by regular extrastriolar afferents,
while high frequency head motions and vibrations excite irregular striolar afferents (Goldberg,
2000; Jamai et al., 2016; Tanimoto et al., 2022).

We hypothesize that gk 1. exists in type I hair cells to provide open channels for K* flow into
the synaptic cleft, increasing the speed and linearity of the transmitted signal (Songer and Eatock,
2013). However, until now, we haven’t been able to test the relationship between gk 1 and non-
quantal transmission because we didn’t know the molecular identity of gk 1.

There have been many attempts to identify gk 1. Various candidates included inward rectifiers,
ERG, and KCNQ4 (Kv7.4). KCNQ4 was a strong candidate for gk . for many years because it is
a low-voltage-activated K channel expressed in many other cells in the inner ear (Kharkovets et
al., 2000). Dominant negative experiments seemed to support KCNQ4’s role as gk 1. (Holt et al.,
2007) despite earlier experiments indicating otherwise (Wong et al., 2004; Hurley et al., 2006).

However, KCNQ4 was eventually ruled out with a knockout (Spitzmaul et al., 2011).



In the wake of KCNQA4, a little-known channel Kv1.8 (gene name KCNA10) became our new
candidate. Kv1.8”" mice lack the vestibular potential, a phasic response to head jerk stimuli, a sign
of vestibular dysfunction in detection of high-speed head motions (Lee et al., 2013). We first
noticed Kv1.8 when RNA-Seq experiments revealed extremely high Kv1.8 expression in
vestibular hair cells (Scheffer et al., 2015). We further linked Kv1.8 to gk because the gene
contains a cyclic nucleotide gated domain (Lang et al., 2000) with the potential to explain the
cGMP sensitivity of gk 1 (Chen and Eatock, 2000; Behrend et al., 1998).

In Chapter 2, we tested Kv1.87~ mice for gk with whole-cell patch clamp in utricular hair
cells. We found that Kv1.8 is necessary not just for gk but also for fast-inactivating and delayed
rectifier currents in type II HCs, which activate positive to resting potential (Martin et al., 2024).

In Chapter 3, we assessed the contribution of Kv1.8 conductances to three levels of vestibular
function: hair cell receptor potentials, synaptic transmission, and vestibulomotor behaviors. In both
hair cell types, Kv1.8 conferred a low input resistance that was necessary for accelerating,
dampening, and reducing receptor potentials. Without Kv1.8, lowpass corner frequencies of
receptor potentials were ~20 Hz, much lower than in controls: ~370 Hz (type I hair cell) and ~70
Hz (type II hair cell). Such lower lowpass corner frequency would correspond to a deteriorated
detection of high-frequency (10-100 Hz) head motions. Kv1.8”~ mice had impaired performance
on challenging vestibulomotor tasks, such as crossing a narrow beam and rearing on hindlegs, but
not basic motor tasks. In the water, where proprioceptive cues are limited, Kv1.87 mice did not
maintain horizontal swim posture or stable head position. These vestibulomotor deficits likely
occurred because impaired detection of high-frequency head motions in Kv1.8”" mice failed to
drive sufficient compensatory motions. This chapter comprises a manuscript being prepared for

submission.



In Chapter 4, we investigated an artifact that can obscure measurements of
mechanotransduction. In type I hair cells, extremely low input resistance degrades ideal voltage
clamp, producing a false delay in the rise times of recorded mechanotransduction current. We
suggest that experimenters take extra precautions to minimize this artifact in type I hair cells.

These investigations addressed a longstanding mystery about hair cell K channels and their
role in type I HC-calyx transmission and vestibular circuit function. Such features that speed up
vestibular receptor potentials and non-quantal afferent transmission may have helped stabilize

locomotion as tetrapods moved from water to land.



CHAPTER 2
THE POTASSIUM CHANNEL SUBUNIT Kv1.8 (KCNA10) IS ESSENTIAL FOR THE
DISTINCTIVE OUTWARDLY RECTIFYING CONDUCTANCES OF TYPE I AND II

VESTIBULAR HAIR CELLS

2.1 ABSTRACT

In amniotes, head motions and tilt are detected by two types of vestibular hair cells (HCs) with
strikingly different morphology and physiology. Mature type I HCs express a large and very
unusual potassium conductance, gk, which activates negative to resting potential, confers very
negative resting potentials and low input resistances, and enhances an unusual non-quantal
transmission from type I cells onto their calyceal afferent terminals. Following clues pointing to
Kv1.8 (KCNA10) in the Shaker K channel family as a candidate gk 1. subunit, we compared whole-
cell voltage-dependent currents from utricular hair cells of Kv1.8-null mice and littermate controls.
We found that Kv1.8 is necessary not just for gk 1 but also for fast-inactivating and delayed rectifier
currents in type II HCs, which activate positive to resting potential. The distinct properties of the
three Kv1.8-dependent conductances may reflect different mixing with other Kv1 subunits. In
Kv1.8-null HCs of both types, residual outwardly rectifying conductances include Kv7 (KCNQ)
channels.

Current clamp records show that in both HC types, Kv1.8-dependent conductances increase the
speed and damping of voltage responses. Features that speed up vestibular receptor potentials and
non-quantal afferent transmission may have helped stabilize locomotion as tetrapods moved from

water to land.



2.2 INTRODUCTION
The receptor potentials of hair cells (HCs) are strongly shaped by large outwardly rectifying K*
conductances that are differentially expressed according to HC type. Here we report that a specific
voltage-gated K" (Kv) channel subunit participates in very different Ky channels dominating the
membrane conductances of type I and type II HCs in amniote vestibular organs.

Type I HCs occur only in amniote vestibular organs. Their most distinctive features are that
they are enveloped by a calyceal afferent terminal (Wersdll, 1956; Lysakowski and Goldberg,
2004) and that they express gk, (Correia and Lang, 1990; Rennie and Correia, 1994; Riisch and
Eatock, 1996a): a large non-inactivating conductance with an activation range from —100 to —60
mV, far more negative than other “low-voltage-activated” Kv channels. In addition to selectively
attenuating and speeding up the receptor potentials of type I HCs (Correia et al., 1996; Riisch and
Eatock, 1996b), gk 1 augments non-quantal transmission from type I hair cell to afferent calyx by
providing open channels for K™ flow into the synaptic cleft (Contini et al., 2012, 2017, 2020;
Govindaraju et al., 2023), increasing the speed and linearity of the transmitted signal (Songer and
Eatock, 2013).

Type II HCs have compact afferent synaptic contacts (boutons) where the receptor potential
drives quantal release of glutamate. They have fast-inactivating (A-type, ga) and delayed rectifier
(gpr) conductances that are opened by depolarization above resting potential (Viest).

The unusual properties of gk 1. have long attracted curiosity about its molecular nature. gk 1. has
been proposed to include “M-like” Ky channels in the Kyv7 and/or erg channel families
(Kharkovets et al., 2000; Hurley et al., 2006; Holt et al., 2007). The Kv7.4 subunit was of particular

interest because it contributes to the low-voltage-activated conductance, g n, in cochlear outer hair



cells, but was eventually eliminated as a gxp subunit by experiments on Kvy7.4-null mice
(Spitzmaul et al., 2013).

Several observations suggested the Kv1.8 (KCNAT10) subunit as an alternative candidate for
gk Kv1.8 is highly expressed in vestibular sensory epithelia (Carlisle et al., 2012), particularly
hair cells (Lee et al., 2013; Scheffer et al., 2015; MclInturff et al., 2018), with slight expression
elsewhere (skeletal muscle, Lee et al., 2013; kidney, Yao, 2002). Kv1.87 mice show absent or
delayed vestibular-evoked potentials, the synchronized activity of afferent nerve fibers sensitive
to fast linear head motions (Lee et al., 2013). Unique among Kv1 channels, Kv1.8 has a cyclic
nucleotide binding domain (Lang et al., 2000) with the potential to explain gk 1’s known cGMP
dependence (Behrend et al., 1997; Chen and Eatock, 2000).

Our comparison of whole-cell currents and immunohistochemistry in type I HCs from Kv1.8~
= and Kv1.8"""~ mouse utricles confirmed that Kv1.8 expression is necessary for gk.r. More
surprisingly, Kv1.8 expression is also required for A-type and delayed rectifier conductances of
type II HCs. In both HC types, eliminating the Kv1.8-dependent major conductances revealed a
smaller delayed rectifier conductance involving Kv7 channels. Thus, the distinctive outward

rectifiers that produce such different receptor potentials in type I and II HCs both include Kv1.8

and Kv7 channels.



2.3 RESULTS
We compared whole-cell voltage-activated K" currents in type I and type II hair cells from

.87 or heterozygote (Kv1.8"

homozygous knockout (Kv1.87") animals and their wildtype (Kv1
) littermates. We immunolocalized Kvy1.8 subunits in the utricular epithelium and
pharmacologically characterized the residual K* currents of Ky1.87~ animals. Current clamp
experiments demonstrated the impact of Kvl.8-dependent currents on passive membrane
properties.

We recorded from three utricular zones: lateral extrastriola (LES), striola, and medial
extrastriola (MES) (Fig. 2.3A.1); striolar and extrastriolar zones have many structural and
functional differences and give rise to afferents with different physiology (reviewed in Goldberg,
2000; Eatock and Songer, 2011). Recordings are from 412 type I and II HCs (53% LES, 30%
MES, 17% striola) from mice between postnatal day (P) 5 and P370. We recorded from such a
wide age range to test for developmental or senescent changes in the impact of the null mutation.
Above P18, we did not see substantial changes in Kv channel properties, as reported (Gonzalez-
Garrido et al., 2021).

As reported (Lee et al., 2013), Kv1.87~ animals appeared to be healthy and to develop and age

normally.

Kv1.8 is necessary for gk, in type I hair cells

The large low-voltage activated conductance, gk, in Ky1.8"""" type I hair cells produces
distinctive whole-cell current responses to voltage steps, as highlighted by our standard type I
voltage protocol (Fig. 2.1A). From a holding potential within the gk 1 activation range (here —74

mV), the cell is hyperpolarized to —124 mV, negative to Ex and the activation range, producing a

10



large inward current through open gk channels that rapidly decays as the channels deactivate.
The large transient inward current is a hallmark of gk 1. The hyperpolarization serves to close all
channels, then probe the activation function with a series of depolarizing steps, obtaining the max
conductance from the peak tail current at —44 mV (Fig. 2.1A). When gk is present, step
depolarizations positive to the midpoint voltage produce tail currents that decay rapidly due to
substantial K™ accumulation in the calyceal cleft (Lim et al., 2011). We detected no difference
between the Boltzmann parameters of gk . G-V curves from Ky1.8" and Ky1.8"" type I HCs.

For a similar voltage protocol, Kv1.87~ type I HCs (Fig. 2.1B) produced no inward transient
current at the step from —74 mV to —124 mV and much smaller depolarization-activated currents
during the iterated steps, even at much more positive potentials. Figure 2.1C compares the
conductance-voltage (G-V, activation) curves fit to tail currents (Eq. 2.1; see insets in Fig. 2.1A-
B): the maximal conductance (gmax) of the Kv1.87~ HC was over 10-fold smaller (Fig. 2.1C.1),
and the curve was positively shifted by >40 mV (Fig. 2.1C.2). Figure 2.1D shows the G-V
Boltzmann fit parameters for type I HCs from mice >P12, an age at which type I HCs normally
express gk (Riisch et al., 1998).

Suppl. Fig. S2.1 shows how G-V parameters of outwardly rectifying currents in type I HCs
changed from P5 to P360. In Ky1.87"" mice, the parameters transitioned over the first 15-20
postnatal days from values for a conventional delayed rectifier, activating positive to resting
potential, to gk 1 values, as previously described (Riisch et al., 1998; Géléoc et al., 2004; Hurley
et al., 2006). Between P5 and P10, some type I HCs have not yet acquired gk 1, and the delayed
rectifiers present were not detectably affected by Kv1.8 deletion (Suppl. Fig. S2.1B). In Kv1.87

type I HCs, gk L was absent and G-V parameters did not change much with age from P5 to P370.
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Figure 2.1. Ky1.8™" type I hair cells lacked g 1, the dominant conductance in mature Ky1.8"""" type
I HCs. Representative voltage-evoked currents in (A) a P22 Ky1.8" type I HC and (B) a P29 Ky1.87 type
I HC. (A) Arrow, transient inward current that is a hallmark of gk 1. Note that the voltage protocol (top) in
B extends to more positive voltages. Arrowheads, tail currents, magnified in insets. (C) Activation (G-V)
curves from tail currents in A and B; symbols, data; curves, Boltzmann fits (Eq. 2.1). (D) Fit parameters
from mice >P12 show big effect of Ky1.8"" and no difference between Ky1.8" and Ky1.8". Asterisks
(here and elsewhere): *, p<0.05; **, p<0.01; *** p<0.001; and **** p<0.0001. Line, median; Box,
interquartile range; Whiskers, outliers. See Table 2.1 for statistics.

The much smaller residual delayed rectifier activated positive to resting potential, with Vpair ~—
40 mV and gmax density of 1.3 nS/pF. We characterize this Kv1.8-independent delayed rectifier
later. A much larger non-gk 1. delayed rectifier conductance (“gpr;”’) was reported in our earlier
publication on mouse utricular type I HCs (Riisch et al., 1998). This current was identified as that
remaining after “blocking” gk with 20 mM external Ba?>". Our new data suggest that there is no
large non-gk 1 conductance, and that instead high Ba®" positively shifted the apparent voltage
dependence of gk ..

Kv1.8 strongly affects type I passive properties and responses to current steps. While the cells
of Kv1.87 and Kv1.8"" epithelia appeared healthy, type I hair cells had smaller membrane
capacitances (Cm) and presumably surface areas: 4-5 pF in Kv1.8" type I HCs, ~20% smaller than

Kv1.8"" type I HCs (~6 pF) and ~30% smaller than Kv1.8"* type I HCs (6-7 pF; Table 2.2). The
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Figure 2.2. Kv1.8" type I hair cells had much longer membrane charging times and higher input
resistances (voltage gains) than Ky1.8"""" type I HCs. (A) gk strongly affects passive membrane
properties: (A.1) Viest , (A.2) Rin, input resistance, and (A.3) membrane time constant, trc = (Rinput * Crm).
See Table 2.2 for statistics. (B) Current clamp responses to the same scale from (B.1) Kv1.8"" and (B.2)
Ky1.87 type I cells, both P29. Filled arrowhead (B.2), sag indicating Iy activation. Open arrowhead,
Depolarization rapidly decays as Ipr activates. B.3, The 1* 6 ms of voltage responses to 170-pA injection
is normalized to steady-state value; overlaid curves are double-exponential fits (Kyv1.8"*, © 40 ms and 2.4
ms) and single-exponential fits (Ky1.87, t 1.1 ms) .

decreased Cr, may reflect deletion of a highly expressed trans-membrane protein (see discussion
of gk channel density in Chen and Eatock, 2000, and for comparison the large decrease in outer
hair cell size in the prestin null mutant (Liberman et al., 2002; Takahashi et al., 2018)).
Basolateral conductances help set the resting potential and passive membrane properties that
regulate the time course and gain of voltage responses to small currents. To examine the effect of
Kv1.8 on these properties, we switched to current clamp mode and measured resting potential
(Vrest), input resistance (Rin, equivalent to voltage gain for small current steps, AV/AI), and

membrane time constant (trc). In Kyv1.87 type I HCs, Viest Was much less negative (Fig. 2.2A.1),
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Rin was greater by ~20-fold (Fig. 2.2A.2), and membrane charging times were commensurately
longer (Fig. 2.2A.3).

The differences between the voltage responses of Ky1.87""~ and Ky1.87 type I HCs are
expected from the known impact of gk on Vit and Rin (Correia and Lang, 1990; Ricci et al.,
1996; Riisch and Eatock, 1996b; Songer and Eatock, 2013). The large K'-selective conductance
at Viest holds Viest close to Ex (K™ equilibrium potential) and minimizes gain (AV/AI), such that
voltage-gated conductances are negligibly affected by the input current and the cell produces
approximately linear, static responses to iterated current steps. For Kv1.87 type I HCs, with their
less negative Viest and larger Ri,, positive current steps evoked a fast initial depolarization (Fig.
2.2B.2), activating residual delayed rectifiers and repolarizing the membrane toward Ex. Negative
current steps evoked an initial “sag” (Fig. 2.2B.2), a hyperpolarization followed by slow
repolarization as the HCN1 channels open (Riisch and Eatock, 1996b).

Overall, comparison of the Kv1.8"""~ and Kv 1.8~ responses shows that with Kv1.8 (gk L), the
voltage response of the type I hair cell is smaller but better reproduces the time course of the input

current.

Kv1.8 is necessary for both inactivating and non-inactivating Kv currents in type II hair cells
Type II HCs also express Kv1.8 mRNA (McInturff et al., 2018; Orvis et al., 2021). Although their
outwardly-rectifying conductances (ga and gpr) differ substantially in voltage dependence and

size from gk 1, both conductances were strongly affected by the null mutation: ga was eliminated
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Table 2.1. Type | hair cell Ky activation voltage dependence and kinetics. Mean + SEM (number of cells). g

is effect size, Hedge’s g. KWA is Kruskal-Wallis ANOVA.

Zone Ky1.8 Tail Vi, mV? Tail S, mV?® Tail Gmax, NS¢ Tail Gmax/Cm, NS/PF ¢ Age (median, range)
o+ -85:2(12) 43+0.4(12) 270+40(11) 47 +8(11) 22,14-287
g +/- -83+1(40) 5.2+0.3 (40) 210+20(40) 37+ 4(40) 19, 13-259
E -/~ -40.2+0.9(26) 5.7+0.3(26) 5.4+03(26) 1.11+0.08(26) 45, 14-277
o+ —87+3(6) 43+03(6) 310£70(6)  41+7(6) 40,15-59
S
g o~ —88+2(3) 47409 (3) 270460(3)  44+6(3) 19, 14-20
—/- -38+1(13) 6.2+0.4 (13) 6.5+0.6(13) 1.5+0.1(13) 202, 14-370

a—/—vs +/+: 2-way ANOVA, p < 1E-9, g 7.7; —/— vs +/—: 2-way ANOVA, p < 1E-9, g 6.8
b—/—vs +/+:2-way ANOVA, p = 8.4E-4,g 1.2
¢ —/—vs +/+: 2-way ANOVA, p < 1E-9, g 3.7; —/— vs +/—: 2-way ANOVA, p< 1E-9, g 2.1
d—/—vs +/+: 2-way ANOVA, p < 1E-9, g 3.6; —/— vs +/—: 2-way ANOVA, p< 1E-9, g 2.0

Table 2.2. Type | hair cell passive membrane properties. Mean + SEM (number of cells). g is effect size,
Hedge’s g. KWA is Kruskal-Wallis ANOVA.

Zone Kv1.8 Vies, mV®" Rinput, MQ © Tac, Ms @ Con (PF) © Age (median,
range)

o +H+ -84%3(6) 44+ 6 (6) 024+0.03(6)  61+04(13)  19.5, 14-287

S

§ 4~ -8B0%07(28) 55%5(24) 032$0.03(23) 58+0.2(44)  21,16-29

~

5 o/~  -63+2(15) 1400 + 100 (15) 6.4+ 0.6 (15) 5+0.2(27) 45, 14-202
++ -87+2(4) 50 + 8 (4) 030+0.04(4)  7.4+07(7)  43,40-59

(o]

§ +/- —87%3(3) 38+8(2) 0.21+0.01(2) 5.9+0.6(3) 19, 19-20

A
—/-  —74+5(5) 1000 +300 (4)  4.2+1.0(4) 44+02(14) 202, 24-370

9 striolar —/— vs ES —/—: 2-way ANOVA, p = 0.006, g 1.2; striolar —/— vs striolar +/+,+/—: 2-way ANOVA, p = 0.005, g 1.7
b—/—vs +/+: 2-way ANOVA, p < 1E-9, g 2.3; —/— vs +/—: 2-way ANOVA, p < 1E-9, g 3.4
€ —/—vs +/+: 2-way ANOVA, p < 1E-9, g 3.1; —/— vs +/—: 2-way ANOVA, p < 1E-9, g 3.9
4 —/—vs +/+: 2-way ANOVA, p < 1E-9, g 2.7; —=/— vs +/—: 2-way ANOVA, p < 1E-9, g 3.4

€ —/—vs +/+: 2-way ANOVA, p = 3E-7, g 1.5; —=/— vs +/—: 2-way ANOVA, p = 1.3E-4, g 1.0; +/— vs +/+: 2-way ANOVA, p =
0.048,g 0.6

and the delayed rectifier was substantially smaller. Below we describe ga and gpr in Ky1.87"~
type I HCs and the residual outward rectifying current in Kv1.8" type II HCs.
Ky1.87%" type II HCs. Most (81/84) Kv1.8""*~ type 11 HCs expressed a rapidly-activating,

rapidly-inactivating A-type conductance (ga). We define A current as the outwardly rectifying
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Figure 2.3. Ky1.8" type Il HCs in all zones of the sensory epithelium lacked the major rapidly inactivating
conductance, ga, and had less delayed rectifier conductance. Activation and inactivation varied with
epithelial zone and genotype. (A) ga inactivation time course varied across zones. (A.1) Zones of the
utricular epithelium. (A.2) Normalized currents evoked by steps from —124 mV to +30 mV with overlaid
fits of Eq. 3. (A.3) tinactrast Was faster in Ky1.8" than Ky1.8"" HCs , and faster in LES than other zones.
Brackets show post hoc pairwise comparisons between two zones (vertical brackets) and horizontal brackets
compare two genotypes; see Table 2.3 for statistics. (A.4) Fast inactivation was a greater fraction of total
inactivation in LES than striola. (B) Exemplars; ages, left to right, P312, P53, P287, P49, P40, P154. (C) %
inactivation at 30 mV was much lower in Ky1.87 than Kv1.8" and Ky1.8"", and lower in striola than LES
and MES. Interaction between zone and genotype was significant (Table 2.3). (D) Exemplar currents and
G-V curves from LES type Il HCs show a copy number effect. (D.1) Currents for examples of the 3
genotypes evoked by steps from —124 mV to +30 mV fit with Eq. 3. (D.2) Averaged peak and steady-state
conductance-voltage datapoints from LES cells (+/+, n=37; —/—, n=20) were fit with Boltzmann equations
(Eq. 1) and normalized by gmax in (D.3). See Table 2.4 for statistics.

current that inactivates by over 30% within 200 ms. ga was more prominent in extrastriolar zones,
as reported (Holt et al. 1999, Weng and Correia 1999).
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We compared the activation and inactivation time course and inactivation prominence for 200-
ms steps from —124 mV to ~30 mV. Outward currents fit with Eq. 2.3 yielded fast inactivation
time constants (Tinact, Fast) 0f ~30 ms in LES (Fig. 2.3A.2). Tinact, Fast Was faster in LES than in MES
or striola (Fig. 2.3A.3) and fast inactivation was a larger fraction of the total inactivation in LES
than striola (~0.5 vs. 0.3, Fig. 2.3A.4).

To show voltage dependence of activation, we generated G-V curves for peak currents (sum of
A-current and delayed rectifier) and steady-state currents measured at 200 ms, after ga has mostly
inactivated (Fig. 2.3D.2). Kv1.8"~ HCs had smaller currents than Kv1.8"" HCs, reflecting a
smaller gpr (Fig. 2.3D) and faster fast inactivation (Fig. 2.3A.3). As discussed later, these effects
may relate to effects of the Kv1.8 gene dosage on the relative numbers of different Kv1.8
heteromers.

For Kyv1.8"" and Kv1.8"~ HCs, the voltage dependence as summarized by Vhair and slope factor
(S) was similar. Relative to gss, gpeak had a more positive Vhar (~21 vs. ~—26) and greater S (~12
vs. ~9, Fig. 2.3D, Table 2.4). Because gpeak includes channels with and without fast inactivation,
the shallower gpeak-V curve may reflect a more heterogeneous channel population. Only gpeak
showed zonal variation, with more positive Vharin LES than striola (~—20 mV vs. ~-24 mV, Fig.
2.3D, Table 2.4). We later suggest that variable subunit composition may drive zonal variation in
Zpeak.

Ky1.87 type II HCs from all zones were missing ga and 30-50% of gpr (Fig. 2.3B-D). The
residual delayed rectifier (1.3 nS/pF) had a more positive Vhar than gpr in Ky1.87+"~ HCs (~20
mV vs. ~26 mV, Fig. 2.3D.2). We refer to the Kv1.8-dependent delayed rectifier component as
gpr(Kv1.8) and to the residual, Kv1.8-independent delayed rectifier component as gpr(Kv7)

because, as we show later, it includes Kv7 channels.
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Supplemental Figure S2.3A shows the development of Kv1.8-dependent and independent Kv
currents in type II HCs with age from P5 to over P300. In Kv1.8"**" type Il HCs, ga was present
at all ages with a higher % inactivation after P18 than at P5-P10 (Suppl. Fig. S2.3A.4). gpcax did
not change much above P12 except for a compression of conductance density from P13 to P370
(partial correlation coefficient = —0.4, p = 2E-5, Suppl. Fig. S2.3A.3).

We saw small rapidly inactivating outward currents in a minority of Ky1.87 type I HCs (23%,
7/30), all >P12 and extrastriolar (Suppl. Fig. S2.4). These currents overlapped with ga in percent
inactivation, inactivation kinetics, and activation voltage dependence but were very small. As
discussed later, we suspect that these currents flow through homomers of inactivating Kv subunits
that in control hair cells join with Kv1.8 subunits and confer inactivation on the heteromeric

conductance.

Kv1.8 affects type Il passive properties and responses to current steps.
In type II HCs, absence of Kv1.8 did not change Ve (Fig. 2.4A.1) because ga and gpr both
activate positive to rest, but significantly increased Ri, and trc (Fig. 2.4A.2-A.3).

Positive current steps evoked an initial depolarizing transient in both Kv1.87* and Kv1.87 type
IT HCs, but the detailed time course differed (Fig. 2.4B). Both transient and steady-state responses

were larger in Kv1.87", consistent with their larger Ri, values.
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Table 2.3. Type I hair cell Ky currents: Activation and inactivation time course at +30 mV. Mean + SEM. g is
effect size, Hedge’s g. KWA is Kruskal-Wallis ANOVA.

Zone KyL.8 ZAbct at 30 mV, ms T|nac;,|:dast at 30 mV, Fast ipactivaiion ][r;activation % N cells Age (median,
g ms © prominence ’ range)
+/+ 2.11+0.09 23+3 0.46 £0.03 4512 30 46, 14-312
g +/- 1.64 +£0.09 15+2 0.53+0.03 51+2 27 29, 13-280
—/- 44105 NA NA 25+3 21 128, 15-355
+/+ 2.81+0.5 50+ 10 0.40+0.04 42+3 9 94, 22-296
g +/- 22+0.2 90 + 60 0.42 £0.03 47 +2 15 24, 13-52
—/- 10+7 NA NA 295 10 84, 28-355
s H+ 2.7+03 50+ 10 0.31+0.07 39+3 5 45, 40-287
g +/- 29104 300 + 200 0.3+0.06 28+2 5 19, 14-30
2 - 722 NA NA 2242 6  202,29-298

9 —/—vs +/+: KWA, p =0.0048, g 0.6; —/— vs +/—: KWA, p=2.3E-7,g 0.6

b Striola vs LES: KWA, p = 5.7E-4,g 1.0

¢+/—vs +/+: KWA, p=0.027,g0.2

9LES vs MES: KWA, p = 0.0018, g 0.3; LES vs Striola: KWA, p = 1.9E-4, g 0.8

€ LES vs Striola: 2-way ANOVA, p =0.0041, g 0.7

f—/—vs +/+: 2-way ANOVA, p < 1E-9, g 1.7; —/— vs +/—: 2-way ANOVA, p < 1E-9, g 1.8

9 Striola vs LES: 2-way ANOVA, p = 3.4E-5, g 0.9; Striola vs MES: 2-way ANOVA, p = 0.0011, g 1.0; Interaction
between genotype and Zone: 2-way ANOVA, p = 0.026

Table 2.4. Type Il hair cell Ky currents: Activation voltage dependence. Mean + SEM. g is effect size, Hedge’s g.
KWA is Kruskal-Wallis ANOVA.

A-type .
Zone Ky1.8 ; e\jk Yoz Peaks, my gmazl/pc? SS Viat, MV € SS'S, mV// ié/gpm;ifm’ N cells ff:gg‘ed'a“'
nS/pF
+/+ -19.8+06 11.8+04 4003 -250%05 87+03 7.1+08 37 46 14-312
@ 4/~ -198:08 128:04 38:03 -268:08 87:03 4904 35 29,13-280
~/- -18+1 11.7:04 037005 -19%1  121+05 1802 20 128 15-355
+/+  -22%1 11207 4107 -26t1 8305 91 11 94,22-296
€ 4~ 2131 118:04 3605 -27:1  90:03 59:07 16 24,1352
/- -19+1 10806 0601 201  107:07 25:03 15 84, 28-355
o H+ 241 96%05 5%1 26609 82:04 12t1 7 45,40-287
2 4/~ 25%¢2 9404 26t06 -28%2  82:03 10%2 6 19,14-30
? /- —213+09 103:05 07:01 -217:08 105+06 3.9+05 8  202,29-298

9 Striola vs LES: 2-way ANOVA, p =0.00116, g 0.9

bStriola vs MES: 2-way ANOVA, p = 0.016, g 0.8; Striola vs LES: 2-way ANOVA, p = 7.5E-6, g 1.2

¢ —/-vs +/—: 2-way ANOVA, p =0.036, g 0.5

4 —/—vs +/+: Welch ANOVA, p < 1E-9, g 2.3; —/— vs +/—: Welch ANOVA, p < 1E-9, g 2.3

€ —/—vs +/+: 2-way ANOVA, p < 1E-9, g 1.4; —/— vs +/—: 2-way ANOVA, p< 1E-9,g 1.6

f—/—vs +/+: 2-way ANOVA, p < 1E-9, g 1.4; —/— vs +/—: 2-way ANOVA, p = 4.5E-7,g 1.1

9—/—vs +/+: Welch ANOVA, p < 1E-9, g 1.6; —/— vs +/—: Welch ANOVA, p < 1E-9, g 1.3; +/+ vs +/—: Welch ANOVA, p
=0.007,g 1.6

h Striola vs LES: 1-way ANOVA, p = 0.001, g 0.9); Striola vs MES: 1-way ANOVA, p = 0.01, g 0.8
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Figure 2.4. Ky1.8™ type II hair cells had larger, slower voltage responses and more electrical resonance.
(A) Passive membrane properties near resting membrane potential: A.1) Resting potential. Rinput (A.2) and tre
(A.3) were obtained from single exponential fits to voltage responses < 15 mV. See Table 2.5 for statistics.

(B) Exemplar voltage responses to iterated current steps (bottom) illustrate key changes in gain and resonance
with Kv1.8 knockout. (B.1) Ky1.8"" type II HC (P24, LES) and (B.2) Ky1.8" type II HC (P53, LES).
Arrowheads, depolarizing transients. (C) Range of resonance illustrated for Kv1.8" type Il HCs (left, pink curves
fit to Eq. 5) and controls (right, blue fits). (C.1) Resonant frequencies, left to right: 19.6, 18.4, 34.4, 0.3 Hz.
Leftmost cell resonated spontaneously (before step). (C.2) Tuning quality (Q.; Eq. 2.6) was higher for Ky1.87"
type Il HCs (KWA, p = 0.0064 vs. Ky1.8""; p = 7E-8 vs. Ky1.8"). (D) Ky1.8" type II HCs had higher, slower
peaks and much slower rebound potentials in response to large (170-pA) current steps. (D.1) Normalized to show
initial depolarizing transient (filled circles, times of peaks; horizontal arrows, peak width at half-maximum).
(D.2) Longer time scale to highlight how null mutation reduced post-transient rebound. (E) In Ky1.8"~ HCs,
depolarizing transients evoked by a +90-pA step were slower to peak (E.1) and (E.2) larger.

Absence of Kvl1.8 increased the incidence of sharp electrical resonance in type II HCs.

Electrical resonance, which manifests as ringing responses to current steps, can support receptor
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Table 2.5. Type Il hair cell passive membrane properties. Mean + SEM (number of cells). g is effect size, Hedge’s g. KWA
is Kruskal-Wallis ANOVA.

Zone Ky1.8 Viest, MV Rimput, GQ Y Ta, ms® Peak height, b time, ms @ Cn, pF Age (median,
mV, 170 ¢ range)
L/t 71¥2(19)  14%02(16) 11:3(16)  -20%2(15) 25:0.2(15) 47£02(50) 45 16-312
kS
o
8 4/- —71£2(34) 12+01(27) 9+1(27) —20+1(30) 2.44+0.08(30) 46+0.1(52) 27, 13-280
o
R
—/- -76+2(9)  23+03(7) 16%3(7) 2+6(7) 3.6+03(7) 4.6+0.2(35) 53,15-154
+/+ -73.1+1.0(6) 1.4£0.1(6) 9+1(6) —20+2(5)  27+0.1(5) 4.6+02(7) 45, 40-224
S
£ 4~ -71%3(5) 14:03(6) 7+2(6) —20+2(6)  23+0.1(6) 48%02(6)  19,19-30
A
—/- —68+2(6) 3.0:0.7(6) 26+10(6) 2+7(4) 4+1(4) 44+03(7)  178,29-298

9 —/—vs +/+: KWA, p=0.015, g 1.2; —/—vs +/—: KWA, p =0.002, g 1.5

b_—/—vs+/+: KWA, p=0.016, g 0.7; —/— vs +/—: KWA, p =0.008, g 1.2

¢ —/—vs+/+: KWA, p=0.006, g 2.1; —/— vs +/—: KWA, p=2E-4,g 2.6

4 —/—vs +/+: 2-way ANOVA, p <1E-9, g 1.3; —/— vs +/—: 2-way ANOVA, p < 1E-9, g 1.9

potential tuning (Ashmore, 1983; Fettiplace, 1987; Hudspeth and Lewis, 1988; Ramanathan and
Fuchs, 2002). Larger Rin values made Kyv1.87 type II HCs more prone to electrical resonance;
Figure 2.4C.1 shows a striking example. Median resonance quality (Qe, sharpness of tuning) was
greater in Kv1.87~ (1.33, n=26) than Kv1.8"" (0.66, n=23) or Kv1.8"~ (0.59, n=44) type 11 HCs.
Kv1.8 affected the time course of the initial peak in response to much larger current injections
(Fig. 2.4D-E). Fast activation of ga in control type II HCs rapidly repolarizes the membrane and
then inactivates, allowing the constant input current to progressively depolarize the cell, producing
a slow rebound (Fig 2.4D.2). This behavior has the potential to counter MET adaptation (Vollrath

and Eatock, 2003).
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A.1K,1.8" utricle A.2 K,1.8"" utricle A3K,1.8" utricle
Ky1.8 K,7.4 Ky1.8 K,7.4 Ky1.8 Ky7.4

B.1K,1.8"* utricle B.2 K,1.8"* utricle
Calretinin Ky1.8 Merge

Calretinin Ky1.8 Merge

B.3 K,1.87" utricle B.4 K,1.87 utricle
Calretinin Ky1.8 Merge Calretinin Ky1.8 Merge

Figure 2.5. Type I and type II HC basolateral membranes show specific immunoreactivity to Kv1.8
antibody (magenta). Antibodies for Kv7.4 (A, green) and calretinin (B, cyan) were used as counterstains for
calyx membrane (Kv7.4), type Il HC cytoplasm (calretinin) and cytoplasm of striolar calyx-only afferents
(calretinin). (A) Left, Cartoon showing Kv7.4 on the calyx inner face membrane (CIF) and Kv1.8 on the type
I HC membrane. SC, supporting cell nuclei. 4./-3, Adult mouse utricle sections. Kvy7.4 antibody labeled
calyces on two Kvy1.8-positive type I HCs (A.1), four Kv1.8-positive type I HCs (A.2), and two Ky1.8-negative
type I HCs from a Kv1.87 mouse (A.3). (B) Left, Cartoon showing cytoplasmic calretinin stain in calyx-only
striolar afferents and most type Il HCs, and Kv1.8 on membranes of both HC types. In wildtype utricles, Kv1.8
immunolocalized to basolateral membranes of type I and II HCs (B.1). Kv1.8 immunolocalized to type I HCs
in striola (B.2). Staining of supporting cell (SC) membranes by Kv1.8 antibody was non-specific, as it was
present in Ky1.87 tissue (B.3, B.4).

Kv1.8 immunolocalized to basolateral membranes of both type I and II HCs
IfKv1.8 is a pore-forming subunit in the Kv1.8-dependent conductances gk 1, ga, and gpg, it should
localize to hair cell membranes. Figure 2.5 compares Kv1.8 immunoreactivity in Kv1.8"* and

Kv1.87 utricles, showing specific immunoreactivity along the basolateral membranes of both hair
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cell types in Kv1.8"" utricles. To identify hair cell type and localize the hair cell membrane, we
used antibodies against Kv7.4 (KCNQ4), an ion channel densely expressed in the calyceal “inner-
face” membrane next to the synaptic cleft (Hurley et al., 2006; Lysakowski et al., 2011), producing
a cup-like stain around type I HCs (Fig. 2.5A). Kv1.8 immunoreactivity was present in hair cell
membrane apposing Ky7.4-stained calyx inner face in Kv1.8"" utricles (Fig. 2.5A.1, A.2) and not
in Kv1.87" utricles (Fig. 2.5A.3).

In other experiments, we used antibodies against calretinin (Calb2), a cytosolic calcium binding
protein expressed by many type II HCs and also by striolar calyx-only afferents (Desai et al., 2005;
Lysakowski et al., 2011) (Fig. 2.5B). A hair cell is type II if it is calretinin-positive (Fig. 2.5B.1)
or if it lacks a Kv7.4-positive or calretinin-positive calyceal cup (Fig. 2.5A.2, 5B.3, rightmost
cells). Hair cell identification was confirmed with established morphological indicators: for
example, type II HCs tend to have basolateral processes (feet) (Pujol et al., 2014) and, in the
extrastriola, more apical nuclei than type I HC.

Previously, Carlisle et al. (2012) reported Kv1.8-like immunoreactivity in many cell types in
the inner ear. In contrast, Lee et al. (2013) found that gene expression reporters indicated
expression only in hair cells and some supporting cells. Here, comparison of control and null tissue
showed selective expression of HC membranes, and that some supporting cell staining is non-

specific.
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Figure 2.6. Kv1.4 subunits may contribute to g in extrastriolar type II HCs.

(A) Immunostaining of adult rat utricular epithelium with Kv1.4 antibody and TUJ-1, which labels afferent
terminals, shows strong Kv1.4-like immunoreactivity on the membranes of 2 type II HCs. Scale bar, 5 um.
(B) Voltage dependence of ga’s steady-state inactivation (h. curve) and peak activation are consistent with
Ky1.4 heteromers. Ky1.8""*" type Il HCs, n=11, P40-P210, median P94. (B.1) The inactivation voltage
protocol, bottom. Tail current is a function of the voltage dependence of accumulated steady-state
inactivation. 100 pM ZD7288 in bath prevented contamination by HCN current. (B.2) Overlapping
normalized activation and inactivation (‘“h-infinity”’) G-V curves for data in B.1 at time points shown: peak
currents (black squares, activation) and tail currents (red circles, inactivation). Curves, Boltzmann fits (Eq.
2.1). Average fit parameters for inactivation: Viag, 42 £2 mV (n=11); S, 11 £ 1 mV. Activation: Vpar, —
23+ 1mV (n=11); S, 11.2 £ 0.4 mV.

Kv1.4 may also contribute to ga

Results with the Kv1.8 knockout suggest that type II hair cells have an inactivating Kyl
conductance that includes Kv1.8 subunits. Ky1.8, like most Ky1 subunits, does not show fast
inactivation as a heterologously expressed homomer (Lang et al., 2000; Ranjan et al., 2019;
Dierich et al., 2020), nor do the Kv1.8-dependent channels in type I HCs, as we show, and cochlear
inner hair cells (Dierich et al., 2020). Kv1 subunits without intrinsic inactivation can produce

rapidly inactivating currents by associating with Kv1 (KCNB1) or Kvp3 subunits. Kvp1 is present
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in type I HCs alongside Kvp2 (Mclnturff et al., 2018; Jan et al., 2021; Orvis et al., 2021), which
does not confer rapid inactivation (Dwenger et al., 2022).

An alternative possibility is that in type II HCs, Kv1.8 subunits heteromultimerize with Kvy1.4
subunits — the only Kv1 subunits which, when expressed as a homomer, have complete N-type
(fast) inactivation (Stithmer et al., 1989). Multiple observations support this possibility. Kv1.4 has
been linked to ga in pigeon type Il HCs (Correia et al., 2008) and is the second-most abundant Kv1
transcript in mammalian vestibular HCs, after Kv1.8 (Scheffer et al., 2015). Kv1.4 is expressed in
type 11 HCs but not type I HCs (MclInturft et al., 2018; Orvis et al., 2021), and is not found in
striolar HCs (Jan et al., 2021; Orvis et al., 2021), where even in type II HCs, inactivation is slower
and less extensive (Fig. 2.3A).

In Kv1.8"""~ type Il HCs, the time course (Fig. 2.3A, Trastnac of ~30 ms +30 mV) and voltage
dependence of inactivation of ga (Vhar —41 mV, Fig. 2.6B.2), are consistent with heterologously
expressed heteromers of Kv1.4 with Kv1.x and/or Kyvf1 (Imbrici et al., 2006; Al-Sabi et al., 2011).
In further support, we observed Kv1.4-like immunoreactivity along the basolateral membranes of

extrastriolar type II HCs in rat utricles (Fig. 2.6A).

Kv7 channels contribute a small delayed rectifier in type I and type II hair cells

In Kv1.87 HCs, absence of Ik and I revealed smaller delayed rectifier K* currents that, unlike
Ix 1, activated positive to resting potential and, unlike Ia, lacked fast inactivation. Candidate
channels include members of the Kv7 (KCNQ, M-current) family, which have been identified
previously in rodent vestibular HCs (Kharkovets et al., 2000; Rennie et al., 2001; Hurley et al.,

2006; Scheffer et al., 2015).
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We test for Kyv7 contributions in Kyv1.87 type I HCs, Kv1.87 type Il HCs, and Kv1.8""" type
IT HCs of multiple ages by applying XE991 at 10 uM (Fig. 2.7A), a dose selective for Kv7 channels
(Brown et al., 2002) and close to the ICso (Alexander et al., 2019). In Kyv1.87~ HCs of both types,
10 uM XE991 blocked about half of the residual Kv conductance (Fig. 2.7B.1), consistent with
Kv7 channels conducting most or all of the non-Kv 1.8 delayed rectifier current. In all tested HCs
(P8-355, median P224), the XE991-sensitive conductance did not inactivate substantially within
200 ms at any voltage, consistent with Kv7.2, 7.3, 7.4, and 7.5 currents (Wang, 1998; Kubisch et
al., 1999; Schroeder et al., 2000; Jensen et al., 2007; Xu et al., 2007). We refer to this component
as gpr(K,7). The voltage dependence and Gmax density (Gmax/Cm) of gpr(Ky7) were comparable
across HC types and genotypes (Fig. 2.7B.2-4). Although Kv7.4 was not detectable in HCs during
immunostaining (Fig. 2.5), Kv7.4 has been shown in type I HCs with immunogold labeling
(Kharkovets et al., 2000; Hurley et al., 2006).

These results are consistent with similar Kv7 channels contributing a relatively small delayed
rectifier in both HC types. In addition, the similarity of XE991-sensitive currents of Kyv1.8"" and
Kv1.87 type Il HCs indicates that knocking out Kv1.8 did not cause general effects on ion channel
expression. We did not test XE991 on Ky1.87""~ type I HCs because gk runs down in ruptured
patch recordings (Riisch and Eatock, 1996a; Chen and Eatock, 2000; Hurley et al., 2006), which
could contaminate the XE991-sensitive conductance obtained by subtraction.

In one striolar Kv1.8"" type I HC, XE991 also blocked a small conductance that activated
negative to rest (Suppl. Fig. S2.5A-B). This conductance (Vhair ~=—100 mV, Suppl. Fig. S2.5C)
was detected only in Kv1.87 type I HCs from the striola (5/23 vs. 0/45 extrastriolar). The Vhair
and Tdeactivation at —124 mV were similar to values reported for Kv7.4 channels in cochlear HCs

(Wong et al., 2004; Dierich et al., 2020). This very negatively activating Kv7 conductance
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Figure 2.7. A Ky7-selective blocker, XE991, reduced residual delayed rectifier currents in Kyv1.8™"
type I and I HCs. (A) XE991 (10 uM) partly blocked similar delayed rectifier currents in type I and type
IT Ky1.8"" HCs and a type IT Ky1.8"" HC. (B) Properties of XE991-sensitive conductance, gpr(Kyv7).
(B.1) % Block of steady-state current. (B.2) tail G-V curves for Kv1.87 type I HCs (n=8), Kv1.8”" type
IT HCs (9), and Ky1.8"* type II HCs (5); mean + SEM. (B.3) Viar was less negative in Ky1.8"" type II
than Ky1.8” type THC (p = 0.01, KWA). (B.4) Conductance density was similar in all groups (ANOVA,
non-significant at 40% power (/eft), 20% power (right).

coexisted with the larger less negatively activating Kv7 conductance (Suppl. Fig. S2.5C) and was

too small (<0.5 nS/pF) to contribute significantly to gkr (~10-100 nS/pF, Fig. 1D).

Other channels
While our data are consistent with Kv1.8- and Kv7- containing channels carrying most of the
outward-rectifying current in mouse utricular hair cells, there is evidence in other preparations for
additional channels, including Kv11 (KCNH, Erg) channels in rat utricular type I hair cells (Hurley
et al., 2006) and BK (KCNMA1) channels in rat utricle and rat and turtle semicircular canal hair
cells (Schweizer et al., 2009; Contini et al., 2020).

BK is expressed in mouse utricular hair cells (McInturff et al., 2018; Jan et al., 2021; Orvis et

al., 2021). However, Ca**-dependent currents have not been observed in mouse utricular HCs, and
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we found little to no effect of the BK-channel blocker iberiotoxin at a dose (100 nM) well beyond
the ICso: percent blocked at =30 mV was 2 + 6% (3 Kv1.87 type I HCs); 1 + 5% (5 Ky1.87"""
type 11 HCs); 7% and 14% (2 Kv1.87~ type II HCs). We also did not see N-shaped I-V curves
typical of many Ca**-dependent K* currents. In our ruptured-patch recordings, Ca?*-dependent BK
currents and erg channels may have been eliminated by wash-out of the hair cells’ small Cay
currents (Bao et al., 2003) or cytoplasmic second messengers (Hurley et al., 2006).

To check whether the constitutive Kv1.8 knockout has strong non-specific effects on channel
trafficking, we examined the summed HCN and inward rectifier currents (In and Ikir) at =124 mV,
and found them similar across genotypes (Suppl. Fig. S2.6). In the process, we noted zonal
differences in Iy and Ik;ir that have not been reported in hair cells. In type I HCs from both control
and null utricles, Iy and Ikir were less prevalent in striola than extrastriola, and, when present, the
combined inward current was smaller (Suppl. Fig. S2.6B).

We occasionally noted voltage-gated sodium current (Inav) in control and Kv1.8-null type II
HCs up to P300, evident as a transient inward current as voltage was stepped from —124 mV to the
tail potential of —44 mV (Suppl. Fig S2.7A). Its transient nature (it rapidly returned to 0 pA)
indicated that it flowed through Nav channels, not Cav channels, which are relatively sustained in
HCs (Bao et al., 2003; Manca et al., 2021). Nay currents are widely expressed in developing
utricular hair cells (Géléoc et al., 2004) in two varieties with distinct voltage dependence; after
P10, only the more negatively activating version, “Ina,1” (likely Nay1.5, which is more highly
expressed in striolar HCs), is observed (Wooltorton et al., 2007). In Supplementary Figure S2.7,
we examined whether Inav correlated with age (P5-P370), zone, and genotype. Inav was equally

likely in all genotypes but was much more likely in striolar type II HCs (~70%) than extrastriolar
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type I HCs (~10 %) (Suppl. Fig. S2.7C.1). The voltage midpoints of activation and inactivation
(Suppl. Fig S2.7) matched those of the Ina,1 subtype.

Such high Inav incidence rates in hair cells from adult vestibular epithelia haven’t been reported
before, but this may reflect neglect of striola in electrophysiology. Denervation during experiments
may have also amplified observations of Inav. In our ex vivo semi-intact prep, the afferent nerves
were severed close to the base of the utricle during dissection, which can lead to degradation and
retraction of terminals from HCs. Others have shown that such denervation can lead to rapid Nay
unmasking (Brugeaud et al., 2006, 2007). Striolar afferents are often more susceptible to
degradation, resulting in denervated striolar type II HCs that express Inav. Ina,1 can also indicate
recently regenerated type II HCs (Gonzéilez-Garrido et al., 2021), but zonal control over

mammalian regeneration of hair cells is not well understood.

2.4 Discussion

We have shown that constitutive knockout of Kv1.8 eliminated gk in type I HCs, and ga and
much of gprin type II HCs. Kv1.8 immunolocalized specifically to the basolateral membranes of
type I and I HCs. We conclude that Kv1.8 is a pore-forming subunit of gk 1, ga, and part of gpr
[gor(Kv1.8)]. We suggest that fast inactivation of g4 may arise from heteromultimerization of non-
inactivating Kv1.8 subunits and inactivating Kv1.4 subunits. Finally, we showed that a substantial
component of the residual delayed rectifier current in both type I and type II HCs comprises Kv7
channels.

Kv1.8 is expressed in hair cells from mammalian cochlea (Dierich et al., 2020), avian utricle

(Scheibinger et al., 2022), and zebrafish (Erickson and Nicolson, 2015). Our work suggests that in
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anamniotes, which lack type I cells and gxi, Kv1.8 contributes to ga and gpr, which are
widespread in vertebrate HCs (reviewed in Meredith and Rennie, 2016). Kv1.8 expression has not
been detected in rodent brain but is reported in the pacemaker nucleus of weakly electric fish

(Smith et al., 2018).

Kv1.8 subunits may form homomultimers to produce gk . in type I hair cells
Recent single-cell expression studies on mouse utricles (McInturff et al., 2018; Jan et al., 2021;
Orvis et al., 2021) have detected just one Ky1 subunit, Kv1.8, in mouse type I HCs. Given that
Kv1.8 can only form multimers with Ky 1 family members, and given that gk 1 channels are present
at very high density (~150 per mm? in rat type I, Chen and Eatock, 2000), it stands to reason that
most or all of the channels are Kv1.8 homomers. Other evidence is consistent with this proposal.
gk, (Riisch and Eatock, 1996a) and heterologously expressed Kv1.8 homomers in oocytes (Lang
et al., 2000) are non-inactivating and blocked by millimolar Ba*>* and 4-aminopyridine and >10
mM TEA. Unlike channels with Kvy1.1, Kv1.2, and Kv1.6 subunits, gk 1 is not sensitive to 10 nM
a-dendrotoxin (Riisch and Eatock, 1996a). gk 1 and heterologously expressed Kv1.8 channels have
similar single-channel conductances (~20 pS for gk 1. at positive potentials, Chen and Eatock, 2000;
11 pS in oocytes, Lang et al., 2000). gk is inhibited—or positively voltage-shifted—by cGMP
(Behrend et al., 1997; Chen and Eatock, 2000), presumably via the C-terminal cyclic nucleotide
binding domain of Kv1.8.

A major novel property of gkr is that it activates 30-60 mV negative to type II Kv1.8
conductances and most other low-voltage-activated Kv channels (Ranjan et al., 2019). The very
negative activation range is a striking difference between gk and known homomeric Kv1.8

channels. Heterologously expressed homomeric Kv1.8 channels have an activation Vpar of =10 to
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0 mV (X laevis oocytes, Lang et al., 2000; CHO cells, Dierich et al., 2020). In cochlear inner HCs,
currents attributed to Kv1.8 (by subtraction of other candidates) have a near-zero activation Vhpair
(-4 mV, Dierich et al., 2020).

Possible factors in the unusually negative voltage dependence of gk 1. include:

1) elevation of extracellular K* by the enveloping calyceal terminal, unique to type I HCs (Lim
etal., 2011; Contini et al., 2012; Spaiardi et al., 2020; Govindaraju et al., 2023). High K" increases
conductance though gk 1 channels (Contini et al., 2020), perhaps through K"-mediated relief of C-
type inactivation (Lopez-Barneo et al., 1993; Baukrowitz and Yellen, 1995). We note, however,
that gk L is open at rest even in neonatal mouse utricles cultured without innervation (Riisch et al.,
1998) and persists in dissociated type I HCs (Chen and Eatock, 2000; Hurley et al., 2006).

2) The high density of gki (~50 nS/pF in striolar Kv1.8"* HCs) implies close packing of
channels, possibly represented by particles (12-14 nm) seen in freeze-fracture electron microscopy
of the type I HC membrane (Gulley and Bagger-Sjobédck, 1979; Sousa et al., 2009). Such close
channel packing might hyperpolarize in situ voltage dependence of gk 1, as proposed for Kv7.4
channels in outer hair cells (Perez-Flores et al., 2020). Type I HC-specific partners that may
facilitate this close packing include ADAMI11 (Mclnturff et al., 2018), which clusters presynaptic
Kv1.1 and Kv1.2 to enable ephaptic coupling at a cerebellar synapse (Kole et al., 2015).

3) Modulation by accessory subunits. Type I HCs express Kvp1 (McInturff et al., 2018; Orvis
et al., 2021), an accessory subunit that can confer fast inactivation and hyperpolarize activation
Vhait by ~10 mV. Kvp1 might interact with Kv1.8 to shift voltage dependence negatively.
Arguments against this possibility include that gk lacks fast inactivation (Riisch and Eatock,

1996a; Hurley et al., 2006; Spaiardi et al., 2017) and that cochlear inner hair cells co-express Kv1.8
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and Kvf1 (Liu et al., 2018) but their Ky1.8 conductance has a near-0 Vpae (Dierich et al., 2020).

Kv1.8 subunits may heteromerize with variable numbers of inactivating Kv1.4 subunits to
produce g4 and Kv1.8-dependent gpr in type I HCs

The Kv1.8-dependent conductances of type II HCs vary in their fast and slow inactivation. In not
showing fast inactivation (Lang et al., 2000; Ranjan et al., 2019; Dierich et al., 2020),
heterologously expressed Kv1.8 subunits resemble most other Kyl family subunits, with the
exception of Kv1.4 (for comprehensive review, see Ranjan et al., 2019). Kv1.4 is a good candidate
to provide fast inactivation based on immunolocalization and voltage dependence (Figs. 2.4, 2.6).
We suggest that ga and gpr(Kv1.8) are Kv1.8-containing channels that may include a variable
number of Kv1.4 subunits and Kvf2 and Kvf1 accessory subunits.

Kv1.4-Kv1.8 heteromeric assembly could account for several related observations. The faster
TiactFast in Kv1.87 relative to Kv1.8™* type 11 HCs (Fig. 2.3A.3, Suppl. Fig. S2.2A.1) could
reflect an increased ratio of Kv1.4 to Kv1.8 subunits and therefore more N-terminal inactivation
domains per heteromeric channel. Zonal variation in the extent and speed of N-type inactivation
(Fig. 2.3A) might arise from differential expression of Kvl.4. The small fast-inactivating
conductance in ~20% of extrastriolar Kyv1.87 type II HCs (Suppl. Fig. 2.4) might flow through
Kv1.4 homomers.

Fast inactivation may also receive contribution from Kvf subunits. Kyp1 is expressed in type
IT HCs (MclInturff et al., 2018; Jan et al., 2021; Orvis et al., 2021), and, together with Kv1.4, has
been linked to ga in pigeon vestibular HCs (Correia et al., 2008). Kvp2, also expressed in type II

HCs (Mclnturff et al., 2018; Orvis et al., 2021), does not confer fast inactivation.
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It is not likely that ga and gpr(Kv1.8) are different kinetic components of current through
homogeneous incompletely inactivating Kv channels. As discussed, ga may include heteromers of
Kv1.8 and other subunits lending rapid inactivation. gpr(Kv1.8) may comprise homomeric Kv1.8

channels, which do not have N-type inactivation.

Kv1.8 relevance for vestibular function
In both type I and type II utricular HCs, Kv1.8-dependent channels strongly shape receptor
potentials in ways that promote temporal fidelity rather than electrical tuning (Lewis, 1988),
consistent with the utricle’s role in driving reflexes that compensate for head motions as they occur.
This effect is especially pronounced for type I HCs, where the current-step evoked voltage
response reproduces the input with great speed and linearity (Fig. 2.2).

gk L dominates passive membrane properties in mature Ky1.8"""~ type I HCs such that Ky1.8"
'~ type 1 HCs are expected to have receptor potentials with higher amplitudes but lower low-pass
corner frequencies, closer to those of type II HCs and immature HCs of all types (Correia et al.,
1996; Riisch and Eatock, 1996a; Songer and Eatock, 2013). In Kv1.87~ epithelia, we expect the
lack of a large basolateral conductance open at rest to reduce the speed and gain of non-quantal
transmission, which depends on K" ion efflux from the type I HC to change electrical and K*
potentials in the synaptic cleft (Govindaraju et al., 2023). In hair cells, K enters the
mechanosensitive channels of the hair bundle from the K*-rich apical endolymph and exits through
basolateral potassium conductances into the more conventional low-K+ perilymph. For the type I-
calyx synapse, having in the hair cell a large, non-inactivating K" conductance open across the
physiological range of potentials avoids channel gating time and allows for instantaneous changes

in current into the cleft and fast afferent signaling (Pastras et al., 2023).
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In contrast, mature type II HCs face smaller synaptic contacts and have Kvl1.8-dependent
currents that are not substantially activated at resting potential. They do affect the time course and
gain of type II HC responses to input currents, speeding up depolarizing transients, producing a
repolarizing rebound during the step, and reducing resonance.

Type I and II vestibular hair cells are closely related, such that adult type II HCs acquire type
I-like properties upon deletion of the transcription factor Sox2 (Stone et al., 2021). In normal
development of the two cell types, the KcnalO gene generates different ion channels, presenting a

natural experiment in functional differentiation of sensory receptor cells.

2.5 Materials and methods

Preparation
All procedures for handling animals followed the NIH Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and Use Committees of the
University of Chicago and the University of Illinois Chicago. Most mice belonged to a transgenic
line with a knockout allele of Kcnal0 (referred to here as Kv1.87"). Our breeding colony was
established with a generous gift of such animals from Sherry M. Jones and Thomas Friedman.
These animals are described in their paper (Lee et al., 2013). Briefly, the Texas A&M Institute for
Genomic Medicine generated the line on a C57BL/6;129SvEv mixed background by replacing
Exon 3 of the Kcnal0 gene with an IRES-bGeo/Purocassette. Mice in our colony were raised on a
12:12h light-dark cycle with access to food and water ad libitum.

Semi-intact utricles were prepared from ~150 male and ~120 female mice, postnatal days (P)
5-375, for same-day recording. Hair cell Kv channel data were pooled across sexes as most results

did not appear to differ by sex; an exception was that gk had a more negative Vharr in males
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(Suppl. Table S2.1), an effect not clearly related to age, copy number, or other properties of the
activation curve.

Preparation, stimulation, and recording methods followed our previously described methods for
the mouse utricle (Vollrath and Eatock, 2003). Mice were anesthetized through isoflurane
inhalation. After decapitation, each hemisphere was bathed in ice-cold, oxygenated Liebowitz-15
(L15) media. The temporal bone was removed, the labyrinth was cut to isolate the utricle, and the
nerve was cut close to the utricle. The utricle was treated with proteinase XXIV (100 mg/mL, ~10
mins, 22°C) to facilitate removal of the otoconia and attached gel layer and mounted beneath two

glass rods affixed at one end to a coverslip.

Electrophysiology

We used the HEKA Multiclamp EPC10 with Patchmaster acquisition software, filtered by the
integrated HEK A filters: a 6-pole Bessel filter at 10 kHz and a second 4-pole Bessel filter at 5 kHz,
and sampled at 10-100 kHz. Recording electrodes were pulled (PC-100, Narishige) from soda lime
glass (King’s Precision Glass R-6) wrapped in paraffin to reduce pipette capacitance. Internal
solution contained (in mM) 135 KCI, 0.5 MgCl,, 3 MgATP, 5 HEPES, 5 EGTA, 0.1 CaCl,, 0.1
Na-cAMP, 0.1 LiGTP, 5 NayCreatinePO4 adjusted to pH 7.25 and ~280 mmol/kg by adding ~30
mM KOH. External solution was Liebowitz-15 media supplemented with 10 mM HEPES (pH
7.40, 310 £ 10 mmol/kg). Recording temperature was 22-25°C. Pipette capacitance and membrane
capacitance transients were subtracted during recordings with Patchmaster software. Series
resistance (8-12 MQ) was measured after rupture and compensated 60-80% with the amplifier, to
final values of ~2 MQ. Potentials are corrected for remaining (uncompensated) series resistance

and liquid junction potential of ~+4 mV, calculated with LJPCalc software (Marino et al., 2014).

35



Type I HCs with gk were transiently hyperpolarized to —90 mV to close gk enough to
increase Rinput above 100 MQ, as needed to estimate series resistance and cell capacitance. The
average resting potential, Viest, was =87 mV + 1 (41), similar to the calculated Ex of —86.1 mV,
which is not surprising given the large K™ conductance of these cells (Fig. 2.1). Ve is likely more
positive in vivo, where lower endolymphatic Ca?" increases standing inward current through MET
channels.

Voltage protocols to characterize Kv currents differed slightly for type I and Il HCs. In standard
protocols, the cell is held at a voltage near resting potential (—74 mV in type [ and —64 mV in type
II), then jumped to —124 mV for 200 ms in type I HCs in order to fully deactivate gk, and 50 ms
in type Il HCs in order to remove baseline inactivation of ga. The subsequent iterated step
depolarizations lasted 500 ms in type I HCs because gk activates slowly (Wong et al., 2004) and
200 ms in type II HCs, where Kv conductances activate faster. The 50-ms tail voltage was near the
reversal potential of HCN channels (—44 mV in mouse utricular hair cells, Riisch et al., 1998) to
avoid HCN current contamination.

G-V (activation) parameters for control type I cells may be expected to vary across experiments
on semi-intact (as here), organotypically cultured and denervated (Riisch et al.,1998), or
dissociated-cell preparations, reflecting variation in retention of the calyx (Discussion) and voltage
step durations (Wong et al., 2004) which elevate K" concentration around the hair cell.
Nevertheless, the values we obtained for type I and type II HCs resemble values recorded
elsewhere, including experiments in which extra care was taken to avoid extracellular K*
accumulation (Spaiardi et al., 2017, 2020). The effects of K accumulation on gk 1’s steady-state
activation curves are small because the operating range is centered on Ex and can be characterized

with relatively small currents (Fig. 2.1A).
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Pharmacology

Drug-containing solutions were locally with BASI Bee Hive syringes at a final flow rate of 20
puL/min and a dead time of ~30 s. Global bath perfusion was paused during drug perfusion and
recording, and only one cell was used per utricle. Aliquots of test agents in solution were prepared,
stored at —20°C, and thawed and added to external solution on the recording day (see Key

Resources Table).

Analysis
Data analysis was performed with software from OriginLab (Northampton, MA) and custom

MATLAB scripts using MATLAB fitting algorithms.

Fitting voltage dependence and time course of conductances

G-V curves. Current was converted to conductance (G) by dividing by driving force (V — Ex; Ex
calculated from solutions). For type I HCs, tail G-V curves were generated from current 1 ms after
the end of the iterated voltage test step. For type Il HCs, peak G-V curves were generated from
peak current during the step and steady-state G-V curves were generated from current 1 ms before
the end of a 200 ms step. Sigmoidal voltage dependence of G-V curves was fit with the first-order

Boltzmann equation (Eq. 2.1).

G(V) =Gy +—amax . (2.])

Vhatf =V
1+e S

Vhait 1s the midpoint and S is the slope factor, inversely related to curve steepness near activation

threshold.
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Activation time course of type II HCs. For type II HCs lacking fast inactivation, outward current

activation was fit with Eq. 2.2.

t\1

1(t) = Igq * (1 - e‘ﬁ) +1, (2.2

Iss is steady-state current, T is activation time constant, n is the state factor related to the number
of closed states (typically constrained to 3), and I, is baseline current.
To measure activation and inactivation time course of ga, we used Eq. 2.3 to fit outward K*

currents evoked by steps from —125 mV to above —50 mV (Rothman and Manis, 2003b).

t\n

I(t) = Lygx *(1—e_§> *(1—Z*(f*(1—e_é>+(1—f)*(1—e_é))+10 (2.3)

Z is total steady-state inactivation (0 < Z < 1 means incomplete inactivation, which allows the
equation to fit non-inactivating delayed rectifier currents), f is the fraction of fast inactivation
relative to total inactivation, Imax 1S maximal current, t.r and 1, are the fast and slow inactivation
time constants. We chose to compare fit parameters at 30 = 2 mV (91), where fast and slow
inactivation were consistently separable and ga was maximized. In most Kv1.87~ and some striolar
Kv1.87"%" cells, where fast inactivation was absent and adjusted R? did not improve on a single-
exponential fit by >0.01, we constrained f in Eq. 2.3 to 0 to avoid overfitting.

For Peak G-V relations, peak conductance was taken from fitted curves (Egs. 2.2 and 2.3). To
construct ‘Steady-state’ G-V relations, we used current at 200 ms (6 + 1 % (94) greater than steady-
state estimated from fits to Eq. 2.3 (Fig. 2.3C-D)).

Percent inactivation was calculated at 30 mV with Eq. 2.4 :

% Inactivation = (Ipear — Iss)/Ipeak (2.4)

Ipeak 1s maximal current, and Iss is current at the end of a 200 ms voltage step.
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The electrical resonance of type II HCs was quantified by fitting voltage responses to current
injection steps (Songer and Eatock, 2013). We fit Eq. 2.5, a damped sinusoid, to the voltage trace

from half-maximum of the initial depolarizing peak until the end of the current step.

t

V() = Vi + V, x e e xsin (2nf, — 0) (2.5)
Vs is steady-state voltage, Vp is the voltage of the peak response, t. is the decay time constant, f.
is the fundamental frequency, and 0 is the phase angle shift.
Quality factor, Q., was calculated with Eq. 2.6 (Crawford and Fettiplace, 1981).
Q. = [(mf,1.)? + 0.25]*/2 (2.6)

Statistics

We give means + SEM for normally-distributed data, and otherwise, median and range. Data
normality was assessed with the Shapiro-Wilk test for n<50 and the Kolmogorov-Smirnov test for
n>50. To assess homogeneity of variance we used Levene’s test. With homogeneous variance, we
used two-way ANOVA for genotype and zone with the posthoc Tukey’s test. When variance was
non-homogeneous, we used one-way Welch ANOVA with the posthoc Games-Howell test. For
data that were not normally distributed, we used the non-parametric one-way Kruskal-Wallis
ANOVA (KWA) with posthoc Dunn’s test. Effect size is Hedge’s g (g). For age dependence, we
used partial correlation coefficients controlling for genotype and zone. Statistical groups may have

different median ages, but all have overlapping age ranges. In figures, asterisks represent p-value

ranges as follows: *, p<0.05; **, p<0.01; *** p<0.001; **** p<0.0001.

Immunohistochemistry
Mice were anesthetized with Nembutal (80 mg/kg), then perfused transcardially with 40mL of

physiological saline containing heparin (400 IU), followed by 2 mL/g body weight fixative (4%
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paraformaldehyde, 1% picric acid, and 5% sucrose in 0.1 M phosphate buffer at pH 7.4, sometimes
with 1% acrolein). Vestibular epithelia were dissected in phosphate buffer, and tissues were
cryoprotected in 30% sucrose-phosphate buffer overnight at 4°C. Otoconia were dissolved with
Cal-Ex (Fisher Scientific) for 10 min. Frozen sections (35 pm) were cut with a sliding microtome.
Immunohistochemistry was performed on free-floating sections. Tissues were first permeabilized
with 4% Triton X-100 in PBS for 1 h at room temperature, then incubated with 0.5% Triton X-
100 in a blocking solution of 0.5% fish gelatin and 1% BSA for 1 h at room temperature. Sections
were incubated with 2-3 primary antibodies for 72 h at 4°C and with 2-3 secondary antibodies.
Sections were rinsed with PBS between and after incubations and mounted on slides in Mowiol

(Calbiochem).

Table 2.6. Key Resources Table

Antibody Source Catalog Lot Number Dilution
Number
Rabbit anti-Kv1.8 Alomone  APC-157 0102 1:200 or 1:400
Mouse anti-Kv1.4 NeuroMab P15385 SHK-05 1:400
1;/{;‘1156 IGga-conjugated anti- ¢ 0e  MMS-435P B205808  1:300
Goat anti-calretinin Millipore  ABI1550 9669 1:600
Mouse IgG1-conjugated anti- NeuroMab 2HK-65 1:200
Kv7.4
Donkey anti-Rabbit Secondary . )
T A e Bl S Invitrogen A21207 8652 1:200
Donkey anti-Goat 488 nm Invitrogen A21125 1920483 1:200
Goat anti-Mouse IgG1 594 Invitrogen A11055 1869589 1:200
Chemicals and Peptides Source Catalog Diluent
Number
Iberiotoxin Alomone  STI-400 Water
XE991 dihydrochloride Sigma X2254 Water
ZD7288 Tocris APN18035-2 Water
Bovine serum albumin Fisher BP671 water
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Data Availability

Data used in this study are available on Dryad (https://doi.org/10.5061/dryad.37pvmcvrw).
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CHAPTER 3
KNOCKOUT OF Kv1.8 SUBUNITS IMPAIRS VESTIBULAR HAIR CELL RECEPTOR

POTENTIALS, SYNAPTIC TRANSMISSION, AND BALANCE

3.1 ABSTRACT

Epithelial hair cells underlie detection of head motion, gravity, and sound in vertebrates, and
underwent drastic specialization in tetrapods during the transition to life on land. As tetrapods
gained more mobile necks and experienced higher frequency motion in the air, signal transmission
delays may have been reduced in the newly developed type I vestibular hair cell through its large,
low-voltage-activated K* conductance (gk,1) and postsynaptic calyx, two unique features absent in
the more ancient type Il hair cells. We recently reported that Kv1.8 is a necessary subunit in gk .
and also in the A-type K* conductance and most of the delayed rectifier K" conductance in type II
hair cells.

In Chapter 3, we assessed the contribution of these Kv1.8 conductances to three levels of
vestibular function: hair cell receptor potentials, synaptic transmission, and vestibulomotor
behaviors. In both hair cell types, Kv1.8 conferred a low input resistance that was necessary for
accelerating, dampening, and reducing receptor potentials. Without Kv1.8, lowpass corner
frequencies (fLp) of receptor potentials were ~20 Hz, much lower than in controls: ~370 Hz (type
I hair cell) and ~70 Hz (type II hair cell). In Kv1.87 calyces, signals transmitted via non-quantal
transmission had greater phase and smaller responses at higher frequencies; fip dropped from 14
Hz in controls to 7 Hz in Kv1.87 calyces. Such lower fip would correspond to a deteriorated
detection of high-frequency (10-100 Hz) head motions. Kv1.8”~ mice had impaired performance

on challenging vestibulomotor tasks, such as crossing a narrow beam and rearing on hindlegs, but
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not basic motor tasks. In the water, where proprioceptive cues are limited, Kv1.87 mice did not
maintain horizontal swim posture or stable head position. These vestibulomotor deficits likely
occurred because impaired detection of high-frequency head motions in Kyv1.87~ mice failed to

drive sufficient compensatory motions. These findings support the conclusion that

3.2 INTRODUCTION
Vestibular hair cells transduce head motions into receptor potentials that are strongly shaped by
large outwardly rectifying K™ conductances according to cell type. Here, we report that absence of
the major outwardly rectifying K* conductances in mouse utricular type I and II hair cells lowered
the lowpass corner frequency of receptor potentials and synaptic transmission, and resulted in
poorer performance on challenging balance tasks.

Detecting high frequency head motions and stabilizing head position are critical to navigating
life on land. During the transition to life on land, amniotes developed type I hair cells, which extend
head motion detection into higher frequency ranges than the more ancient type II hair cells. Type
I hair cells” most distinctive features are that they are enveloped by a calyceal afferent terminal
(Wersill, 1956; Lysakowski and Goldberg, 2004) and that they express gk 1: a large, low-voltage-
activated K conductance (Correia and Lang, 1990; Rennie and Correia, 1994; Riisch and Eatock,
1996a). Unlike the outwardly rectifying K" conductances in type II hair cells, which activate after
depolarization positive to resting potential, gk 1 is open at rest and lowers input resistance to reduce
receptor potential charging time (e.g. t,, = R, * C;;,; Correia et al., 1996, Riisch and Eatock,
1996b). Faster receptor potentials extend the receptor potential frequency range in type I hair cells

(lowpass corner frequency, fip = 1/(2m * 1,,)) and accelerate quantal glutamate release.
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Calyx terminals also foster a novel form of non-quantal transmission with type I hair cells. Non-
quantal transmission is a chemoelectrical coupling that reduces transmission delay by bypassing
the biochemical steps of neurotransmitter release. During a receptor potential, K™ flows out of
basolateral hair cell K channels, predominantly gk, into the synaptic cleft; excess cleft K"
depolarizes the afferent by raising the K* equilibrium potential, Ex (Lim et al., 2011; Contini et
al., 2017, 2020), and the spatially confined ephaptic potential in the cleft (Govindaraju et al., 2023).
gk 1 augments non-quantal transmission by providing open channels for K* flow into the synaptic
cleft (Songer and Eatock, 2013).

In contrast, the more ancient type II hair cells are contacted by smaller bouton terminals and
engage only in quantal transmission. They have more conventional delayed rectifier (gpr) and fast-
inactivating A-type (ga) K* conductances that are opened by depolarization above resting potential
(Vrest). Type II hair cells are thought to encode low frequency head motions, such as static tilt
relative to gravity.

These distinct K channel repertoires shape quite different roles for type I and II hair cells, yet
we recently found that gk 1, ga, and part of gpr all require Kv1.8 subunits (Martin et al., 2024).
Kv1.8 knockout mice (Kv1.87") lack vestibular-evoked potentials, the synchronized activity of
afferent nerve fibers responding to fast linear head motions (Lee et al., 2013).

In this study, we connect Kv1.8s cellular roles to its overall importance for vestibular function.
We performed physiology in the mouse utricle, which detects translational horizontal acceleration
and head tilt when these forces displace a layer of crystals tethered to the sensory epithelium. We
also tested mice for performance on challenging balance tasks.

Kv1.87 hair cells had larger but slower receptor potentials, consistent with Ohmic

expectations. During receptor potentials, K™ efflux from type I hair cells drives nonquantal
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transmission with calyces; in Kv1.87" calyces, nonquantal postsynaptic signals had greater phase
(slower response) and lower fip than control counterparts. Slower nonquantal transmission in
Kv1.87~ calyces may be due to slower receptor potentials as well as the additional time required
for the residual delayed rectifier channels to open relative to gk (Martin et al., 2024). Poorer
vestibular function at higher frequencies may have caused Ky1.87~ mice, which otherwise
performed normally on motor tasks, to struggle on challenging balance tasks and fail to suppress

head tremor.

3.3 RESULTS
We recorded from type I and II hair cells and calyces from the extrastriolar utricles of 45 mice
between postnatal day (P) 7 and P200. Hair bundles were displaced by a stiff probe with step and
sinusoidal waveforms. We compared transducer currents (Imer) and receptor potentials (Vrp) in
type I and I hair cells from homozygous knockout (Kv1.87") animals and their wildtype (Kv1.8"")
or heterozygote (Kv1.8"") littermates. Kv1.8"* and Kv1.8"~ data were pooled because they did
not differ in input resistance, resting membrane potential, or voltage dependence of Ky
conductances (Martin et al., 2024). We focused on extrastriolar bundles, which are reliably intact
after dissection at all ages, to record from enough transducing hair cells in mature (>P12) preps.
Striolar bundles are less often intact, possibly because they couple differently to the otoconia, and

this is especially true at older ages when extensive ossification requires a rougher dissection.

Kv1.8 channels reduced receptor potential gain and latency
Head motion-induced bundle deflections can be mimicked in vitro with stiff probe deflection of

hair bundles. A single hair bundle is displaced in its preferred direction while a patch electrode has
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whole-cell access to the hair cell body. In Figure 3.1A, inward transduction currents flow when
step displacements open mechanotransduction channels at the tips of the hair bundles.
Transduction currents subsequently adapt, or desensitize, by up to 70% (Fig. 3.1A1-2, Suppl. Fig.
S3.1A1-2). Hair cells were routinely held negative to —80 mV to maximize mechanotransduction
current and to improve voltage clamp quality by closing gk 1. channels.

Transducer current mechanical sensitivity and time course were similar in control and Ky1.87
type I and II hair cells. Mechanical sensitivity was determined by plotting the Imer(X) relation
(peak current against displacement) and fitting with a second-order sigmoidal activation function
(Eq. 1, Fig. 3.1A.3, Suppl. Fig. S3.1A.3), producing a midpoint of activation (Xi2) ~0.3 um
(Table 3.1). Time course was assessed qualitatively by overlapping the first 10 ms of step-evoked
transducer current (Fig. 3.1A.4, Suppl. Fig. S.3.1A.4).

We switched to current clamp to record displacement-evoked receptor potentials. Note that, at
baseline, membrane potential was more hyperpolarized in control than Kv1.87~ type I hair cells
(Fig. 3.1B.1-2) because gk 1. anchors Vi, closer to Ex.

Genotype strongly impacted the magnitude and time course of receptor potentials. In control
type I hair cells, receptor potentials were small and unchanging with time because open gk
channels minimized input resistance at baseline (V = IR, Fig. 3.1B.1). In contrast, Kv1.87" type I
hair cells produced receptor potentials that were initially quite large due to high input resistance
and subsequently relaxed as delayed rectifier K channels opened (Fig. 3.1B.2). Receptor potential-

displacement curves (Fig. 3.1B.3) emphasize the difference in gain (mV/um).
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Figure 3.1. Kv1.87" type I hair cells produced larger but more delayed receptor potentials
than Kv1.8"*7 type I HCs. (A) Transduction current (Imer) was similar across genotypes. The
step stimulus above applies to the entire figure. Exemplar step-evoked transduction current at
holding potentials —87 mV in A.1 and -84 mV in A.2. Averages of 3-6 presentations. (A.3) Peak
Imer(X) relation were averaged across multiple cells and then fit with Eq. 3.2: control, x1 0.4 nm,
k1 0.3 nm, x2 0.02 nm, k> 0.14 nm, Inax 148.2 pA, Inin —16.6 pA; knockout, x1 0.14 nm, k1 0.5 nm,
x2 0.24 nm, k> 0.16 nm, Imax 223 pA, Inin —20.2 pA. (A.4) Onset responses to +0.5 um displacement
were similar. High frequency oscillations are undamped probe resonance.

(B) Receptor potentials (Vrp) were much larger and slower in Kyv1.87~ type I HCs. Exemplar step-

evoked receptor potentials are from cells with different V.. (B.3) Peak Vrp(X) were averaged
across cells and then fit with Eq. 3.2: control, x1 0.45 nm, ki 0.28 nm, x> —0.03 nm, k> 0.07 nm,
Vinax 4.72 mV, Viin —0.49 mV; knockout, x1 0.42 nm, k1 1 nm, x» 0.1 nm, k2 0.12 nm, Vmax 53.8
mV, Vmin —8.24 mV. (B.4) Onset responses from to +0.5 um displacements show the faster
membrane time constant in Kyv1.87"7~ type I HCs. Double-exponential fits (Eq. 3.3) are overlaid.
Statistics are in Table 1.

The payoff of lower gain is faster timing. Receptor potentials charged much more quickly in
control than Kv1.87~ type I hair cells (Fig. 3.1B.4). Exponential fits estimated the RC time constant
(T;m); low T, enabled control type I hair cell receptor potentials to occur as fast as the stimulus
itself while high 7,,, introduced delays into the Kv1.87 type II hair cell receptor potential.

In control type II hair cells, receptor potentials initially formed a sharp positive-going peak that
relaxed as ga’s rapid activation and a decaying driving force repolarized the membrane toward an

equilibrium (Suppl. Fig. S3.1B.1; Hudspeth & Lewis, 1988). In Kv1.87~type II hair cells, receptor
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Figure 3.2. gk, raised the lowpass corner frequency of receptor potentials, with the most
impact on gain and response latency above 10 Hz. (A) Imer and Vgp are averages of 6-13
presentations of the sinusoidal stimuli (X) at the top. Baseline potential is indicated to the right of
each Vrp trace. (B) Single Vrp sinusoidal cycles are overlaid with the stimulus (black) to show the
phase (timing) advance of the peak response of control relative to Ky1.87~ HCs: (C-D) Gain and
phase of responses referenced to input signals as functions of frequency; mean + SEM values (see
key for n). C, Imer referenced to X : peak-to-peak gain (C.1, actual, C.2, normalized) and phase
(C.3). D, Vrp referenced to X; peak-to-peak gain (D. 1, actual, D.2, normalized) and phase (D.3).

potentials were larger because of higher input resistance and relaxed slowly (Suppl. Fig. S3.1B.2).
Relaxation was faster in controls (Suppl. Fig. S3.1B.4) because ga has faster activation kinetics

than the residual Kv7 delayed rectifier channels in Ky1.87~ type II hair cells (Martin et al., 2024).

Kv1.87~ HC receptor potentials had lower lowpass corner frequencies
Natural head motions are often analyzed in the frequency domain. To examine how the large
differences in step-evoked responses affect tuning, we displaced bundles with 2-100 Hz sinusoids

(Fig. 3.2A-B, Suppl. Fig. S3.2A-B), which spans the upper range of natural head motion
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Table 1. Genotype comparisons of transduction and adaptation in extrastriolar hair cells. Mean + SEM
(number of cells, all extrastriolar). g is effect size, Hedge’s g. A, ANOVA; W, Welch ANOVA; K, Kruskal-Wallis.

G(X) Boltzmann parameters Adaptation at X1z

Type Kvl1.8 Genotype n Age (median) | Max Gmer (nS) Xi2 (nm) S (nm) Tr (MS) Ts (ms)
I +/+,+/—- 13 7-29 (19) 1.9+0.2 35040 300 +30 39+9(10) 300 +90 (7)
—/- 8 15-60 (45) 2.5+0.3 300+ 50 230 +30 12+3(8) 100 +40 (6)
7 p-value: A0.13 K0.19 K 0.06 W 0.013 K 0.03
< g: 1.27 1.01
2| Ns power: 0.33
@
I +/+,+/— 8 7-47 (20) 1.6+0.2 200+ 50 240 £ 40 13+2(8) 160 +90 (7)
/- 8 6-60 (49) 2.5+0.5 290+ 100 240 £ 40 13+2(4) 160 £90 (4)
ol «l p-value: K 0.058 A 033 A 0.99 A0.8 A 0.96
£ g
% NS power: 0.16 0.06 0.06 0.05

Table 2. Genotype comparisons of receptor potential magnitude and speed in extrastriolar hair cells.

V(X) Boltzmann parameters

Onset Kinetics

Type G:.Vo]tjpe N (m/:(iin) Max Vgp (mV) X1 (nm) S (nm) Tonset (ms) at Xi72
I i 11 7-29 (19) 6.5+0.6 390 £ 50 250 +20 0.4
/- 8 15-60 (45) 41+4 100 +90 270 £ 40 1.8
- p-value: W 8.2E-5 W 2.5E-4 K 0.74 K 0.005
2 g: 40 2.0
g‘ NS power:
7
I +/+,+/— 8 7-47 (20) 39+5 150 £ 60 290 £50 1.5
/- 7 6-60 (49) 51+6 130 £40 170 £30 23
- p-value: A 0.33 A0.82 A 0.06 K 0.7
s NS power: 0.16 0.06 0.49
7]

frequencies in mice (Carriot et al., 2017). We analyzed the response gain, normalized gain, and

phase as functions of frequency (Fig. 3.2C, Suppl. Fig. 3.2C).

Imer did not differ by genotype in type I or II hair cells. Peak-to-peak gain increased gently

from 2 to 100 Hz in data traces (Fig. 3.2A.1, Suppl. Fig. S3.2A.1), reflecting the high-pass filter

property of transducer adaptation (Fig. 3.2C.1, Suppl. Fig. S3.2C.1). Imer phase declined with

increasing frequency (Fig. 3.2C.1, Suppl. Fig. S3.2C.1), consistent with a high-pass filter in this
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Figure 3.3. Synaptic transmission in Kv1.87 utricles had reduced gains at higher frequencies. (A)
Exemplar afferent arbor bearing two calyces in the lateral extrastriola. (A.1) DIC image of stiff probe
placed behind the bundle of the type I HC enclosed in the rightmost calyx being patched, seen in DIC
(A.2) and in the maximum intensity projection of the dye fill (A.3). (A.4) 3D projection of the dye filled
afferent arbor. Dotted line is level of cuticular plates. Scalebar (10 um) applies to all. Compass rose:
medial (M), lateral (L), posterior (P), anterior (A). (B) Sinusoidal type I HC bundle deflections drove
voltage responses in extrastriolar calyces. Stimulus trace is an offline photodiode recording of probe
motion. (C) Gain, normalized gain, and phase of sinusoidal responses were referenced to the stimulus
and plotted against frequency. Datapoints are extrastriola population means with shaded SEM: control
n=6, P12-105, median P99; null n=6, P15-220, median P37. (C.1) Calyx voltage gains were greatest
and most similar at 2 Hz in Kv1.87~ and Kv1.8"~ synapses. (C.2) Calyx responses were normalized to
their best frequency, and population averages were fit with Eq 3.4: control, fir 13.9 Hz,n 0.57; knockout,
fir 7, n 0.67. (C.3) Phase of the responses re: stimulus, fit with Eq 3.5: control, steepness 31°, fip 21
Hz, baseline 13°; knockout, steepness 31°, fip 37 Hz, baseline —5°.

range. In all cases, as stimulus frequency increased, Imer increased and response phase decreased,
from a lead of 20° at 2 Hz to 0° (in phase) at 100 Hz
Vrp magnitude was constant across frequency in control but started decreasing above 10 Hz in

Kv1.87 type I hair cells (Fig. 3.2A.2). Control and Kv1.87~ Vrp responses were normalized (Fig.

50



A Successful crossings B Slips and stabilization events C Summed instability score
w/o rescue

Beam Slip Tail Wrap Paw Slip
== ** KW p = 0.002
1
N * %k
331 G O ) o 91
g § @)
2/3 1 DR = =6
§2) 1 % [
134 Q c B 3] AR
0 =T 2
03L—= 0 0 : —L.
+/— —/— - +H- - +- -/ +/— —/-

Figure 3.4. Kv1.87 mice display signs of difficulty and compensatory strategies while crossing
narrow balance beam. (A) Fraction of trials on which mice crossed without requiring rescue. (B)
Occurrences of three key behavioral events per trial per mouse were summed in (C) as an Instability
Score to account for individual variability. Statistics for Kyv1.8"~ and Ky1.87 mice in Table 3.3.

3.2C.2) and fit with a lowpass filter transfer function (Eq. 3.4) to estimate fip (inversely related to
RC time constant). Control Vrp had a flat voltage-frequency relationship (fLp = 230 Hz) whereas
Kv1.87" Vgp fell off (fip = 14 Hz).

In Kv1.87 type I hair cells, decreased gain above 10 Hz was associated with delays in response
timing. Figure 3.2B overlays single cycle responses at 2 and 20 Hz with the stimulus trace to
demonstrate responses delays. At 2 Hz, both control and Kv1.87 responses peaked before the
stimulus (phase > 0°), but, at 20 Hz, only the control response maintained a positive phase lead
whereas the Kv1.87 response lagged the stimulus (phase < 0°).

In control type II hair cells, Vrp showed bandpass tuning: a highpass filter dominated below 10
Hz while a lowpass filter (fip = 70 Hz) dominated above 20 Hz (Suppl. Fig. S3.2C.2). The
highpass filter may be a function of both transducer adaptation and Ky activation kinetics, which
in control cells was sufficiently fast (r = ~7 ms at -30 mV) to actively reduce gain below 10 Hz.
At 20 Hz, Kv channels finished activating affer Vrp had charged, resulting in a skewed response

of a prominent peak that then relaxed (Suppl. Fig. 3.2B). More examples are found in step-evoked
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responses (Suppl. Fig. S3.1B.1, B.4) and other studies (Holt et al., 1999). The response skew
contributed to the phase-frequency relationship in control type II hair cells where Vrp phase lead
increased from 2 to 5 Hz (Suppl. Fig. S3.2C.2).

In Kv1.87 type II hair cells, Vrp showed simple lowpass tuning (f,» =27 Hz, Suppl. Fig. 3.2).
Kv1.87 type I and II hair cells had similar tuning because they share the same Kv7 delayed

rectifiers (Martin et al., 2024).

Synaptic transmission at Kv1.87~ calyces
The type I hair cell-calyx synapse fosters an unusual non-quantal form of synaptic transmission

that involves K* flow in the calyceal cleft, primarily through gk (Govindaraju et al., 2023).
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Figure 3.6. Kyv1.87~ mice were less likely to rear on their hind paws. (A) Time spent rearing
was compared to time spent not-rearing, which included quiet rest as well as active movement
on all four paws. Kyv1.87~ mice spent less time rearing (B) and reared less often (C). No
differences were detected in overall activity and centrophobism (Table 3.4).

Without gk, Kv1.87" type I hair cells may drive slower nonquantal responses. We first
characterized the intrinsic properties of calyces and did not detect differences between control and
Kv1.87 calyces in their passive properties (Rin, Vm, Cm), firing patterns elicited by current
injection, or voltage-gated currents (Ixr, In) (Suppl. Fig. S3.4, Suppl. Table S3.1), indicating
similar baseline conditions and absence of noticeable compensation. To measure nonquantal
transmission, we displaced the bundle of a type I hair cell while recording from its calyx in whole-
cell patch clamp (Fig. 3.3A).

Sinusoidal bundle stimulation evoked bidirectional voltage fluctuations in the calyx that closely
resembled hair cell receptor potentials (Fig. 3.3B). Quantal events such as excitatory postsynaptic
potentials were not observed. Peak-to-peak responses were greatest at 2 Hz (~4 mV/um, Fig.
3.3C.1). We fit population averages to Eq. 3.4 to estimate fip, which quantifies how response
magnitude and phase decrease with increasing frequency. fip was higher in control (14 Hz, n=6)
than Kv1.87 calyces (7 Hz, n=6, Fig. 3.3C.2). In the absence of gk, signals produced by non-

quantal transmission were smaller at higher frequencies (Fig. 3.3C.1-C.2) and slower at all
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frequencies tested (Fig. 3.3C.3). These deficits likely affect downstream vestibular circuits that
compensate for rapid head motions.

Kv1.8”~ mice had specific deficits on challenging balance tasks

Behavioral experiments were conducted in 73 mice between 2 and 12 months old (distribution of
ages and sex found in Table 3.3 and Suppl. Table S3.2). Kv1.8"" littermates were used as controls
for three reasons: (1) the dominant breeding strategy produced many Kv1.8"~ pups, (2) type I hair
cell Ky currents did not differ between Ky 1.8"" and Ky1.8"~ (Martin et al., 2024), and (3) Kv1.8"~
mice carried a copy of the genetic locus that was disrupted with a beta-galactosidase gene (Lee et
al., 2013).

Kv1.87 mice were healthy, developed normally, and did not display overt signs of vestibular
dysfunction such as circling and head tilt (Lee et al., 2013, Suppl. Fig. 3.4A). Kv1.8 is not
expressed in neural tissue, but some reports in skeletal muscle and kidney led us to first
characterize their behavior on general motor and motor learning tasks. Motor learning was similar
in Kyv1.87and control mice as both learned a rotarod task in the light (Suppl. Fig. 3.4B, Suppl
Table S3.2). Genotype differences in gait and grip strength were not detected (Suppl. Table S3.2).

In an open area, Kv1.87~and control mice behaved similarly on most counts, including overall
activity, distance travelled, and centrophobism (Suppl. Table S3.2). However, Kv1.87 mice were
less likely to rear up on their hindlegs, a normal exploratory behavior (Fig. 6). The absence of
anxiety-like symptoms in Kyv1.87" mice suggests that deficits in this exploratory behavior may
have arisen because Kv 1.8~ mice are less able to balance in unstable bipedal positions. We further
investigated mouse performance on challenging balance tasks.

Ono et al. (2020) showed that a narrow balance beam can reveal balance deficits that are not

evident in standard tests, such as rotarod or balance beam of typical (wider) dimensions. Most
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Table 3.3. Vestibulomotor performance was significantly different between Ky1.8"~ and Ky1.8" mice. Mean +
SEM (number of mice). g is effect size, Hedge’s g. KWA is Kruskal-Wallis ANOVA.

Balance Beam

. . Age range
Instabilit . . . Time To C
Genotype nstablity Paw Slips Tail Wraps Beam Slips  Success Rate e 2O LT0SS N (month,
score (s) ;
median)
Kv1.8"~ 2+04 1.1+0.2 0.7+0.2 0.3+0.1 0.83£0.07 15+£2 OM, 11F 3.1-6.9 (4.4)
Kv1.87~ 43+0.6 1.6+0.3 1.7+£0.3 1+£04 0.56+£0.08 20+ 4 &M, 11F 2-6.9 (3.8)
p-value: KWA 0.002 KWA0.2 KWA 0.004 KWA 0.0096 KWA 0.0095, KWA 0.28
effect size: 3.17 g g 2.55
power:
Swim Posture
Genotype Waterline-Chin- ~ Waterline-Chin- ~ Waterline-Neck- ~ Waterline-Neck- N Age range (month,
P Hindleg angle (°) Tail angle (°) Nose angle (°) Tail (°) median)
Kv1.8"- 2143 1043 164 +3 17+4 4M, 4F 2.9-5.5(5.2)
Kvl.87" 32+3 2043 156 +2 20+4 6M, 4F 2.9-7(5.5)
p-value:  ANOVA 0.03 ANOVA 0.054 KWA 0.03 ANOVA 0.048
effect size: 2.4 2.1 2.4 2.1
power: 0.5
Open Field Test
Rearing event . . . Distance Average Age range (month,
Genot T Centerphob . N .
enotype count fme rearing LenterplobISm 4 velled Velocity median)
Kv1.8*~ 550+ 70 2.6+0.5 11+£2 42+0.5 115+9 4M, 4F 1.4-3.7 (2.1)
Kv1.87~ 330+ 30 1.3+0.2 9+2 3.7+0.6 105+5 4M, 4F 1.4-3.7 (1.9)
p-value: ANOVA 0.01 Welch0.02 ANOVA 0.5 ANOVA 0.8  Welch0.3
effect size: 2.0 2.7
power: 0.09 0.08 0.2

(83%) control but only half (56%) Kv1.87 mice crossed successfully without requiring rescue
after slipping off the beam (p<0.01, Fig. 3.4A). Overall, Kyv1.8” mice were more likely to slip off
the beam and compensated by more frequently wrapping their tails around the beam for additional
stability (Fig. 3.4B).

Vestibular input is particularly necessary in the water, where there is an absence of normal

proprioceptive cues (Jones et al., 2004). When placed in water, both control and Kv1.8”" mice
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stayed afloat; however, Kv1.87~ mice failed to maintain the horizontal, efficient swim posture
adopted by control mice (Fig. 3.5A).

Head stabilization is an important application of vestibular information (Zobeiri et al., 2021).
At postnatal day 9 (P9), Kv1.8”~ pups exhibited bouts of head tremor not observed at other ages
or in control animals (anecdotal). We quantified the tremor phenotype in adult mice by recording
head motion with head-mounted IMU gyroscopes and comparing the power spectra of head motion
traces between control and Kyv1.8” animals (Fig. 3.5B). In water, motion power was higher in the
10-30 Hz range in Ky1.87~ mice for fore-aft (utricle), lateral (utricle and saccule), and vertical
(saccule) translations (Fig 3.5B, Suppl. Fig. S3.5). We are currently collecting more data to enable
statistical analysis.

Overall, Kyv1.8" mice showed deficits in a range of balance tasks, but not general motor

performance.

3.4 DISCUSSION
We have shown that constitutive knockout of Kv1.8 greatly decreased lowpass corner frequencies
in type I and II hair cells, reducing non-quantal transmission to calyx afferents at very high
frequencies. Kv1.8 knockout impaired multiple vestibulomotor behaviors: balancing on a narrow
beam, posture stabilization in water, suppression of head tremor, and voluntary engagement in
unstable exploratory behaviors. Kv1.8 knockout did not affect transduction currents, calyx

intrinsic properties, or non-balance motor tasks. We conclude that Kv1.8’s role in extending the
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frequency range of receptor potentials in both type I and II hair cells is necessary for performing

challenging balance tasks.

Kv1.8 and signal processing (receptor potentials and synaptic transmission)

Kv1.8 extended receptor potential tuning to higher frequencies because it lowered the membrane
time constant by reducing input resistance. The biophysical properties of each Kv1.8 conductance
tuned receptor potentials differently in type I and II hair cells. gk confers such a low Ri, that type
I HC receptor potentials had flat, frequency-independent phase and gain relationships up to 100
Hz. In type I HCs, ga’s rapid activation generated a more dynamic phase and gain relationship
with bandpass tuning that peaked at 20 Hz.

Like controls, Kv1.87 calyces produced nonquantal voltage responses to hair bundle
displacement. These postsynaptic depolarizations occur when K flows into the cleft from hair cell
voltage-gated K and HCN channels; K* accumulation in the cleft raises Ex, which reduces resting
K" current through low-voltage-activated K channels on the calyx inner face and depolarizes the
calyx arbor (Govindaraju et al., 2023). In Ky1.87 calyces, nonquantal postsynaptic signals had
greater phase (slower response) and lower fip than control counterparts. Slower nonquantal
transmission in Kv1.87 calyces may be due to slower receptor potentials as well as the additional
time required for the residual delayed rectifier channels to open relative to gk (Martin et al.,
2024).

In this study, we observed substantial lowpass filtering in the synaptic transfer function at
calyces. For displacement-evoked signals, fip was much lower in calyces (control, ~14 Hz; null,
~7 Hz) than type I hair cells (control, >100 Hz; null, ~20 Hz). We attribute some of this lowpass

filtering to the calyx’s own membrane time constant, an estimated 1.2 ms (Suppl. Table S3.1),
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which corresponds to a theoretical fip of 110 Hz. To understand other factors in nonquantal
transmission, we are collaborating on a computational model of the type I HC-calyx synapse with
Rob Raphael’s group at Rice University.

We have previously reported non-quantal transmission with higher frequency tuning (Songer
et al., 2013). In that study, wildtype subthreshold nonquantal responses had fip = ~70 Hz (estimated
from Songer’s Fig. 5D), much higher than the 14 Hz value in this study (our Fig. 3.3C.2).
Meaningful differences between the experiments could account for the discrepancy: organ
(Songer, saccule; here, utricle), epithelia zone (striola; extrastriola), calyx type (double; single),
displacement intensity (0.3 wm; 1 um), species (rat; mouse), and age (P4; P12-202).

Greater fip is part of the saccule striola’s specialization for high frequency stimuli in many
species. The saccule striola serves as a hearing organ in fish, responds to bone-conducted
vibrations (Curthoys et al., 2016), and drives the ultrafast vestibular-evoked potential (VSEP). The
VsEP is the extremely rapid (latency ~80 s, Jones et al., 2011) and synchronized activity of
striolar saccule afferents in response to head jerk (derivative of acceleration). VSEPs are absent in
Kv1.87 mice (Lee et al., 2013), and our data from the utricle extrastriola suggest that Kv1.8”~ hair
cells in the saccule striola would also be unable to detect and transmit the high frequency jerk
stimulus to afferents. It is further possible that Kv1.8 plays additional roles in the saccule striola
to facilitate the afferent synchronization necessary for the VsEP.

Our single-cell experiments may not fully explain the nature of gxi’s relationship with
nonquantal transmission. Deflection of single hair bundles does not perfectly replicate the forces
at play in vivo during simultaneous displacement of all utricular bundles, when the rise in global
extracellular K™ may have a cooperative effect on afferent excitation that increases with the number

of hair cells recruited. Extracellular K™ may serve as a non-synaptic means of synchronizing
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multiple afferents. The inability of single-cell methods to capture network effects underscores the

need for population studies of the utricle.

Relevance of Kv1.8 for vestibulomotor behaviors

Abolition of hair cell function can lead to overt vestibular deficits such as circling, head tilt, and
inability to swim. In Kv1.87~ mice, hair cell and synaptic function persisted with specific deficits
only in the high frequency range, resulting in subtle but impactful impairments in challenging
balance tasks.

Kv1.87 mice often required rescue to cross a narrow balance beam and wrapped their tails
around the beam as a compensatory balance strategy. Tail wrapping has been observed in rod-
crossing assays of deer mice (Hager & Hoekstra, 2021), but not previously reported in vestibular
mutants. The emergence of tail wrapping in Kv1.87~ mice may reflect the moderate phenotype or
constitutive nature of the knockout, which allowed mice 2+ months to learn compensatory
strategies.

Kv1.87 mice failed to maintain a horizontal, efficient swim posture. An impaired ability to
sense gravity and adjust posture may reflect the Kv1.8 knockout’s effect on type II hair cells, which
are associated with detecting static position relative to gravity (Maroto et al., 2021).

A head tremor was transiently visible in Kyv1.87 pups at P9 and subsided at older ages,
potentially because mice began to rely on other sensory systems to stabilize head position. The
tremor severity at P9 reflects a critical window in sensory development: after vestibular hair cells
have acquired Kv1.8 conductances in controls (Martin et al., 2024; Scheffer et al., 2015) and before

the eyes and middle ear open at P12.
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A small head tremor persisted at higher frequencies (10-30 Hz) in Kv1.87~ adults. We suggest
two possibilities: (1) reduced detection of high frequency head motions by Kv1.87 vestibular hair
cells was not enough to drive neck muscles to stabilize the head in real time, and (2) aberrant
vestibulomotor activity arose from the spontaneous 2-20 Hz resonance observed in some Ky1.87~
type II hair cells (Martin et al., 2024). Comparison to a related vestibular mutant, Striolarless,
supports (1). Striolarless mice lack the zone specialized for high frequency head motion detection,
have absent VsEPs, have normal type II HCs, and, like Kv1 .87 mice, have a transient head tremor
at P9 that becomes smaller and higher frequency with age (Ono et al., 2020).

Since Kv1.8 has been deleted everywhere, not all deficits can be attributed to specific zones,
cell types, or endorgans within the inner ear. However, the absence of general motor deficits in
Kv1.87 mice suggests that these vestibulomotor deficits arise because information about high
frequency head motions was not sufficiently transmitted to drive compensatory head, neck, and

eye movements.

3.5 MATERIALS AND METHODS
Preparation
All procedures for handling animals followed the NIH Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and Use Committees of the
University of Chicago and the University of Illinois Chicago. All mice belonged to a transgenic
line with a knockout allele of Kcnal0 (referred to here as Kyv1.87). Our breeding colony was
established with a generous gift of such animals from Sherry M. Jones and Thomas Friedman.

These animals are described in their paper (Lee et al., 2013). Briefly, the Texas A&M Institute for
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Genomic Medicine generated the line on a C57BL/6;129SvEv mixed background by replacing
Exon 3 of the Kcnal0 gene with an IRES-bGeo/Purocassette. Mice in our colony were raised on a
12:12h light-dark cycle with access to food and water ad libitum.

Preparation, stimulation, and recording methods followed our previously described methods for
the mouse utricle (Vollrath and Eatock, 2003). Mice (P6-60) were anesthetized through isoflurane
inhalation. After decapitation, each hemisphere was bathed in ice-cold, oxygenated Liebowitz-15
(L15) media. The temporal bone was removed, the labyrinth was cut to isolate the utricle, and the
nerve was cut close to the utricle. The utricle was treated with proteinase XXIV (100 mg/mL, ~10
mins, 22°C) to facilitate removal of the otoconia and attached gel layer and mounted beneath two

glass rods affixed at one end to a coverslip.

Electrophysiology

We used the HEKA Multiclamp EPC10 with Patchmaster acquisition software, filtered by the
integrated HEKA filters (a 6-pole Bessel filter at 10 kHz and a 4-pole Bessel filter at 5 kHz), and
sampled at 10-100 kHz. Recording electrodes were pulled (PC-100, Narishige) from soda lime
glass (King’s Precision Glass R-6) wrapped in paraffin to reduce pipette capacitance. Internal
solution contained (in mM) 135 KCl, 0.5 MgCl,, 3 MgATP, 5 HEPES, 5 EGTA, 0.1 CaCl,, 0.1
Na-cAMP, 0.1 LiGTP, 5 Na,CreatinePO4 adjusted to pH 7.25 and ~280 mmol/kg by adding ~30
mM KOH. External solution was Liebowitz-15 media supplemented with 10 mM HEPES (pH
7.40, 310 £ 10 mmol/kg). Recordings were conducted at room temperature (22-25°C) to preserve
the lifespan of valuable preps and to minimize the electrical noise and physical constraints of
warming devices during challenging experiments. Pipette capacitance and membrane capacitance

transients were subtracted online with Patchmaster software. Series resistance (8-12 MQ) was
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measured after rupture and compensated 0-80% with the amplifier. Potentials are corrected for
remaining (uncompensated) series resistance and liquid junction potential of ~4 mV, calculated
with LJPCalc software (Marino et al., 2014).

Type I HCs with gk were transiently hyperpolarized to —90 mV to close gk enough to
increase Ri, above 100 MQ, as needed to estimate series resistance and cell capacitance. The
average resting potential, Vies, was —87 mV = 1 (41), similar to the calculated Ex of —86.1 mV,
which is not surprising given the large K™ conductance of these cells. Ve is likely more positive
in vivo, where lower endolymphatic Ca®" increases standing inward current through MET

channels.

Transduction
Hair bundles were deflected by a stiff probe (borosilicate, tip width <1 um) attached to a
piezoelectric planar bimorph. Driving voltage to the bimorph was lowpass filtered by an 8-pole
Bessel filter (Active Tunable Filter Model 900, Frequency Devices, Ottawa, IL) at a corner
frequency of 1000 Hz (resonant frequency = 2250 Hz). Probe time course was monitored offline
by projecting the probe image onto the edge of a photodiode (PIN-6D). At the end of each
experiment, steady-state probe tip distance per driving voltage was measured using a slow step
stimulus, camera, and DIC illumination. In figures, probe stimuli traces are photodiode signals
scaled to the known voltage sensitivity of the probe.

We evoked Imer and Ve by displacing the hair bundle along its sensitive axis with a stiff glass
rod placed behind and approximately halfway up the hair bundle. Resting probe position was
selected to be 10-20% of the operating range of the bundle, evoking 16 + 2 % (n = 38) of maximum

ImeT [100*(Ix=0 — Imin)/(Imax — Imin)]. We expect this imposed resting position to be slightly higher
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than natural resting position because we pushed the bundle slightly to ensure mechanical coupling
with the probe. To record Imer, most HCs were held at -84 mV to increase driving force on IMET
and reduce noise from voltage-gated channels. Some type I HCs were held negative to -84 mV to

fully deactivate gk 1, which is so large as to degrade the voltage clamp (see Chapter 4).

Behavior

Animals were introduced to the behavior room the day before experiments.

Balance Beam: Animals were allowed at least 5 minutes to acclimate to the testing room. Mice
were trained for 3 trials on a wide beam (12 mm wide), given 10 minutes of rest, and then tested
for 3 trials on a narrow beam (6 mm wide). To incentivize mice to cross the flat beam, a bright
lamp was put at the start of the beam, and a dark goal box (5 in x 5 in x 5 in) filled with food and
bedding from their home cage was placed at the end of the beam. Mice were given at least 20
seconds to rest in the end box between trials. The beam was cleaned with Clidox-S between mice.
Videos of the trial were taken at 30 frames per second (fps) with a lateral view of the beam. For
manual scoring analysis, two genotype-blind scorers marked the following behaviors: “beam slip”,
hanging upside down on the beam and needing rescue to finish (rescue time was included in total
time to cross); “tail wrap”, wrapping the tail around the beam instead of having it in the air; and
“paw slip”, a single paw slipping off the beam without the mouse falling off the beam. The crossing
time was recorded as the time between the nose crossing the starting line and the nose crossing the
finish line (64 cm). Crossing time included non-ambulatory epochs, including while the mouse

was being rescued and while the mouse stopped and sniffed the air.

63



Swim test: A clear aquarium (38x30x25 cm) was filled with warm water (30°C) and placed in
front of a white background. Animals were placed directly into the water. Videos (30 fps) of the
animal’s swim were recorded from the lateral side of the container, with the height aligned to the
waterline. After 30 seconds, animals were retrieved, dried with paper towels, and placed in a
cardboard box under a heat lamp. Videos were trimmed to the first section where the animal was
swimming straight on the side closest to the camera. In eight random frames, two genotype-blind
scorers marked body parts and calculated body angles in FIJI (Enthoven et al., 2004).

Open field: Animals were placed in open field boxes (17 in. x 17 in.) with dim lighting (16
lux) to avoid excessive stress. After 10 minutes of acclimation, mouse movement was recorded for
2 hours via infrared beam interruption. Activity Monitor 7 software (Med Associates, Inc, Fairfax,
VT) returned data on the location of the mouse through time, and calculated Distance Travelled,
Number of Ambulatory Episodes, Average Speed, Centrophobism, Jump Events, Rearing Events,
and Rearing Time.

Rotarod: The Columbus Instruments Rotarod was used with large dowels (diameter = 7 cm)
and was cleaned with Clidox-S between mice. We used a 2-day protocol. On Day 1, there were 6-
8 training trials wherein mice were initiated at 5 rpm before the ramp accelerated from 5 rpm to
44 rpm at a rate of 2.4 rpm per 4 seconds, with 30 sec rest between trials. On Day 2, the same
protocol was used, with 4 refresher trials, a 20-minute break, and then 3 test trials. This 2-day
protocol, which is shorter than some other rotarod protocols, is based on other studies of vestibular
function (Tung et al., 2014; Jones et al., 2018; Rahman et al., 2022).

DigiGait: Mice were placed on a treadmill-like apparatus with a clear belt and an internal
camera, which records the ventral view of a mouse as it runs on the belt. Mice were recorded in a

slow (15 cm/s) and fast (25 cm/s) trial, and the belt was cleaned with Clidox-S between mice.
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Analysis of gait parameters was based on the quantitative methods in (Fiker et al., 2020). Briefly,
in DeepLabCut, bodyparts were labelled for 35-70 frames per mouse for both the slow and fast
trials. These labelled frames were used to train a DeepLabCut model in a Google Colab
environment, which then applied labels to all frames. We wrote custom Matlab functions to

analyze gait parameters from these body part positions based on Fiker et al., 2020.

Analysis

Data analysis was performed using OriginLab (Northampton, MA) and custom MATLAB scripts.

Fitting sensitivity and time course of transduction currents

G-X curves. Peak transduction currents were the greatest absolute difference between the baseline
and step current. Current was converted to conductance (G) using a reversal potential of +2.6 mV
(Kros et al., 1992). Sigmoidal dependence of G-X curves was fit with a first-order (Eq. 1) or

second-order Boltzmann equation (Eq. 2).

Gmax
G(X) = Gin + — g7 =% (3.1)
1+e k
Gmax
G(X) = Gpin + X — X (3.2)

X1 =X
1+ (explk—l) *(1+ expT)

X is the first order midpoint, k; is the first order slope factor, inversely related to curve steepness

at the midpoint, X is the second order midpoint, and ko is the second order slope factor.

Adaptation time course. Adaptation of transduction currents were fit with Eq. 2.

I(t) = Igs + A * exp (— %) + Ag xexp (— ;—S) (3.3)
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Iss is steady-state current, Af and A, are amplitudes of fast and slow adaptation, and 7 and 7 are

time constants of fast and slow adaptation, respectively.

Lowpass filter. The AC component of responses to sinusoidal bundle displacement were
determined with a custom peak-finding MATLAB script, and then divided by the bundle
displacement to calculate gain with units of pA/um or mV/um. To characterize tuning, gain was
normalized to the greatest response at all frequencies measured. Normalized gain as a function of

frequency was then fit with a one-pole lowpass filter (Peterson & Heil, 2020).

G(f) =———— 3.4
P Y

fip 1s the lowpass corner frequency and n is the order of the filter, which varied between 0.5 and

1. Phase shift was fit as a function of frequency with Eq. 5, where a is the steepness of the phase-

frequency relation and b is the baseline phase.

@(f) = —a * arctan (fL) +b (3.5

LP

Statistics

We give means + SEM for normally-distributed data, and otherwise, median and range. Data
normality was assessed with the Shapiro-Wilk test for n<50 and the Kolmogorov-Smirnov test for
n>50. To assess homogeneity of variance we used Levene’s test. With homogeneous variance, we
used one-way ANOVA for genotype with the posthoc Tukey’s test. When variance was non-
homogeneous, we used one-way Welch ANOVA with the posthoc Games-Howell test. For data

that were not normally distributed, we used the non-parametric one-way Kruskal-Wallis ANOVA
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(KWA) with posthoc Dunn’s test. Effect size is Hedge’s g (g). For age dependence, we used partial
correlation coefficients controlling for genotype and zone. Statistical groups may have different
median ages, but all have overlapping age ranges. In figures, asterisks represent p-value ranges as

follows: *, p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001.
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CHAPTER 4
LOW ELECTRICAL RESISTANCE OF TYPE I HAIR CELLS PRODUCES ARTIFACTS IN

MECHANOTRANSDUCTION MEASUREMENTS

4.1 ABSTRACT
Investigating type I vs. type II hair cell physiology can reveal meaningful differences in synaptic
transmission, hair cell regeneration, and hair bundle mechanics. However, the large, low-voltage-
activated conductance (gk,) can confound accurate measurements of physiological properties in
type I hair cells. In the presence of gk 1, very low input resistance can cause significant voltage-
clamp errors. Here, we examine how gk introduced an artifact into whole-cell recordings of
mechanotransduction in type I hair cells.

In cells with gk 1, transduction currents often had creep: a rounded, slow onset (10-90% rise
time >0.5 ms) not seen in type Il hair cells (rise time <0.5 ms). Slow rise times were corrected
when gk 1 channels were closed or eliminated with hyperpolarization, pharmacology, or genetic
knockout. Slow rise times were also corrected by aggressive series resistance compensation.
Computational modeling of a realistic voltage-clamp circuit showed that gk 1 was sufficient to
introduce a creep in recorded mechanotransduction.

gk.L’s low input resistance elongated the apparent rise times of recorded mechanotransduction
current. Investigations in mechanotransduction in type I hair cells should minimize this artifact by
reducing series resistance, using cesium-based internal solutions, hyperpolarizing below gkr’s

activation range, blocking gi 1 with 4-AP, and using faster voltage clamp settings.
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4.2 INTRODUCTION

Vestibular hair cells transduce head motions into receptor potentials that are strongly shaped by
large outwardly rectifying K* conductances according to cell type. In type I hair cells, the large,
low-voltage-activated K" conductance, gk 1, reduces input resistance (Rin) to 50 MQ. Low Rin can
cause artifacts in recordings in whole-cell voltage clamp mode, especially when series resistance
(Rs) 1s high. In voltage-clamp, the amplifier injects current to keep the cell at the command voltage.
Voltage clamp is ideal when Rin >> Rs because injected current flows down the path of least
resistance. However, when Rin approaches Rs (~10 MQ in our experiments), voltage clamp is no
longer ideal, and artifacts arise.

We became concerned about these artifacts when we recorded abnormal mechanotransduction
currents in type [ hair cells. Type I hair cells are particularly challenging to patch because the calyx
must be brushed aside to expose the hair cell membrane to the pipette, and the residues of synaptic
proteins lingering on the hair cell membrane slow down and attenuate the process of forming a
gigaseal between the pipette glass and the phospholipids. After breakthrough is achieved, Ri, is
typically too low to estimate capacitance and series resistance. gk must be deactivated by
hyperpolarizing below —90 mV, and then capacitance and series resistance can be estimated and
compensated for.

These difficulties have led mechanotransduction in type I hair cells to be relatively understudied
compared to type II hair cells, as recently noted by others (Caprara & Peng, 2022). Here, we
document how experimenters should take extra precautions to minimize timing artifacts when

recording mechanotransduction in type I hair cells.
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4.3 RESULTS
We recorded from type I and II hair cells from the extrastriolar utricles of mice between postnatal
day (P) 7 and P60. Hair bundles were displaced by a stiff probe with steps. Drugs were delivered
with an apical pipette.

Head motion-induced bundle deflections can be mimcked in vitro with stiff probe deflection of
hair bundles. A single hair bundle is displaced in its preferred direction while a patch electrode has
whole-cell access to the hair cell body. In Figure 4.1, inward transduction currents flowed when
step displacements opened mechanotransduction channels at the tips of the stereocilia that make
up the hair bundle.

In several mature type I hair cells, these mechanically evoked inward currents had a rounded

tip (Fig. 4.1A) and a 10-90 % rise time >0.5 ms. In contrast, type II hair cells had sharp adaptation

A Slow |,,c; rise times in type | HCs
A1 Type | HC Figure 4.1. Stiff probe displacement of hair

bundles evoked Imet with slow rise times in type

~g R I but not type II hair cells. (A) Transduction
I S current (Imer) had a 10-90% rise time of 2.7 ms in
-9 /1 'g a type I HC (A.1, arrow points to rounded onset)
and 0.4 ms in a type II HC (A.2, arrow points to
100ms adaptation that follows sharp onset). Holding
A.2 Type Il HC potential -84 mV. Step to 0.45 um. (A.3) Overlaid
' . and normalized stimuli and responses emphasize
Ny difference in response speed at the beginning of
a1 the step.
4 o
5
=
— |3
A.3 Onset time course
10ms
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20ms 5ms

Figure 4.2. Closing or eliminating gk 1. restored fast rise times in type I HCs. (A) IvEr rise times
were reduced by closing gk 1. channels by hyperpolarizing below their activation threshold. In a type
I HC, Imer rise time was 14.9 ms at —67 mV (A.1) and decreased to 0.6 at —122 mV (A.2), after gkL
channels had been deactivated. Step to 0.91 pum. (A.3) Overlaid and normalized stimuli and responses
emphasize difference in response speed at the beginning of the step. (B) Imer rise times were reduced
by inhibiting gk 1 channels with 5 mM 4-AP. In a type I HC, Imet rise time was X before 4-AP (B.1)
and decreased to Y after 4-AP (B.2). Holding potential =74 mV. Step to 0.95 um. (B.3) Overlaid and
normalized stimuli and responses emphasize difference in response speed at the beginning of the step.
(C) Imer rise times were smaller in Kv1.87 type I hair cells, which lack gk (X ms, C.1), than in
Kv1.8" type I hair cells (X ms, C.2). Holding potential -84 mV. Step to 0.45 pum. (B.3) Overlaid
and normalized stimuli and responses emphasize difference in response speed at the beginning of the

step.

(Fig. 4.1A.1) and rise times <0.5 ms. It was initially unclear whether slow rise times indicated a
true difference in the mechanotransduction complex in type I hair cells. The next step was
determining if these slow rise times were an artifact arising from the type I hair cells’ low Rin. We
reduced Ri, by closing or eliminating gk 1 using three different methods. Hyperpolarizing the cell

to deactivate gi 1 decreased the rise time of Imer (Fig. 4.2A), which represented the artifact being



A R compensation reduces rise time

A1R =2 MQ

S,Uncomp

o
i)
/ 3

Figure  4.3. Series  resistance
compensation corrected slow rise
times. A type I HC (220108-2456-03
P23 LES, 6pF) had 10 MQ series
resistance (Rs). (A.1) At 0% Rs
compensation, rounding was present
(arrow points to rounded onset). 10-90%

100ms rise time was 2.3 ms. (A.2) At 80% Rs

2 MQ compensation, rounding was absent
(arrow points to adaptation that follows
sharp onset). 10-90% rise time was 0.4
ms. Bottom:. Holding potential -84 mV.
Step to 0.78 um. (A.3) Overlaid and
— normalized stimuli and responses
emphasize difference in response speed
at the beginning of the step

A2R

S,Uncomp =

A.3 Onset time course

2ms

corrected. The critical range of hyperpolarization coincided with the activation range of gk .
Reducing gk by other means—pharmacology (Fig. 4.2B) and knockout (Fig. 4.2C)—also
eliminated rounding and shortened rise times to more normal values.

We altered series resistance compensation to determine if the presence of open gk channels
interacted with low-quality voltage-clamp. Rounding was most evident and rise times longest
when there was no compensation (Fig. 4.3A.1). Increasing compensation to 80% eliminated
rounding and shortened rise times (Fig. 4.2A.2).

Evidence suggested that low Ri, and high Rs uncomp Were necessary for slow rise times. We next
explored the mechanism. Transducer channels open after displacement, allowing positive ions to
enter the cell. Under ideal voltage clamp conditions, the amplifier injects an equal and opposite
current into the cell to keep net voltage change at zero. However, the amplifier cannot achieve this

instantly. The cell manages to depolarize a blip, and open gk 1. channels immediately pass outward
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Figure 4.4. A realistic voltage-clamp circuit. Experimental factors that can introduce
artifacts include voltage offset (Vofr), series resistance (Rs) between the pipette electrode and
cell, cell capacitance (Cm), pipette (parasitic) capacitance (Cp), and leakage current (Jfieak). A
typical amplifier has circuits (a, b) to compensate for these artifacts. See Table S4.1 for a
description of each component. Adapted from Lei et al., 2020.

current. Then, the amplifier slowly wrestles back control, and the rate at which the ampifier re-
clamps the voltage depends on several electrical and biological parameters.

The recorded trace on the oscilloscope registers a total current equal to inward (negative) Imer
plus outward (positive) Ixr. Total current is initially inward (—) because Imer > Ikr, and
subsequently creeps more negative as the amplifier clamps the voltage and minimizes the outward
current escaping through Ix 1(+). Creep inflates rise times.

Simulations in a voltage-clamp equivalent circuit quantitatively confirmed this explanation. We
modified the realistic voltage-clamp model from Lei et al., 2020, to run in MATLAB (Fig. 4.4).
Figure 4.5 includes two simulations with Rs = 10 MQ, C, = 5 pF, and compensation at 80%.,
Without gk, displacement-evoked current had rapid rise times (simulation, <0.1 ms;

experimental, 0.2-0.4 ms). The addition of gk 1 caused currents to creep (Fig. 4.5B) and rise times
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Simulations of a voltage-clamp equivalent circuit model

pA Figure 4.5. Simulated gk
— With g, :-?80 introduces creep to apparent
450 recorded Imer. I-MET (A.1) and I-
200 KL (A.2) are summed (B) to show

200 201 202 203 current recorded during a whole-cell

A-2 200 PA patch clamp experiment. Arrow
E 128 : | 1'5 points to creep: the slower, two-phase
2.1133: ‘05 onset of I-Total in the presence of

0 grL. 10-90% rise time was 0.6 ms
200 201 202 203 with gk and 0.1 ms without gk . (C)
PA Vi from the model. Model
|-100 parameters are in Tables S4.1 and
| ‘ oo S42.
202 203
mV
-83
. . ‘ J 1-84
200 201 202 203 ms

to lengthen (simulation, 0.6-0.9 ms; experimental, 0.4-15 ms). Simulation rise times were faster

than experimental rise times because simulations did not lowpass filter the displacement stimulus.

4.4 DISCUSSION
This investigation has shown that low Rj, and high Rsuncomp present real challenges to accurately
measuring mechanotransduction in type I hair cells. Others have taken the approach of using large
pipettes to minimize Rs (Spaiardi et al., 2017). The most effective and flexible solution is blocking

gk, with 4-AP, which has not been reported to interact with the mechanotransduction complex.
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Table 4.1. Iyt rise time summary. Experimental stimulation had a 10-90% rise time of 0.27

ms.
Holding % 10-90% rise
Condition Potential (mV) Rs (MQ) Compensation time (ms)
Experimental
Type I HC 210527-8644-03 -84 32 0 2.7
Type II HC 210625-01 -84 9.3 38 0.4
Type I HC before 4-AP 76 98 0 6.5
211208-2379-02
211208-2379-02
Type I HC 211117-2366-03 —-122 11 0 0.6
Type I HC 211117-2366-03 —67 11 0 14.9
A
210518-1587-02
Type I HC 220108-2456-03 -84 10 0 2.3
Type I HC 220108-2456-03 -84 10 80 0.4
Simulated
gK.L -84 10 0 0.6
8KL -84 10 80
No gk1 -84 10 0 <0.1
No g1 -84 10 80 <0.1
gK.L —60 10 0 0.9
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4.5 MATERIALS AND METHODS

Preparation

All procedures for handling animals followed the NIH Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and Use Committees of the
University of Chicago and the University of Illinois Chicago. Most mice belonged to a transgenic
line with a knockout allele of Kcnal0 (referred to here as Kv1.87"). Our breeding colony was
established with a generous gift of such animals from Sherry M. Jones and Thomas Friedman.
These animals are described in their paper (Lee et al., 2013). Briefly, the Texas A&M Institute for
Genomic Medicine generated the line on a C57BL/6;129SvEv mixed background by replacing
Exon 3 of the Kcnal0 gene with an IRES-bGeo/Purocassette. Mice in our colony were raised on a
12:12h light-dark cycle with access to food and water ad libitum.

Semi-intact utricles were prepared from ~150 male and ~120 female mice, postnatal days (P)
6-60, for same-day recording. Hair cell transduction data were pooled across sexes.

Preparation, stimulation, and recording methods followed our previously described methods for
the mouse utricle (Vollrath and Eatock, 2003). Mice were anesthetized through isoflurane
inhalation. After decapitation, each hemisphere was bathed in ice-cold, oxygenated Liebowitz-15
(L15) media. The temporal bone was removed, the labyrinth was cut to isolate the utricle, and the
nerve was cut close to the utricle. The utricle was treated with proteinase XXIV (100 mg/mL, ~10
mins, 22°C) to facilitate removal of the otoconia and attached gel layer and mounted beneath two

glass rods affixed at one end to a coverslip.

Electrophysiology
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We used the HEKA Multiclamp EPC10 with Patchmaster acquisition software, filtered by the
integrated HEKA filters: a 6-pole Bessel filter at 10 kHz and a second 4-pole Bessel filter at 5 kHz,
and sampled at 10-100 kHz. Recording electrodes were pulled (PC-100, Narishige) from soda lime
glass (King’s Precision Glass R-6) wrapped in paraffin to reduce pipette capacitance. Internal
solution contained (in mM) 135 KCl, 0.5 MgCl,, 3 MgATP, 5 HEPES, 5 EGTA, 0.1 CaCl,, 0.1
Na-cAMP, 0.1 LiGTP, 5 NaxCreatinePO4 adjusted to pH 7.25 and ~280 mmol/kg by adding ~30
mM KOH. External solution was Liebowitz-15 media supplemented with 10 mM HEPES (pH
7.40, 310 = 10 mmol/kg). Recording temperature was 22-25°C. Pipette capacitance and membrane
capacitance transients were subtracted online with Patchmaster software. Series resistance (8-12
MQ) was measured after rupture and compensated 60-80% with the amplifier, to final values of
~2 MQ. Potentials are corrected for remaining (uncompensated) series resistance and liquid

junction potential of ~+4 mV, calculated with LJIPCalc software (Marino et al., 2014).

Transduction

Hair bundles were deflected by a stiff probe (borosilicate, tip width <1 um) attached to a
piezoelectric planar bimorph. Driving voltage to the bimorph was lowpass filtered by an 8-pole
Bessel filter (Frequency Devices Active Tunable Filter Model 900) at a corner frequency of 1000
Hz for a probe with a resonant frequency of 2250 Hz. Probe time course was monitored offline by
projecting the probe image onto the edge of a photodiode (PIN-6D). At the end of each experiment,
steady-state probe tip distance per driving voltage was measured using a slow step stimulus,
camera, and DIC illumination. In figures, probe stimuli traces are photodiode signals scaled to the

known voltage sensitivity of the probe.
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We evoked Iver and Vre by displacing (X) the hair bundle along its sensitive axis with a stiff
glass rod placed behind and approximately halfway up the hair bundle. Resting probe position was
selected to be 10-20% of the operating range of the bundle, evoking 16£2 % (n=38) of maximum
Iner [100*(Ix=0 — Imin)/(Imax — Imin)]. We expect this imposed resting position to be slightly higher
than natural resting position because we pushed the bundle slightly to ensure mechanical coupling
with the probe. To record Imer, most HCs were held at -84 mV to increase driving force on IMET
and reduce noise from voltage-gated channels. Some type I HCs were held negative to -84 mV to

fully deactivate gk 1, which is so large as to degrade the voltage clamp.

Pharmacology

Drug-containing solutions were locally with BASI Bee Hive syringes at a final flow rate of 20
puL/min and a dead time of ~30 s. Global bath perfusion was paused during drug perfusion and
recording, and only one cell was used per utricle. Aliquots of test agents in solution were prepared,
stored at —20°C, and thawed and added to external solution on the recording day (fampridine/4-

AP, Sigma-Aldrich).

Analysis

Data analysis was performed using OriginLab (Northampton, MA) and custom MATLAB scripts.
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CHAPTER 5
CONCLUSION

A core question driving this project was a longstanding mystery about hair cell K channels and
their role in type I hair cell-calyx transmission and vestibular circuit function. Such features that
speed up vestibular receptor potentials and non-quantal afferent transmission may have helped
stabilize locomotion as tetrapods moved from water to land.

In Chapter 2, we found that Kv1.8 was necessary not just for gk 1. but also for fast-inactivating
and delayed rectifier currents in the more ancient type II HCs, which activate positive to resting
potential. These findings contributed significantly to the field’s understanding of the molecular
identity of K channels in mammalian vestibular hair cells. Two outstanding questions remain about
how Kv1.8 channels generate the biophysical properties of gk 1. and ga.

In type I HCs, gk has a Vhar (—84 mV) that is far negative to the Viar of Kv1.8 in other cell
types (25 mV to 0 mV, Lang et al., 2000; Dierich et al., 2020; Ranjan et al., 2019; Martin et al.,
2024). Factors that could account for the difference in activation voltage include the high density
of gk, interaction with the calyx environment, modulation by accessory subunits, and RNA
editing.

In type I HCs, ga has rapid N-type inactivation not seen in Kv1.8 homomers in heterologous
systems (Lang et al., 2000; Dierich et al., 2020; Ranjan et al., 2019). Kv1.8-containing ga may
acquire rapid inactivation by heteromerization with the Kv1.4, Kvf1, and Kvp2 subunits that are
also expressed in type II hair cells. These findings highlight type I and II hair cells as good models
to explore the complex regulatory network that governs ion channels to achieve different

physiological profiles.
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In Chapter 3, we showed that higher input resistance in Kv1.87" hair cells decreased the
frequency range of head motion detection, to the effect of impairing performance on challenging
balance tasks that require rapid and linear compensation for head motions.

We tested the hypothesis that gk augments nonquantal transmission and found that gk
knockout reduced nonquantal transmission at very high frequencies and reduced phase at all
frequencies tested. Further comparison of nonquantal transmission in control and knockout
conditions should be higher throughput, such as with in vivo sharp electrode recordings from the
vestibular ganglion (Holt et al., 2007), maintain spatiotemporal resolution, and capture population
effects, such as with microscopy (K", Ca**, and voltage imaging).

There is a growing awareness in the vestibular field that nonquantal transmission is a more
robust driver of vestibular function than quantal transmission. Pharmacological and genetic
inhibition of glutamatergic transmission shows that quantal transmission is not necessary for some
vestibular outputs (Mukhopadhyay et al., 2023; Pastras et al., 2023), consistent with how rarely
we observe quantal transmission in mature utricle preps. Our understanding of amniote vestibular
function would be incomplete without a description of nonquantal transmission.

We have established Kv1.87~ mice as the first model of “perturbation of nonquantal
transmission”. Complementary models would modify calyx height, which computational models
predict is the most essential factor enabling nonquantal transmission (Govindaraju et al., 2023).
Calyces are abnormally loose in the absence of the septate junction protein Caspr (Sousa et al.,
2009), presenting a promising complementary model, but vestibular phenotypes in Caspr”’~ mice
are unknown because pups develop severe ataxia and die before P20 (Bhat et al., 2001). Our
interpretation of the Kv1.8”~ phenotype is also complicated by the null mutation’s effect on type

II HCs and thus quantal transmission. Future research should develop type I HC-specific
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knockouts of Kv1.8 and Caspr to avoid systemic side effects and isolate the phenotypes that depend
on nonquantal transmission.

In Chapter 4, we investigated how low electrical resistance in type I hair cells makes it difficult
to accurately record mechanotransduction. This artifact can be minimized by reducing both gk .
and uncompensated series resistance to achieve a more ideal voltage clamp. Other hair cell
researchers may not have considered these concerns because other hair cells do not have such low
input resistance. With this information, they will be better equipped to collect clean data on type I
hair cell physiology.

Vestibular hair cell K, channels

In this work, we investigated a novel cell type

that may have arisen to meet the challenges of life

; BorlKy1.8)

8or(Ky7)

on land by speeding up head motion detection and gy (Ky1.8)

enabling fast balance reflexes. We followed this trail Bor(K7)

from molecular assembly of ion channel complexes {
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to sensory physiology to downstream behaviors. P P g
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Figure 5.1. Graphical summary.
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APPENDIX A

SUPPLEMENTAL FIGURES AND TABLES FOR CHAPTER 2
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Supplemental Figure S2.1. Developmental changes in type I HC Ky conductances.

(A) Parameters from Boltzmann fits of tail G-V relations for type I HCs plotted against age.
(B) Conductance density is similar in young (P5-P10) type I HCs that lack gk 1. gk 1 is defined
here as having a Viarnegative to —55 mV. Kv1.8""*~ with gk 1, 17+ 5 nS/pF (19); Kv1.8"~
without gk1, 3.7 £ 0.4 nS/pF (22); Kv1.87, 1.8 £ 0.4 nS/pF (13). Kv1.8"""" with gk vs.
Kv1.8":p=0.007, KWA, g 1.0.

90



A * *kk C *
1.0
150 | = L
2 o 087 - . -
E 100 — 1 — 06l L& B 5
£ s0. é + - < 04 Eg %
i . ; 021 & = = &
Q (@]
© Z — == =
l—:_: 0 x % ‘ X \/ 0.0 X \/ X \/ X \/ X \/
x\ X\ X\ X\ x\ x\ x\ x\ x\ x\ x\ X\
All zones LES MES Striola All zones LES MES Striola
Kk Kk > 1007 sexwsw
5 151 s« —— 0 £ ’T&‘
—_ Q 75-
E *kkk o™
104 —_— ©
= ] | e 50— %
£ I == i)
250« éﬁ, y T 25-
g |oeF @4¥ Haf Z
BRI (G [N o Y N I\ N Y 5\ N E NN x NN N NN N NN
All zones LES MES Striola S All zones LES MES Striola

Supplemental Figure S2.2. For type II HCs older than P12, Kv conductance activation and
inactivation differed across zones and genotypes.

(A) TinactFast at 30 mV was fastest in LES in Kv1.8"* and Kv1.8"~ HCs, and faster in Kv1.8"~ than
Kv1.8"* HCs (see Table 2.3 for p-values).

(B) Fast inactivation was a larger fraction of the total in LES than striola.

(C) tact at 30 mV was slower in Kyv1.87~ than Kv1.8"* and Kv1.8", and slower in striola than LES
and MES.

(D) Percent inactivation at 30 mV was lowest in striola (zone effect), and lowest in Kv1.87~ HCs
(genotype effect).
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Supplemental Figure S2.3. For type II HCs older than P12, Kv conductances were
stable.

(A-C) Parameters from Boltzmann fits of peak G-V relations and (D) % inactivation at
+30 mV plotted against age from all zones. Overlaid curves are smoothing cubic -
splines. Note the seven extrastriolar Kv1.8” type Il HCs with % inactivation >30%.
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Supplemental Figure S2.4. A minority of extrastriolar Kv1.87~ type Il HCs had a very small fast-
inactivating outward rectifier current.

(A) All extrastriolar Kv1.87""~ type II HCs inactivated by >30%. Most mature (>P12) extrastriolar
Kv1.87 type II HCs inactivated by <30% but some inactivated by >30% (7/30, 23%) because they had
fast inactivation (B).

(B) Exemplar residual fast inactivation (Trastimact = 10 ms at +30 mV). For the 7 cells in this group, Trastinact
=30 + 6 ms, amplitude of fast inactivation = 310 = 70 pA; activation peak Vhar=—-15£2 mV and slope
factor = 12.4 £ 0.9 mV. These parameters are similar to ga but for the much smaller conductance (one-

way ANOVAS).
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Supplemental Figure S2.5. A minority of striolar Kv1.87~ type I HCs had a small low-
voltage-activated outward rectifier current.
(A) Low-voltage-activated current from one cell was isolated by 10 uM XE991 (P39), suggesting

it was a Kv7 current. Deactivation of XE991-sensitive current after step from —64 mV to —124
mV (arrow) was fit with exponential decay (t =21 ms).

(B) Tail G-V curve fit with a sum of two Boltzmann equations: Vpair1 =—102 =4 mV (n=5) and
Vhaifz=—-41 £+ 1 mV. Ages: P11, 39, 202, 202, 202.

(C) Bimodal Viair distribution was specific to striolar type I HCs. 5/23 (22%; P6-P370) of striolar
type I HCs had this low-voltage-activated component, but no extrastriolar type I HCs (0/45; P6-
277).
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Supplemental Figure S2.7. Regional differences in Inav in type II HCs.

(A) Voltage-clamp recordings from some type II hair cells revealed voltage-gated Inav, evident as transient
inward currents at the beginning of the step and tail potentials. (A.2) Insets correspond to the boxed regions
in A.1 showing Nay activation (red) in response to depolarization from —124 mV to the various step potentials
and Nay inactivation (blue) in response to depolarization from various step potentials to —44 mV. The
current’s transient nature (it rapidly returned to 0 pA) indicated that it flowed through Nav channels, not Cay
channels, which are relatively sustained in HCs (Bao et al., 2003; Manca et al., 2021). The maximal inward
current in these two regions provided data points for the GV curves in B.1.

(B) The voltage dependence of Nay activation and inactivation was found by fitting GV points to Eq. 2.1
(exemplars in B.1), with the histogram of Vhpair values in B.2 showing a mean inactivation Vyar of —97 + 1
(23) and activation Vhair of 49 = 1 (22).

(C) Likelihood of observing Inav in type II HCs of different zones, ages, and genotypes. (C.1) Inav was more
likely to occur in striolar type II HCs (S, 71 £ 9% (24); ES, 8 £ 2% (133); p = 2E-8; g = 2.0), with no
detectable effect of genotype (Kv1.8™*, 14 £ 5% (43); Kv1.8"", 21 £ 5% (67); Ky1.87, 17 £ 6% (47); p =
0.5, 0.9, 0.8; power = 0.26). Statistics are from 2-way ANOVA with zone and genotype; and data labels are
the number of cells in each group. (C.2) Inav was more likely in all type II HCs below P20 but persisted in
many striolar type II HCs above P20.
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Supplemental Table S2.1. Test of sex differences in hair cell Ky channel data.

Cell Male vs Female
Type Parameter Subgroup posthoc p-value Test
Normal, homogeneous variance
. %k a ’
Tail Vhar HJF’Z_ 8'2(7)23 ANOVA: Genotype (2 levels), Sex (2 levels), Zone (2
©) ’ levels), Genotype*Sex.
E ANOVA: Genotype (2 levels), Sex (2 levels), Zone (2
5 . +/+,+/—  0.98 *
g | Tail S - 0.58 levels), Genotype*Sex. Normal, homogeneous
= : variance
Tail _ +/+,+/—-  0.999 Normal, nonhomogeneous variance
EDensity —/~ 0.936 Welch ANOVA: Genotype*Sex
A 0.95 Normal, homogeneous variance
Peak Vi o s 0.28 ANOVA: Genotype (2 levels), Sex (2 levels), Zone (2
’ levels), Genotype*Sex.
Normal, homogeneous variance
O _ s
T | Peak S +/+’j7 8339 ANOVA: Genotype (2 levels), Sex (2 levels), Zone (2
f : levels), Genotype*Sex.
& Peak _ +/++/—~  0.64 Normal, nonhomogeneous variance
= EDensity —/— 0.43 Welch ANOVA: Genotype*Sex
A~ 098 Normal, homogeneous variance
% inactivation at 30 mV T I O' 22 ANOVA: Genotype (2 levels), Sex (2 levels), Zone (2

levels), Genotype*Sex.

@ g 0.9. Male Ky1.8"%" -85+ 1 mV (40) vs. Female Ky 1.8, -79 £ 2 mV (12)

Supplemental Table S2.2. Detected zonal but not genotype differences in hair cell Ixir and In.

Q

o

Cell Zone | I+ Ikir current K, 1.8 yg ES vs Striola p- Test

Type density (-1*pA/pF) K,1.87 p-value  value
= ES
> Striol 4112 i;i g781)9 0.3 4E-9 #kk a Non-normal, KWA
& a | 13 (19)
H
Lm) L h

ES Normal, homogeneous variance.

2 | swiol | 397 i 8(1))6) 06136(8'25 0.0058 ** 2-way ANOVA: Genotype (2
E a p levels), Zone (2 levels)

gl4

g 0.6
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APPENDIX B

SUPPLEMENTAL FIGURES AND TABLES FOR CHAPTER 3

— SN 1pA ~
onm—— """ P I E
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A Mechanotransduction current 1/ .
A1 Kv1.8+/+ A.2 Kv1.8—-/— = Il 1 — K1.8+/+
° — Ky 1.8-—

B Receptor potentials 404 il \f}r% 2ms
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I %:f T a1 B4
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&2 oo 0.5 1.0 —
0 | 2ms

Supplemental Figure S3.1. Kv1.87 type II hair cells produced larger but more delayed receptor
potentials than Kv1.8""7~ type II HCs. (A) Transduction current (Imer) was similar across
genotypes. The step stimulus above applies to the entire figure. Exemplar step-evoked
transduction current at holding potentials -84 mV. Averages of 3-6 presentations. (A.3) Peak
Imer(X) relation were averaged across multiple cells and then fit with Eq. 3.1, 3.2. (A.4) Onset
responses to +0.5 pm displacement were similar. High frequency oscillations are undamped probe
resonance.

(B) Receptor potentials (Vrp) were larger and slower in Kyv1.87" type I HCs. Exemplar step-
evoked receptor potentials are from cells with different V.. (B.3) Peak Vrp(X) were averaged
across cells. (B.4) Onset responses from to +0.5 pm displacements show the faster membrane time
constant in Ky1.8"""~ type I HCs. Double-exponential fits (Eq. 3.3) are overlaid.

Statistics are in Table 3.1.3.2.
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Supplemental Figure S3.2. Kv1.8 raises the lowpass corner frequency of receptor potentials in
type II HCs. (A) Imer and Vrp are averages of 6-13 presentations of the sinusoidal stimuli (X)
at the top. Baseline potential is indicated to the right of each Vrp trace. (B) Single Vrp sinusoidal
cycles are overlaid with the stimulus (grey) to show the phase (timing) advance of the peak
response of control relative to Kv1.8-null HCs: (C-D) Gain and phase of responses referenced

to input signals as functions of frequency; mean = SEM values (see key for n).

C, Iver

referenced to X : peak-to-peak gain (C.1, actual, C.2, normalized) and phase (C.3). D, Vrp
referenced to X; peak-to-peak gain (D.1, actual, D.2, normalized) and phase (D.3).
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A Intrinsic excitability of calyces B Firing patterns

401 401 K,1.8-null n=3 n=23
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Supplemental Figure S3.3. Currents and excitability of calyces did not differ in control and
Kv1.8-null utricles. (A) Representative current-clamp records from control and Ky1.8-null
extrastriolar calyces. (B) The distribution of firing types (Sustained A, B, C, and Transient).
Statistics in Suppl. Table S3.1.

Supplemental Table S3.1. Statistics of voltage-dependent currents and excitability in utricular calyces. Mean +
SEM (number of cells). KWA is Kruskal-Wallis ANOVA.

Currents and Excitability

Age range
Kv1.8 . Rheobase . In (pA) at —
Genotype Vm (mV) Rin (MQ) (pA) Sag Ratio 124 mV Kv gmax (nS)  Cm (pF) (da?/s,
median)
—69.8+0.7 03+0.02 —490+60

+/+,+/— + 7 +0. + + -

[+, +/ (39) 290 +20(39) 0.7+ 0.2 (34) (38) 25) 13£3(25 4=+£127) 82517

33+0. — +
—/— —67+1(21) 240+30(22) 1.7+0.3 (17) 0 33(22;) 03 62((1)7) 60 14+£2(12) 5+£1(23) 12-259(3%)

p-value: t-test 0.07 KWA 0.3 KWA 0.4 t-test 0.3 KWA 0.07 KWA 0.4 KWA 0.3
effect size:
power: 0.45 0.16
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Supplemental Figure S3.4. Kv1.8-null mice have normal weight, motor learning, and

motor abilities. (A) Weight developed normally. (B) Rotarod learning curve was similar for
control and Kv1.8-null mice (shaded SEM). (C) Average ambulatory velocity and (D) total
distance travelled during 2-hour open field test.
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Supplemental Figure S3.5. Head motion power in Ky1.8-null mice and heterozygous
littermates across various frequencies. N=2 Kvy1.87~ males, N=5 Ky1.8"~ males.
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Supplemental Table S3.2. Ky1.8-null mice had normal motor abilities. Mean + SEM. g is effect size, Hedge’s g.

KWA is Kruskal-Wallis ANOVA.

Grip strength
Kyl.8 Grip stringt h(g) N animals Age (median, range)
+/+ 180+ 10 6 142, 54-252
+/— 184+9 12 149, 54-282
—/— 173 +£8 12 134, 54-252
Power: 0.39

¢ +/—vs +/+: 2-way ANOVA, p=10.998;
—/—vs +/+: 2-way ANOVA, p=0.62;
—/—vs +/—: 2-way ANOVA, p =0.45

Gait
s T gl Mndpay e Foreun e i sy g A (i
+/+ 24 +2 2442 7.3+£0.5 13£0.9 3 68, 68-73
+/— 22+0.5 26+ 1 7.5+£0.2 13.3+0.2 13 88, 75-211
—/— 22+0.5 24 +1 7.6+0.1 129+0.3 12 84,70-211
Power:  0.39 0.16 0.14 0.22 Sex n.s.

b Genotype power = 0.39; Sex power = 0.45

Rotarod in the light
Kol.8 Latency to fall N animals Age (median,
(s) range)
+/— 80+7 SF, 5SM
—/— 82+9 SF, 5SM

Power:  0.054,p=0.85
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APPENDIX C

MODEL PARAMETERS FOR CHAPTER 4

Table S4.1. Model parameters of an expanded circuit of realistic voltage-clamp experiment in

Figure 4.5.
Symbol Value Description
General
t Time variable
Capacitance
Cr 0.3 pF Feedback shunt capacitance (Lei et al., 2019)
Cn 5 pF Membrane capacitance (Martin et al., 2024)
Gy 3-5 pF
Current
[in Voltage-clamp current
Lion Whole-cell ion channel current
Licak Leakage current through imperfect seal
In Membrane current
Lout Recorded current
Resistance
R 500 MQ Feedback resistance (medium current gain on HEKA EPC 10)
Series resistance between pipette electrode and cell (Martin et al.,
Rs 10 MQ 2024)
Rseal 0.5-10 GQ Seal resistance of the pipette tip

Time constant

Ta 50 us Membrane access time constant, 7, = RsCm
Tsum 40 ps Response time of the summing amplifier (Lei et al., 2019)
Telamp 10 ps Voltage-clamp time constant, zclamp = (1 — 0)* 7a
Tz 150 us Transconductor time constant, 7, = RiCr
Voltage
Vemd Command voltage, follows the voltage-clamp protocol
Velamp Clamp voltage
Vin Membrane potential
Offset voltage, such as amplifier offsets, electrode offsets, junction
Vott potentials
Vout Recorded voltage, Vour= loutRs
£ Pipette potential
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Table S4.2. Ion channel parameters for model in Figure 4.5.

Symbol Value Description

gK,L

Zmax 300 nS Maximal conductance

Vhaif -84 mV Midpoint voltage activation (Martin et al., 2024)
dv SmV Slope factor of voltage-dependence

Tact 300 ms Time constant of activation

Ex —86 mV K" reversal potential

EMET

Zmax 3nS Maximal conductance (Chapter 3)

Xhatf 0.3 um Midpoint displacement activation (Chapter 3)
dX 0.2 um Slope factor of displacement sensitivity (Chapter 3)
TAct 50 us Activation time constant

TAdapt 10 ms Adaptation time constant (Chapter 3)

Enmet 2.6 mV ImeT reversal potential (Kros et al., 1992)

Leak through seal

ELeak

Vi

leak

2 nS

Lei et al., 2019; 1/Rscal
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