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ABSTRACT

Age-related hearing loss in humans (presbycusis) typically involves impairment of high frequency
sensitivity before becoming progressively more severe at lower frequencies. Pathologies initially
affecting lower frequency regions of hearing are less common. Here we describe a progressive,
predominantly low-frequency hearing impairment in two mutant mouse lines, carrying different
mutant alleles of the KIh/18 gene: a spontaneous missense mutation (K/h/18°") and a targeted
mutation (K/h/18m1a(koMPIWis)) Both males and females were studied, and the two mutant lines showed
similar phenotypes. Auditory brainstem response (ABR) thresholds (a measure of auditory nerve and
brainstem neural activity) were normal at 3 weeks old but showed progressive increases from 4 weeks
onwards. In contrast, distortion product otoacoustic emission (DPOAE) sensitivity and amplitudes (a
reflection of cochlear outer hair cell function) remained normal in mutants. Electrophysiological
recordings from the round window of K/h/18°"f mutants at 6 weeks old revealed 1) raised compound
action potential thresholds that were similar to ABR thresholds, 2) cochlear microphonic potentials
that were normal compared with wildtype and heterozygous control mice and 3) summating
potentials that were reduced in amplitude compared to control mice. Scanning electron microscopy
showed that K/h/18"°*/ mutant mice had abnormally tapering inner hair cell stereocilia in the apical
half of the cochlea while their synapses appeared normal. These results suggest that KIhl18 is
necessary to maintain inner hair cell stereocilia and normal inner hair cell function at low frequencies.
KIhl18 mutant mice exhibit an uncommon low frequency hearing impairment with physiological

features consistent with Auditory Neuropathy Spectrum Disorder (ANSD).

SIGNIFICANCE STATEMENT

We describe a novel progressive hearing loss in KIh/18 mutant mice that affects the lower frequencies
of its’ hearing range. Investigation of two mutant alleles of this gene revealed primary inner hair cell
defects affecting the neural output of the cochlea while outer hair cell function appeared normal. The

tallest stereocilia of inner hair cells showed an abnormal tapering shape, especially notable in the
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apical half of the cochlear duct corresponding to the low frequency hearing loss. Our finding of a
primary inner hair cell defect associated with raised thresholds for auditory brainstem responses
combined with normal outer hair cell function suggests that Klhl18 deficiency and inner hair cell

pathology may contribute to Auditory Neuropathy Spectrum Disorder in humans.

INTRODUCTION

Progressive hearing loss with age is the most common sensory deficit in the human population and it
can begin at any age. Genes found to be involved in hearing loss can give valuable insights into the
molecular pathways and pathological processes leading to progressive deafness. Mouse mutants not
only can provide valuable candidate genes for human deafness but also can reveal novel pathological
mechanisms underlying hearing loss. We have used the mouse to identify multiple genes involved in
hearing loss but it is clear that many more genes, and pathological mechanisms, remain to be

discovered before we have a full understanding of the disease (Ingham et al., 2019).

In this report we explore the role of the KIh/18 (Kelch-like family member 18) gene in hearing loss using
two different mutations in the mouse. The first allele (termed K/h/18°*) arose as a spontaneous
missense mutation (V55F) predicted to have a damaging effect on protein structure (Lewis et al.,
2021). These mutants have normal middle ears and no malformations of the inner ear were found
(Lewis et al., 2021). The second allele is a targeted mutation, Klh/18m(KOMPWisi —ayhibiting low
frequency hearing loss in adult mice (Bowl et al., 2017, Ingham et al., 2019). Mice carrying the targeted
allele have been subject to a broad-spectrum phenotyping screen as described by White et al. (2013).
The only other significant phenotype found was a decreased volume and thickness of femur trabecular
bone in female homozygous mutants (Ingham et al., 2019). Neither allele produced overt vestibular

phenotypes and homozygotes are viable and fertile (Ingham et al., 2019; Lewis et al., 2021).
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77 Kelch-like family member 18 is part of a 42-member superfamily of genes (Dhanoa et al., 2013). In the
78  mouse, KIhl18 is a 574 amino acid protein containing a Bric-a-Brac, Tramtrack and Broad complex
79  (BTB) domain, a BACK domain, and six Kelch B-propeller domain repeats which typically have roles in
80 extracellular communication, cell morphology, and actin binding (Dhanoa et al., 2013). BTB domains
81 are involved in protein-protein binding (Albagli et al., 1995; Perez-Torrado et al., 2006) and have been
82  associated with a variety of cellular mechanisms, including cytoskeletal organization (Kang et al.,
83 2004), voltage-gated potassium channel opening (Minor et al., 2000), transcriptional regulation
84 (Melnick et al., 2000) and targeting of proteins for ubiquitination (Furukawa et al., 2003; Xu et al.,
85 2003). KIhl18 encodes an adaptor protein for the Cul3 ubiquitin ligase, providing specific targeting of
86  Aurora-A for ubiquitination and subsequent initiation of mitotic entry (Moghe et al., 2012). Recently,
87  Chaya et al. (2019) have implicated K/h/18 in retinal photoreceptor function in mice through targeted
88  ubiquitination of Unc119.
89
90 Here, we describe progressive elevation of auditory brainstem response (ABR) thresholds in KIh/18
91 mutant mice from 4 weeks old. In contrast, in vivo measurements of distortion product otoacoustic
92  emissions (DPOAEs) and cochlear microphonics (CM) indicated normal outer hair cell (OHC) function
93 is maintained. The number of synaptic contacts between inner hair cells (IHCs) and afferent cochlear
94  neurons was normal. However, IHC stereocilia displayed abnormal lengthening and tapering,
95  especially affecting the apical half of the cochlear duct. These observations indicated the IHC as the
96 primary site of the pathology. Summating potentials (SP), a sustained dc shift in voltage seen during
97 sound exposure and thought to arise mostly from depolarisation of IHCs, were abnormally small in
98 mutants supporting this suggestion.
99

100  MATERIALS AND METHODS

101 Ethics statement. Mouse studies were carried out in accordance with UK Home Office regulations and

102 the UK Animals (Scientific Procedures) Act of 1986 (ASPA) under UK Home Office licences, and the
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103  study was approved by the King’s College London and Wellcome Trust Sanger Institute Ethical Review
104  Committees. Mice were culled using methods approved under these licences to minimize any
105 possibility of suffering.

106

107  Mice. The mouse lines carrying the two alleles of KIh/18 used in this study originated from the
108 Wellcome Sanger Institute Mouse Genetics Project, both generated and maintained on a C57BL/6N
109  genetic background. One was a spontaneous missense mutation, K/h/18°"' (Figure 1A), that occurred
110 in a colony carrying a targeted mutation of Mab21/4 (also known as 2310007B03Rik). The mutation
111  was detected through observation of occasional mice in this colony with raised ABR thresholds to low
112  frequency stimuli that did not segregate with the targeted mutation in Mab21/4. The mutation was
113 identified as a point mutation in Klh/18 by positional cloning (g.9:110455454C>A), predicted to cause
114  aVal55Phe amino acid change in the BTB domain of the protein (Lewis et al., 2020). The second was
115  a targeted mutant allele (KIh/18m1o(KOMPIWssi raferred to here as KIh/18!™%°, Figure 1B) carrying a
116  promoter-driven knockout-first allele, with a large cassette inserted between exons 5 and 6, which
117  interferes with transcription leading to knockdown of expression (Skarnes et al., 2011; White et al.,
118  2013). The inserted cassette contains a B-galactosidase/LacZ reporter gene. Further details can be
119  found at www.mousephenotype.org. Both K/h/18 mutant lines produce homozygous offspring that are
120  viable and fertile, and hearing impairment was inherited in a recessive manner. Both males and
121 females were included as no difference in auditory function was noted between them. These mutant
122 mice are available through the European Mouse Mutant Archive (EMMA).

123

124  Genotyping. Klh/18°* mice were genotyped by PCR amplification followed by restriction enzyme
125 digest of the PCR product. The K/h/18°"f mutation is a C>A missense mutation in exon 10 of the gene
126  (Lewis et al.,, 2021). We amplified genomic DNA in this region (forward primer sequence:
127 GCACAATGGTAGGGGTTCAG; reverse primer sequence,

128  GCAGTGTCGCTCAATATTTGTCTTTGTATTCTCTTTGGCCCACAGATTGGGGACCACAAGTTCAGTGCTCACCA
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129  G).The PCR primers used together with the point mutation generated a Bgl Il restriction site (AGATCT)
130 in the mutant PCR product while the corresponding wildtype allele sequence (AGATCC) was not
131 recognised. Bgl Il was used to digest the PCR product yielding 2 sequences of 78 bp and 127 bp from
132 the mutant allele and one sequence of 205 bp from the wildtype allele, and these products were
133 identified by gel electrophoresis. In some cases, genotypes were obtained by sequencing of the PCR
134 product amplified from the reverse primer.

135

136  KIhl18'™ mice were genotyped using a common forward primer (CCTGTGACAAGCAGTCTGAAGG), a
137  wildtype reverse primer (TGCTAGGGAGTGAATCTAGGGC) and a mutant-specific reverse primer (CasR1
138 TCGTGGTATCGTTATGCGCC). Resulting band sizes were 524 bp for the wildtype product and 384 bp
139  for the mutant product. Primers specific for the Neomycin resistance gene in the introduced cassette
140  were also used to detect the presence or absence of the inserted DNA of the mutant allele (Figure 1;
141 Skarnes et al., 2011; White et al., 2013).

142

143 Anaesthesia. In experiments where mice were tested longitudinally at different ages, mice were
144  anaesthetised by intra-peritoneal injection of 100 mg/kg Ketamine (Ketaset, Fort Dodge Animal
145 Health) and 10 mg/kg Xylazine (Rompun, Bayer Animal Health) and recovery was promoted using 1
146 mg/kg atipamezole (Antisedan, Pfizer). For terminal experiments, mice were anaesthetised with intra-
147  peritoneal urethane (0.1 ml / 10g bodyweight of a 20% w/v solution of urethane in water).

148

149  Auditory Brainstem Response (ABR) recordings. Brainstem auditory evoked potentials were
150 measured using the method described in detail by Ingham et al. (2011) and Ingham (2019).
151 Anaesthetised mice were placed in a sound attenuating chamber (IAC Acoustics Limited) and
152  subcutaneous recording needle electrodes (NeuroDart; Unimed Electrode Supplies Ltd, UK) were
153 inserted on the vertex and overlying the left and right bullae. Responses were recorded to free-field

154  calibrated broadband click stimuli (10 ps duration) and tone pips (5 ms duration, 1 ms onset and offset
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155 ramp) at frequencies between 6 and 42 kHz, at levels ranging from 0-95 dB SPL (in 5 dB steps) at a rate
156  of 42.6 stimuli per second. Stimuli were generated via custom software on a RZ6 multifunction
157  processor (Tucker Davis Technologies, TDT) and presented via a FF1 loudspeaker (TDT). Evoked
158 responses were amplified, digitized, and bandpass filtered between 300-3000 Hz, using custom
159 software and TDT hardware (RZ6 processor, RA4LI low impedance headstage, RA4PA preamplifier).
160  ABR thresholds were defined as the lowest stimulus level to evoke a visually-detected waveform. ABR
161 waveforms were analysed offline and the latency and amplitude of ABR waves 1-4 were plotted as a
162  function of sound level.

163

164  Distortion Product Otoacoustic Emissions (DPOAE) recordings. We made measurements of the 2f1-
165  f2 DPOAE component in mice across a range of ages, either as a terminal experiment in different
166  cohorts of mice, or as part of longitudinal experiments in the same animals at increasing ages. In all
167  cases, measurements were made inside a sound attenuating chamber (IAC Ltd) with the mouse
168  positioned on a heating blanket. In terminal experiments, urethane-anaesthetised mice had their left
169  pinna and cartilaginous ear canal removed before a hollow conical speculum was positioned to give
170  an unobstructed view of tympanic membrane. The DPOAE measurement probe (see later), with a
171  small rubber gasket close to its’ tip was then positioned within the speculum. For longitudinal
172  experiments, ketamine/xylazine-anaesthetised mice were placed in a prone position and the head was
173 tilted approximately 45° such that the left ear was uppermost. The DPOAE probe assembly was
174 positioned vertically, such that the probe tip was sitting just behind the tragus, with the probe pointing
175 down towards the opening of the ear canal. The DPOAE probe assembly used here was comprised of
176  a pair of EC1 electrostatic drivers (TDT) coupled to the guide tubes of an ER10B+ low noise DPOAE
177  system (Etymotic Inc) via 5 cm plastic tubes.

178

179  Stimuli were generated and DPOAE responses recorded using a RZ6 multifunction processor (TDT),

180  under the control of TDT BioSigRZ software (TDT). Continuous f1 and f2 tone stimuli were generated
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181  and presented via different EC1 drivers within the DPOAE probe. Frequencies for f2 were set to match
182  the ABR tone-pip frequencies used (ie. 6, 12, 18, 24 and 30 kHz). The f2 tone was presented at a
183  frequency 1.2x that of f1, and a level 10 dB SPL lower than f1. Sound pressure levels of the f2 stimulus
184 ranged from -10 dB to 65 dB in 5 dB steps. ER10B+ microphone signals recording during stimulus
185 presentation were digitised at a sampling rate of 195312.5 Hz on the RZ6 processor for online Fast
186 Fourier Transformation (FFT) to yield a power spectrum containing the f1 and f2 stimulus components
187 and the main 2f1-f2 DPOAE component of interest in this study.

188

189 From each FFT trace recorded, a number of parameters were calculated; the 2f1-f2 DPOAE amplitude,
190 the mean noise-floor amplitude (as the average of the 20 spectral lines surrounding the DPOAE
191 frequency) and two-times the standard deviation of the noise-floor mean. These values are plotted
192  across stimulus level to produce plots from which the threshold of the DPOAE was defined as the
193 lowest stimulus level when the DPOAE amplitude exceeded the 2 SDs above the recording noise-floor.
194 From these data, we calculated mean DPOAE growth functions for each f2 stimulus frequency for
195  control and mutant mice and mean DPOAE thresholds for these frequencies in control and mutant
196  mice.

197

198  Endocochlear Potential (EP) recordings. The positive potential within the scala media of KIh/18°*
199 mice was measured in urethane-anaesthetised mice as described previously (Steel and Barkway, 1989;
200 Ingham et al., 2016). A reference electrode (Ag-AgCl pellet) was positioned under the skin of the neck.
201 A small hole was made in the basal turn lateral wall and the tip of a 150 mM KCl-filled glass
202 micropipette was inserted into the scala media. The EP was recorded as the differential potential
203 between the tip of the glass electrode and the reference electrode.

204

205 Round Window Response (RWR) recordings. Measurements of evoked potentials detected at the

206  round window of the cochlea were made in KIh/18°" mice aged 6 weeks. The methods used here were
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207  modified from those of Harvey and Steel (1992). In urethane-anaesthetised mice, following insertion
208 of a tracheal cannula and placement in a custom-build head-holder, a subdermal needle reference
209  electrode was inserted on the midline of the neck. A further subdermal needle electrode was inserted
210 in the skin at the base of the tail to serve as a ground electrode. After removing the pinna, a small
211 opening was made in the bulla and the exposed tip of a length of fine Teflon-coated silver wire was
212 positioned on the round window membrane.

213

214  Auditory stimuli were generated using custom software and RZ6 multifunction processor (TDT) and
215 presented via a MF1 magnetic loudspeaker (TDT) positioned 15 cm away from and directly opposite
216  the exposed ear canal. Stimuli used were 20 ms duration tone pips, with a 1 ms ramp at the onset and
217 offset, of the same frequencies used in the previous in vivo measurements (6, 12, 18, 24 and 30 kHz),
218 with a fixed starting phase of 90°. These were presented from 0-95 dB SPL, at 10.65 stimuli / second,
219  with the onset of the tone delayed by 5 ms after the onset of recording. For each sound level, 256
220  presentations of the tone pip contributed to the generation of an averaged evoked RWR. Signals
221  detected at the Round Window were amplified (x1000 gain) and filtered (1 Hz high pass, 50 kHz low
222 pass) using a DP311 differential amplifier (Warner Instruments). The amplified filtered signal was
223  sampled at 97656.25 Hz by the RZ6 processor (TDT) and under software control, 80 ms snippets of the
224  signal were used to form an averaged RWR to each combination of tone frequency and sound level.
225

226  Analysis of Electrophysiological Responses from the Round Window of K/hi18 mice. The RWRs
227 recorded were analysed offline (Figure 6-1 extended data) using custom-written scripts in Matlab
228  (v2019a, The Mathworks Inc., Natick MA, USA). Each RWR (Figure 6-1A extended data) was filtered
229  into narrow bands to extract different components of the signal. A low pass filter (corner frequency,
230 Fc, 3000Hz) was used to extract a combined CAP and Summating Potential (SP) response (Figure 6-1Bi
231  extended data). The SP was measured as the mean amplitude of the waveform calculated over the

232 19-24 ms time window (equivalent to the 14-19 ms section of the tone burst stimulus). The SP could
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233 be either positive or negative in sign, relative to the zero baseline of the response (Figure 6-1Bii
234  extended data). The amplitude of SP measured across stimulus level (from 0-95 dB) was plotted to
235  form an input-output function (Figure 6-1Biii extended data). A bandpass filter (high pass Fc, 300 Hz;
236 low pass Fc, 3 kHz) was used to extract the cochlear nerve Compound Action Potential (CAP) (Figure
237 6-1Ci extended data). The CAP was formed of significant negative and positive peaks to its waveform
238 (labelled N and P, respectively in Figure 6-1Ci, 6-1Cii extended data). For each stimulus level, the N-P
239 peak-to-peak amplitude was calculated and along with the N and P latencies following the onset of
240  the tone pip were plotted to form input-output functions for these parameters (Figure 6-1Ciii, 6-1Civ
241  extended data). A narrow bandpass filter centred at stimulus frequency (with low and high pass Fc’s
242  of + 100 Hz) was used to isolate the Cochlear Microphonic (CM) (Figure 6-1Di extended data). This
243  filtered response was trimmed to a time window equivalent to the 2-18 ms section of the tone burst
244  stimulus, and this steady-state section of the CM response was subject to Fast Fourier Transformation.
245  The resultant power spectrum (Figure 6-1Dii extended data) was used to determine the amplitude of
246  the CM component. The amplitude of the CM was converted to a dB scale, using 1 uV as a reference
247  amplitude. The dB (re 1 uV) CM amplitude measured across stimulus level was plotted to form an
248  input-output function of CM growth (Figure 6-1Diii extended data).

249

250 Innervation and synaptic labelling with confocal microscopy imaging. Inner ears from 6 week old
251 mice were fixed in 4% paraformaldehyde for 2 hours and decalcified in 0.1 M EDTA overnight at room
252 temperature. Following fine dissection in PBS, the organ of Corti was permeabilised in 5% Tween20 in
253 PBS for 40-60 minutes and incubated in blocking solution (0.45% Triton X-100, 10% normal horse
254  serum in PBS) for 2 hours. Following blocking, the samples were incubated overnight at room
255 temperature with shaking using primary antibodies in 0.36% Triton, 6% normal horse serum in PBS.
256 For synaptic labelling, primary antibodies were mouse anti-GluR2 (1:200, MAB397, Emd Millipore) and
257  rabbit anti-Ribeye (1:500, 192 103, Synaptic Systems). For neuron labelling, primary antibodies were

258  mouse anti-CtBP2 (1:400, BD Transduction Laboratories 612044) to label pre-synaptic ribbons and IHC

10
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259  nuclei and chicken anti-Neurofilament-Heavy (1:800, Abcam ab4680) to label unmyelinated neural
260  dendrites. Samples were then washed with PBS being incubated with secondary antibodies for 45-60
261 minutes in the dark. For synapses, secondary antibodies were either donkey anti-mouse IgG Alexa
262 Fluor594 (A21203, ThermoFischer Scientific) or goat anti-mouse IgG2a Alexa Fluor488 (A21131,
263  ThermoFischer Scientific) and goat anti-rabbit IgG Alexa Fluor546 (A11035, ThermoFischer Scientific).
264 For neuron labelling, secondary antibodies were donkey anti-mouse Alexa Fluor594 (1:500, A-21203,
265 Molecular Probes) and goat anti-chicken Alexa Fluor488 (1:300, A11039, Life technologies). Samples
266 were then washed in PBS before mounting in ProLong Gold mounting medium with DAPI and stored
267  at 4°Cin the dark. Specimens were viewed using a Zeiss Imager 710 confocal microscope interfaced
268  with ZEN 2010 software with a x63 objective and numerical aperture of 1.4. The whole length of the
269  organ of Corti was examined and images collected at best-frequency regions based upon the
270  frequency-place map of Miiller et al. (2005). Z-stacks were taken at 0.25 um intervals and maximum
271 intensity projection images were generated. Brightness and contrast were normalised for the dynamic
272 range in all images. The number of ribbon synapses per IHC was quantified by counting manually the
273  co-localised Ribeye and GIuR2 puncta in the confocal maximum projection images and dividing it by
274  the number of DAPI-labelled IHC nuclei. An average of six IHCs per image were considered for the
275 ribbon synapses counting using the cell-counter plugin in Fiji software.

276

277  Scanning Electron Microscopy. Cochlear samples from Klh/18°* mice aged P21 and P28 were fixed in
278 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer with 3 mM calcium chloride, dissected to
279 expose the organ of Corti, then processed by a standard osmium tetroxide-thiocarbohydrazide
280  (OTOTO) protocol (Hunter-Duvar, 1978). After dehydration, samples were subjected to critical point
281 drying, mounted and viewed using a Jeol JSM-7800F Prime Schottky field emission scanning electron
282 microscope. An overview of the cochlea was imaged to allow calculation of percentage distances along

283  the cochlear duct to superimpose the frequency-place map (Muller et al., 2005), allowing subsequent

11
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284  imaging of consistent locations across different specimens. Images were assessed by three
285 independent viewers who were blinded to genotype.

286

287 B-Galactosidase staining. We used the B-galactosidase reporter gene in the inserted cassette of
288  KIhl18'™1@ mutants to investigate the distribution of expression. Inner ears of post-natal day (P) 13
289 KIhl18'™1@ heterozygote mice were fixed in 4% paraformaldehyde for 2 hours at room temperature
290  (RT) with rotation, washed twice with PBS for at least 30 minutes and decalcified in 0.1 M EDTA with
291 rotation at room temperature until the bone was sufficiently soft (usually 2 or 3 days). Samples were
292  washed for 30 minutes with a detergent solution (2 mM MgCl;; 0.02% NP-40; 0.01% sodium
293  deoxycholate in PBS, pH 7.3). X-gal (Promega, cat.no. V394A) was added 1:50 to pre-warmed staining
294  solution (5 mM KsFe(CN)e and 5 mM KsFe(CN)g in detergent solution), then the inner ears were stained
295  at37°Cinthedark overnight. Following X-Gal staining, the samples were washed with PBS, dehydrated
296 and embedded in paraffin wax. The samples were sectioned at 8 um, counterstained using Nuclear
297  Fast Red (VWR, cat.no. 342094W) and mounted using Eukitt quick-hardening mounting medium
298  (Sigma-Aldrich). Sections were imaged using a Zeiss Axioskop microscope connected to AxioCam
299  camera and interfaced with Axiovision 3.0 software.

300

301 EXPERIMENTAL DESIGN AND STATISTICAL ANALYSES:

302 We used heterozygotes as controls in most of the electrophysiological experiments because we did
303 not see any obvious difference between heterozygotes and wildtype littermates. Both males and
304 females were used as we did not detect any difference between their thresholds and both males and
305 females were combined into a single group for their age and genotype. As the auditory phenotype
306 changes with age of the homozygous mutants, we use littermates as controls and carefully age-
307 matched mice at different ages; 2 weeks (P14 +/- 0 days); 3 weeks (P21 +/- 0 days); 4 weeks (P28 +/-
308 1 day); 6 weeks (P42 +/- 2 days); 8 weeks (P56 +/- 4 days); 14 weeks (P98 +/- 4 days).

309
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310  All statistical comparisons were made using the analyses routines within Graphpad Prism (v8.4.2).
311  Auditory Brainstem Response, Distortion Product Otoacoustic Emissions and Round Window
312 Response data were analysed using a Mixed-effect Model, with either Sidak’s or Tukey’s multiple
313  comparisons tests. Endocochlear Potential values were compared using a Kruskal-Wallis One-Way
314  ANOVA. Counts of synaptic components were compared using a two-tailed unpaired t-test, with
315 Welch's correction. All tests were performed with alpha = 0.05. Statistical significance was determined
316  atthe level of p <0.05.

317

318  RESULTS

319  KIhl18 mutant mice showed progressive increases in ABR thresholds with age, particularly for low
320 frequency stimuli. In control mice, ABR thresholds improved from 2 weeks old, through 3 weeks old
321  to 4 weeks old (Figure 2A-C), indicating maturation of auditory sensitivity. In 2 week old mutants, ABR
322  thresholds were slightly but statistically significantly elevated, compared to age-matched littermate
323 controls (Figure 2A; Table 1-1 extended data). At 3 weeks old, ABR thresholds of mutant and control
324  mice are comparable (Figure 2B). From the age of 4 weeks (Figure 2C-F), ABR thresholds for all stimuli
325  were significantly higher in mutants than in age-matched controls (See Table 1-1 extended data). As
326  the mice aged beyond 4 weeks, control mice maintain good ABR thresholds but there was a
327  progressive elevation of thresholds from 4 weeks old to 14 weeks in the K/h/18°* mutant mice, most
328 pronounced at 6-18kHz (Figure 2C-F). A similar pattern of age-related threshold changes is seen in
329  KIhl18'™@ mutant mice (Figure 2-2 extended data). There was no significant effect of sex on ABR
330 thresholds of 6 weeks old control or mutant mice of either KIh/18°“f or KIhI18"™ lines (Figure 2-3A,B
331 extended data, Table 1-1 extended data).

332

333  KIhl18 mutant mice showed abnormal ABR waveform shapes. Group averaged ABR waveforms for
334  selected age groups and frequency stimuli (all at 65 dB SPL) are plotted in Figure 3. For mice aged 2

335  weeks old, mean waveforms evoked by click stimuli, and 12kHz and 24 kHz tone pips (plotted in Figure
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336 3 A-C), suggest that responses from K/h/18 mutant mice had smaller amplitudes than controls. At 3
337 weeks old, when ABR threshold sensitivity was comparable across genotypes, the averaged
338  waveforms for these stimuli were more comparable (Figure 3 D-F); the mean click evoked response
339 was somewhat smaller in mutants, but the mean tone evoked response had a more comparable
340  amplitude in both control and mutant mice. These mean waveform amplitudes from 2-3 weeks old
341 mice were in contrast to those from older mice. At 6 weeks old, when mutant mice exhibited a clear
342 loss of threshold sensitivity, the averaged waveforms of mutant mice evoked by click, 12 kHz and 24
343 kHz stimuli were much smaller than comparable averages taken from responses of control mice
344  (Figure 3 G-l). Similar observations were obtained from K/h/18'™ mutant mice (Figure 3-1 extended
345  data). To account for the reduced auditory sensitivity in the K/h/18 mutant mice, we also plotted mean
346  waveform amplitudes evoked by stimuli at 20 dB sensation level (dB SL, ie dB above threshold). These
347  group averages showed a similar pattern. ABR waveforms were similar in control and mutant mice
348 aged 2-3 weeks, but were more abnormal in 6 weeks old mutants, where the averaged wave 1
349  amplitude was reduced in amplitude (Figures 3-2, 3-3 extended data).

350

351  ABR Wave 1 showed reduced amplitude and longer latency in K/h/18 mutant mice. ABR wave 1
352  amplitudes (measured as wave P1 — N1 peak to peak amplitude) and P1 latencies were plotted as a
353  function of stimulus level (Figure 4. See also Figure 2-1, extended data). The mild threshold elevation
354  in 2-week old K/h/18"°"f mutants was reflected in a shift to the right of growth curves (Figure 4A-C, J-
355 L). In mutant mice aged 3 weeks old, wave 1 amplitude was similar to controls (Figure 4D-F). However,
356 P1 latency maintained a slight increase in mutants compared to age-matched controls (Figure 4M-0).
357 By 6 weeks old, when ABR thresholds were clearly raised in mutants, much larger changes in ABR wave
358 1 amplitude and latency were noted (Figure 4G-I, P-R). Similar patterns of amplitude and latency
359  changes were observed in K/h/18™° mutant mice (Figure 4-1 extended data). Amplitudes and
360 latencies of ABR wave 1 in KIh/18™1% heterozygotes were similar to their wildtype littermates (Figure

361 4-2 extended data).
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362

363 Normal DPOAE responses in K/h/18 mutant mice. At 2 weeks old, there was a small statistically
364 significant reduction in DPOAE amplitudes and elevation in DPOAE thresholds (for f2 frequencies of
365 12-30 kHz) in KIh/18"°"f mutants, similar to the small differences in ABR responses recorded at this age
366  (Figure 5A-F). In mice aged 3 weeks old, DPOAE responses were the same in K/h/18°* mutants as in
367 littermate controls, again mimicking the ABR thresholds at 3 weeks old (Figure 5G-L; no significant
368 interaction of either DPOAE amplitude or threshold with genotype; See Table 1-1 extended data).
369 However, in contrast to the significant elevation in ABR thresholds by the age of 6 weeks (Figure 3),
370 there was no difference between DPOAE responses of control and mutant mice at this age Figure 5M-
371 R; no significant interaction of either DPOAE amplitude or threshold with genotype; See Table 1-1
372 extended data). Furthermore, no differences were found in DPOAEs in K/h/18"™% mutant mice up to 6
373 weeks old (extended data Figure 5-1). There was no significant effect of sex on DPOAE thresholds of 6
374  weeks old control or mutant mice of either KIh/18°“ or KIhI18™ lines (Figure 2-3C,D extended data,
375 Table 1-1 extended data).

376

377  Endocochlear Potential (EP) was normal in K/h/18°*f mutant mice. Endocochlear potential was
378 measured in 6 weeks old K/h/18°*f mutant and littermate control mice. EP was 122.4 + 5.4 mV (mean
379 £ SD)in 6 wildtype mice (aged 42.0 + 0 days), 121.2 + 5.3 mV in 6 heterozygote mice (aged 42.3 £ 1.2
380 days)and123.4+5.6 mVin 7 homozygous mutant mice (aged 42.1 + 0.9 days). There was no significant
381  difference in EP between mice of these 3 genotypes (See Table 1-1 extended data).

382

383 Round Window Responses (RWRs) match ABR and DPOAE responses. We analysed three different
384 responses extracted from recordings from the round window in 6-week old K/h/18°* mutants and
385 littermate controls; the Compound Action Potential (CAP), the Cochlear Microphonic (CM) and the
386  Summating Potential (SP) (Figure 6). Extraction of the different potentials is illustrated in extended

387 data Figure 6-1. Examples of RWRs and their components are shown in extended data Figures 6-2 and
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388  6-3 for a KIh/18"* wildtype mouse and a Klh/18°"/°*f mutant mouse, respectively, for 18kHz tone
389  stimuli.

390

391 Compound action potentials (CAP), reflecting auditory nerve activity, had thresholds and amplitudes
392 very similar to those seen for ABRs, with low frequencies more severely affected than high frequencies
393 in mutants (compare Figure 6K with Figure 2D, and Figure 6G,| with Figure 4H,1). Latencies of CAP
394 responses were longer in mutants than in controls (Figure 6A-E) but the shift in latency at each
395 frequency matched the shift in threshold so the latencies appear to be normal when adjusted for
396  hearing level. There was no significant effect of sex on CAP thresholds of wildtype or KIh/18°* mutant
397  mice (Figure 2-3E extended data, Table 1-1 extended data).

398

399  Cochlear microphonics (CM), reflecting mostly outer hair cell activity, showed no significant difference
400  in thresholds or amplitudes in Klh/18°*/°*f compared with KIh/18"* mice (Figure 6L-Q, Table 1-1
401 extended data). This matched our findings from DPOAEs, which were also normal in the mutants.
402  There was no significant effect of sex on CM thresholds of wildtype or KIh/18°*f mutant mice (Figure
403 2-3F extended data, Table 1-1 extended data).

404

405  Summating potentials (SP) are a dc shift in the round window recording sustained for the duration of
406 a toneburst and are thought to reflect hair cell depolarisation, particularly of basal turn IHCs (Russell
407 et al., 1986; Cody and Russell, 1987). They can be negative or positive in polarity, with negative SP
408 usually detected at lower frequencies and higher stimulus intensities. We found these responses to
409 be variable between individual mice, whatever their genotype (Figure 6Rii-Vii). Despite the variability,
410  SP amplitudes were significantly different in mutants at 6 and 12 kHz, while there was no difference
411 in SP at higher frequencies (See Figure 6 and Table 1-1 extended data). No significant differences
412 between wildtypes (K/h/18"*) and heterozygotes (KIh/18*/°*f) were found in any of the round window

413 measures analysed (Figure 6-4 and Table 1-1 extended data).
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414

415 Normal innervation of the cochlea. The presence of abnormal ABRs and CAPs together with normal
416 DPOAE and CM responses and normal EPs suggests that K/h/18 mutant mice exhibit an IHC or neural
417 hearing loss, so we looked in more detail at the neural elements of the organ of Corti. We used
418 neurofilament immunolabelling in whole mount organ of Corti preparations to examine the dendrites
419 of cochlear neurons in 6-week old KIh/18°* mutants and littermate controls in regions corresponding
420  to 6, 18 and 30 kHz characteristic frequencies (Figure 7). Confocal imaging showed a normal pattern
421 of innervation in all regions examined. To examine synaptic organization in KI/h/18°* mice, we
422 immunolabelled GluR2 (a post-synaptic glutamate receptor subunit) and Ribeye (a component of
423 presynaptic ribbon synapses) in the organ of Corti of 6 week old mice (Figure 8). We found no
424  significant differences (see Table 1-1 extended data) in numbers of ribbons or postsynaptic densities
425  or co-localised labelled puncta (indicating synapses) in these mutants compared with littermate
426  controls, either in regions exhibiting raised ABR thresholds (12 kHz region) or relatively normal ABR
427  thresholds (24 kHz region).

428

429  Tapering stereocilia in KIh/18"°*f mutants. We examined the apical surface of the organ of Corti by
430 scanning electron microscopy to look for any signs of hair cell degeneration or other defects.
431 Homozygotes, heterozygotes and wildtypes were studied at two ages, P21 and P28, corresponding to
432 stages when ABR thresholds were normal (P21) and when thresholds had started to increase in
433 homozygotes (P28). In general, the organization of the sensory epithelium, the general patterning of
434 inner and outer hair cells within the epithelium, and the appearance of all the associated supporting
435 cell types were normal in KIh/18"°"f mutant mice. There was no evidence seen of hair cell degeneration
436 in the mutants, although we did not analyse the lower basal turn.

437

438 However, we did observe stereocilia abnormalities in the mutants that were most pronounced in the

439  apical turn. Surprisingly we found similar defects at both 3 and 4 weeks old. The most severe defects
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440  were found in inner hair cells which showed frequent tapering of the tallest stereocilia towards their
441  tips and they also appeared to be longer and thinner than normal (Figure 9 A-H). This feature was
442  variable between hair bundles and also between individual stereocilia within a single bundle. The
443 shorter two rows of stereocilia had a more normal appearance. Outer hair cell stereocilia of mutants
444 looked close to normal, but some bundles appeared slightly more irregular than in wildtypes and there
445 were more often missing individual stereocilia in the shortest row in the mutants (Figure 10, A-H). In
446 both inner and outer hair cells, stereocilia were arrayed in the cuticular plate in the normal V-shaped
447 arrangement for OHCs or crescent for IHCs, and the angle of the V varied along the cochlear duct in a
448  normal way in mutants, with a wider angle of the V in OHCs towards the base. Stereocilia were also
449  arranged in rows of graded heights as usual, but with more irregularity in heights within each row in
450  mutant bundles. All of these hair cell defects in IHCs and OHCs showed a gradient along the length of
451 the cochlear duct with more severe defects towards the apex of the cochlea, but the abnormal IHC
452 hair bundles extended further towards the base than abnormal OHC bundles. This tendency to more
453  severe defects in the apex fits with the predominance of ABR threshold increases at low frequencies.
454

455 Interestingly, we observed some minor tapering of IHC stereocilia in the apical 10-20% of the cochlear
456  duct even in wildtypes. Heterozygotes showed an intermediate degree of IHC stereocilia tapering
457  especially visible at P28 at the 3 and 6kHz best-frequency regions.

458

459 Expression of KIh/18 in organ of Corti supporting cells. We used the K/h/18™™ allele to report the
460  expected expression of KIh/18 through the LacZ gene inserted into the allele (Figure 1B). Sections of
461 cochleae from P13 heterozygotes revealed B-galactosidase activity, indicating Klh/18 expression, in
462  supporting cells of the organ of Corti (Hensen’s cells, Claudius’ cells, inner border cells) but not in the
463 hair cells (Figure 11). The labelling was more pronounced in the apex compared with the basal turn

464  and the staining distribution was consistently seen in all six heterozygotes examined. No expression
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465  of KIh/18 was noted in hair cells, but it may be that expression levels at this age were below the levels
466  detectable by the LacZ assay.

467

468  DISCUSSION

469 We have identified a key role for KIhl18 in the maintenance of cochlear function by tracking auditory
470 responses from normal ABR thresholds at 3 weeks old to progressive deterioration of thresholds from
471 4 weeks onwards in mice with two different mutant alleles of the KIh/18 gene. Low frequencies were
472 predominantly affected, which is an unusual pattern. Outer hair cell function was normal judging from
473 DPOAEs and CM responses, and the endocochlear potential was normal indicating normal stria
474  vascularis function. Innervation of the organ of Corti appeared normal and IHCs had normal numbers
475  of synapses with afferent neurons in mutants. However, scanning electron microscopy revealed
476  abnormal tapering of IHC stereocilia in apical regions of the cochlea responsive to lower frequency
477  tones, with a more normal appearance of stereocilia in the basal, high frequency regions.

478

479  There are relatively few cases where hearing impairment affects mainly the lower frequency ranges,
480 and these have a variety of underlying pathologies. Mice lacking beta-tectorin have a disrupted
481  tectorial membrane resulting in elevated CAP thresholds at low frequencies (Russell et al., 2007). The
482  headbanger mutation of Myo7a results in defective stereocilia bundles, resulting in low frequency
483 hearing impairment (Rhodes et al., 2004). Other examples include a low frequency sensorineural
484 hearing impairment in a mouse model of Muenke Syndrome (Mansour et al 2009) and a low frequency
485 hearing loss of unknown pathology in Camsap3 mutant mice (Ingham et al 2019). In humans, low
486  frequency hearing loss is rare and can be associated with non-syndromic deafness DFNA1 (Lynch et
487 al., 1997), Wolfram Syndrome 1 (WFS1, Bespalova et al., 2001; Cryns et al., 2003; Sun et al., 2011) and
488  with Meniere’s Disease (Lopez-Escamez et al., 2015). The inclusion of KIhl18 into this short list
489  represents an important finding.

490
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491  Stereocilia tapering and disorganised bundles were observed not only at 4 weeks old, where the apical
492 preponderance of tapering correlated with reduced sensitivity to low frequency sounds, but also at 3
493 weeks old when ABR thresholds were normal in the Klh/18°* mutants. Furthermore, less extensive
494  tapering and hair bundle disorganisation was found in the 3 and 6 kHz best-frequency regions of
495 heterozygotes and wildtypes. This was a surprising finding, reported by all three observers who were
496 blinded to genotype. What might explain this? As the tapering phenotype is seen mainly in the longest
497 row of stereocilia, it may be that sufficient tip-links survive to produce normal IHC signal transduction
498 and hearing function. By 4 weeks of age, the bundle disruption and tapering effect is more extensive,
499  possibly with the consequence that any remaining tip-links can no longer support normal
500 transduction, causing hearing deterioration. Another potential explanation is that the frequency-place
501 map of the cochlea may be shifted in mice from this colony (in both mutants and wildtypes) allowing
502 hair cells from more basal regions to respond to lower frequencies than usually expected. Our
503  observations suggest that an IHC stereocilia defect is an additional cochlear pathology that can be
504  hidden behind normal ABR thresholds, a phenomenon previously linked to auditory nerve myelination
505  defects (Wan and Corfas, 2017), to cochlear synaptopathy (Kujawa and Liberman 2009) and to
506  auditory nerve dysfunction (Reijntjes et al 2019).

507

508  Klhl18 is a member of the Kelch-like family of proteins, with domains that interact with many other
509  proteins, including interaction of Kelch repeats with actin (Adams et al., 2000). Deficiency of KIhl18
510 may therefore result in a range of cellular problems in highly actin-rich cells such as IHCs, and in
511 particular may affect the actin core of stereocilia leading to the tapering phenotype we observed. The
512 tapering stereocilia of IHCs in KIh/18 mutant mice is similar to that noted in Espn*/¢ mutant mice by
513 Sekerkova et al. (2011). These heterozygote jerker mutant mice showed a transient tapering of apical
514  turn (80% of cochlear length) IHC stereocilia which is apparent at P5 but not at P10. In more extreme
515  apical regions (>95%), this tapering persists until at least 8 months of age. However, they did not

516  observe tapering in their wildtype mice, but these were CBA/Cal inbred strain control mice and not
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517 littermates of the Espn*/® mice (Sekerkova et al., 2011). Missing stereocilia from the shortest row in
518  OHCs was also reported in the jerker heterozygotes, similar to our finding in Klh/18 mutants. Espin is
519 known to be involved in actin bundling. Loss of other actin-interacting proteins can also produce
520 occasional narrowed IHC stereocilia, for example plastinl (Taylor et al., 2015) and Eps8L2 (Furness et
521 al 2013).

522

523  The related family member KIhl19 is known to co-localize with Myo7a in IHCs in the inner ear
524  (Velichkova et al., 2002). Mutations in Myo7a are associated with stereocilia defects (Self et al. 1998)
525 including tapering IHC stereocilia (Prosser et al. 2008) and low frequency hearing impairment (Rhodes
526 et al. 2004). If, like KIhI19, KIhI18 is able to bind Myo7a, it may play a role in stereocilia stability and
527 maintenance in a similar way.

528

529  The observation of tapering stereocilia even in wildtypes is unusual and may indicate that there is
530 another genetic variant in this colony that can also influence stereocilia formation. The mice in this
531  study were all homozygous for a targeted mutation of Mab21/4 (also known as 2310007B03Rik) but
532 this mutation alone does not cause increased ABR thresholds (Ingham et al., 2019). Other mutations
533 may have occurred spontaneously and become fixed within the current colony. Whatever any role of
534  the Mab21/4 mutation might be, the KIh/18"°"f mutation must exacerbate the tapering phenotype as
535 homozygotes are the most severely affected.

536

537  We found abnormalities in the SP measured from the round window in response to low frequency
538 tones. The SP is a complex potential reflecting hair cell depolarisation, with contributions from both
539 OHCs and IHCs (Harvey and Steel 1992; Pappa et al., 2019). However, as all other observations of OHCs
540 inthis study suggest they are functioning normally in the K/h/18 mutant mice, the abnormalities noted

541 in the SP are most likely due to IHC dysfunction. The hair bundle defect may impair the IHC receptor

21


https://doi.org/10.1101/2021.03.09.434536
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.09.434536; this version posted March 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

542 potential, disrupting normal voltage changes in the IHC that are required for normal activation of Ca%*
543 channels (Ohn et al., 2016) and therefore synaptic transmission (Brandt et al., 2003).

544

545 Our finding of KIh/18 expression in organ of Corti supporting cells but not in hair cells was surprising,
546  given that the main structural defect we saw was in the hair bundles of hair cells. Supporting cells
547 play important roles in establishing the regular arrangement of hair cells during development (e.g.
548 Wan et al., 2013), but the type of stereocilia defects we observed in Klh/18 mutants has not been
549 reported previously in cases where the gene is predominantly expressed in supporting cells rather
550 thanin hair cells. Single cell RNA-Seq data (Kolla et al. 2020) suggests that K/h/18 is indeed expressed
551 in both IHC and OHCs at PO, but we examined expression at P13. This suggests that KIhl18 may be
552 required in early hair cell development only.

553

554 A recent report from Chaya et al. (2019) demonstrated that K/h/18 is expressed in mouse
555 photoreceptors and that K/h/18™® homozygous mutants had impaired electroretinographic
556  responses associated with mislocalization of rod transducin a subunit. The Cul3-KIhI18 ubiquitin ligase
557 was found to target Uncll9, promoting its degradation and thus modulating transducin «
558  translocation between rod inner and outer segments during light adaptation. KIhl18 is also involved
559  in ubiquitylation of Aurora-A (Moghe et al., 2012). However, there is no clear link between the role of
560 KIhl18 as a ubiquitin ligase and the stereocilia defects that we observed.

561

562 Auditory Neuropathy Spectrum Disorder (ANSD) is a complex and heterogeneous condition in
563 humans. ANSD can be relatively easy to diagnose, characterised by normal otoacoustic emissions
564  along with abnormal ABRs, but there are a wide range of underlying causes, genetic or otherwise (eg
565 Moser and Starr 2016). Our findings suggest that the KLHL18 gene will be a good candidate for

566  involvement in human ANSD. Further studies of the hearing impairment associated with mutation of
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567  Klhl18 will contribute to a wider understanding of pathophysiological mechanisms contributing to low
568  frequency hearing impairment and to ANSD.

569
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694  Figure Legends

695  Figure 1. Schematic representations of the KIh/18°"f and KIhI18'™ alleles. A. KIh/18"°* is formed by
696  a single base pair change on Chr9, at position 110455454, in exon 3 of the gene, with the wildtype C
697 replaced with the mutant A. This produces an amino acid substitution in the resultant protein with the
698 conserved wildtype valine being replaced by phenylalanine at position 55 (see Lewis et al 2020 for
699  further information). B. KIh/18"® was generated at the Wellcome Sanger Institute by insertion of a
700 large DNA cassette before the critical exon (exon 6) of the gene, which interrupts transcription of the
701 gene into mRNA. The cassette is composed of a number of components; En2 SA (engrailed2 splice
702  acceptor), IRES (internal ribosome entry site), lacZ (beta-galactosidase reporter gene), pA
703 (polyadenylation site), hBactP (beta-actin promotor part) and neo (neomycin resistance gene), which
704  are flanked by FRT (Flp-FRT) and loxP recombination sites to produce the promoter driven Knockout
705 First, reporter-tagged insertion with conditional potential allele (tm1a) of K/h/18 (see Skarnes et al

706 2011 for further information).

707  Figure 2. Age-Related changes in ABR thresholds of KIh/18"°"f mice. A summary of ABR thresholds
708  estimated from control (heterozygous) and mutant (homozygous) are shown for Klh/18°" mice aged
709 2 weeks (A, n=13 control, n=12 mutant), 3 weeks (B, n=8 control, n=19 mutant), 4 weeks (C, n=17
710 control, n=9 mutant), 6 weeks (D, n=17 control, n=10 mutant), 8 weeks (E, n=10 control, n=6 mutant)
711  and 14 weeks (F, n=10 control, n=6 mutant). Thresholds from individual mutant mice are indicated by
712 grey circles. Mean threshold (+SD) are plotted for control mice as black down-triangles and for mutant
713 mice as red up-triangles. Ck : Click stimulus. A mixed-effects model statistical analysis between control
714  and mutant thresholds gave the following results; 2 weeks, F (1, 66) = 108.017, p=2.000x10%%; 3 weeks,
715  F(1,150)=9.233, p=0.003; 4 weeks, F (1, 144) =370.051, p=1.000 x10**; 6 weeks, F (1, 150) = 976.621,
716  p=1.000 x10**; 8 weeks, F (1, 30) = 1268.834, p=1.000 x10%5; 14 weeks, F (1, 30) = 1464.112, p=1.000
717  x10%. Sidak’s multiple comparisons test was used to examine the difference between control and

718 mutant thresholds for each stimulus. Significant differences are given in Table 1-1 and indicated here
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719 by *. Equivalent data obtained from mice carrying the KIh/18"™° allele are shown in figure 2-2
720 (extended data).

721  Figure 3. Mean ABR waveforms of KIh/18°"f mice at 65 dB SPL. Group averaged ABR waveforms,
722 evoked by 65 dB SPL stimuli, are plotted for mice aged 2 weeks (A-C, n=13 control, n=12 mutant), 3
723 weeks (D-F, n=8 control, n=19 mutant), 6 weeks (G-I, n=17 control, n=10 mutant), in response to click
724 stimuli (A,D,G), 12 kHz stimuli (B,E,H) and 24 kHz stimuli (C,F,I). Mean amplitude waveforms are
725 plotted for the same control mice (black lines) and mutant mice (red lines) described in figure 2.
726 Equivalent data obtained from mice carrying the Klh/18"™@ allele are shown in figure 3-2 (extended
727  data).

728  Figure 4. ABR wave 1 amplitude and latency input-output functions in K/h/18°" mice. Mean ABR
729  wave 1 P1-N1 peak-to-peak amplitude (+SD) as a function of stimulus level is plotted for mice aged 2,
730 3 and 6 weeks old are plotted in A-C (n=13 controls, n=12 mutants), D-F (n=8 controls, n=19 mutants)
731  and G-I (n=17 controls, n=10 mutants), respectively. Results are plotted for click stimuli (A,D,G), 12
732 kHz tones (B,E,H) and 24 kHz tones (C,F,l). Data from control mice are plotted as black down-triangles.
733 Data from mutant mice are plotted as red up-triangles. Mean ABR wave P1 latency (£SD) as a function
734  of stimulus level is plotted for the same mice aged 2, 3 and 6 weeks old are plotted in J-L, M-O and P-
735 R, respectively. Results are plotted for click stimuli (J,M,P), 12 kHz tones (K,N,Q) and 24 kHz tones
736  (L,O,R). A mixed-effects model statistical analysis between control and mutant thresholds gave the
737  following results; Wave 1 amplitude evoked by clicks at 2 weeks, F (1, 174) = 105.845, p=1.000 x10°%5;
738 3 weeks, F (1, 117) = 50.042, p=1.186 x107%; 6 weeks, F (1, 260) = 3056.781, p=1.000 x10'%; Wave 1
739  amplitude evoked by 12 kHz at 2 weeks, F (1, 124) = 77.410, p=1.000x10%; 3 weeks, F (1, 108) = 1.147,
740 p=0.287; 6 weeks, F (1, 71) = 731.550, p=1.000 x10'%>; Wave 1 amplitude evoked by 24 kHz at 2 weeks,
741 F(1,126)=129.325, p=1.000 x10%%; 3 weeks, F (1, 339) = 0.082, p=0.774; 6 weeks, F (1, 72) = 192.808,
742 p=1.000 x10*>; P1 latency evoked by clicks at 2 weeks, F (1, 240) = 69.503, p=6.000 x107*%; 3 weeks, F
743 (1, 68) = 241.820, p=1.000 x10*%; 6 weeks, F (1, 32) = 56.435, p=1.489 x10%; P1 latency evoked by 12

744  kHz at 2 weeks, F (1, 190) = 66.516, p=4.600 x10**; 3 weeks, F (1, 229) = 187.329, p=1.000 x10™*>; 6
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745 weeks, F (1, 7) = 55.045, p=1.470 x10%; P1 latency evoked by 24 kHz at 2 weeks, F (1, 94) = 52.252,
746  p=1.280x10°; 3 weeks, F (1, 232) = 150.525, p=1.000 x10"; 6 weeks, F (1, 30) = 88.403, p=1.884 x10°
747  1°.Sidak’s multiple comparisons test was used to examine the difference between control and mutant
748  data for each stimulus. Significant differences are given in Table 1-1 and indicated here by *.
749 Equivalent data obtained from mice carrying the KIh/18" allele are shown in figure 4-1 (extended
750  data).

751  Figure 5. DPOAE growth and thresholds in KIh/18"°"f mice. DPOAE results from mice aged 2, 3 and 6
752  weeks old are plotted in A-F (n=13 controls, n=12 mutants), G-L (n=8 controls, n=19 mutants) and M-
753 N (n=9 controls, n=13 mutants), respectively. Data from control mice are plotted as black down-
754  triangles. Data from mutant mice are plotted as red up-triangles. The mean (xSD) amplitude of the
755 2f1-f2 DPOAE (dB SPL) is plotted as a function of f2 stimulus level (dB SPL) for f2 frequencies of 6 kHz
756 (A,G,M), 12 kHz (B,H,N), 18 kHz (C,I,0), 24 kHz (D,J,P) and 30 kHz (E,K,Q). Mean threshold (+SD) of the
757  2f1-f2 DPOAE (derived from individual growth functions, eg shown in Figure 5-1 extended data) and
758 plotted in F, L and R for mice aged 2 weeks, 3 weeks and 6 weeks respectively. In addition to the mean
759  data, thresholds from individual mutant mice are plotted as grey open circles. A mixed-effects model
760  statistical analysis between control and mutant data gave the following results; DPOAE amplitude
761 evoked by an f2 of 6 kHz at 2 weeks, F (1, 368) = 2.229, p=0.136; 3 weeks, F (1, 112) = 2.312, p=0.131;
762 6 weeks, F (1, 128) = 0.003, p=0.956; DPOAE amplitude evoked by an f2 of 12 kHz at 2 weeks, F (1,
763  176) = 375.214, p=1.000 x10%>; 3 weeks, F (1, 400) = 2.775, p=0.096; 6 weeks, F (1, 320) = 16.757,
764  p=5.385 x10°; DPOAE amplitude evoked by an f2 of 18 kHz at 2 weeks, F (1, 176) = 258.928, p=1.000
765  x10%5; 3 weeks, F (1, 112) = 1.548, p=0.216; 6 weeks, F (1, 320) = 0.167, p=0.683; DPOAE amplitude
766  evoked by an f2 of 24 kHz at 2 weeks, F (1, 176) = 181.738, p=1.000 x10%%; 3 weeks, F (1, 112) = 0.066,
767 p=0.798; 6 weeks, F (1, 320) = 1.050, p=0.306; DPOAE amplitude evoked by an f2 of 30 kHz at 2 weeks,
768  F(1,368)=130.537, p=1.000 x10*%; 3 weeks, F (1, 112) = 0.543, p=0.462; 6 weeks, F (1, 320) = 3.551,
769 p=0.060; DPOAE thresholds evoked across all stimulus frequencies at 2 weeks, F (1, 55) = 165.597,

770 p=1.000 x10™"; 3 weeks, F (1, 35) = 0.810, p=0.374462; 6 weeks, F (1, 100) = 2.592, p=0.111; Sidak’s
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771 multiple comparisons test was used to examine the difference between control and mutant data for
772  each stimulus. Significant differences are given in Table 1-1 and indicated here by *. Equivalent data
773  obtained from mice carrying the Klh/18'™ allele are shown in figure 5-2 (extended data).

774 Figure 6. Round Window Response measurements from 6 weeks old KIh/18°*f mice. RWRs were
775  obtained from 10 wildtype (K/h/187*, aged 41.8 + 0.6 days), 7 heterozygote (KIh/18*/°"f aged 42.6 + 1.1
776  days) and 10 homozygote mutant (Klh/18°"/°“f aged 41.3 + 1.2 days) mice. Compound Action
777 Potential latency (of wave N) and amplitude (N-P amplitude) are plotted in A-E and F-J, respectively,
778 for potentials measured in response to tones of 6, 12, 18, 24 and 30 kHz. Data are plotted as mean +
779  SD for wildtype control mice (black down-triangles) and homozygote mutant mice (red up-triangles).
780 K. Mean + SD of the CAP threshold is plotted against stimulus frequency for wildtype control mice
781 (black down-triangles) and homozygote mutant mice (red up-triangles). Open circles and grey lines
782 indicate CAP thresholds for individual mutant mice. L-P plot mean (+ SD) Cochlear Microphonic
783  amplitude (dB re 1 pV) against stimulus level (dB SPL) for wildtype mice (black down-triangles) and
784  homozygote mutant mice (red up-triangles). We were unable to completely remove stimulus artefact
785  fromthe RWRs recorded in our system. To account for this, we assessed the magnitude of the stimulus
786  artefact across frequency and sound level, from analysis of measurements taken after the mouse was
787  removed the system and the recording electrodes placed in 150 mM KCI. The biological CM was orders
788  of magnitude greater in amplitude than the stimulus artefact and thus it was distinguishable from the
789 artefact. The artefact estimated across all experiments, across stimulus frequency and level are
790 plotted as grey lines (with SD error bars). Q. Mean + SD of the estimated CM threshold is plotted
791 against stimulus frequency for wildtype control mice (black down-triangles) and homozygote mutant
792 mice (red up-triangles). Open circles and grey lines indicate CM thresholds for individual mutant mice.
793 Ri-Vi plot mean (+ SD) Summating Potential amplitude (uV) against stimulus level (dB SPL) for wildtype
794  mice (black down-triangles) and homozygote mutant mice (red up-triangles). Rii-Vii plot SP I0OFs for
795 individual control (black lines) and mutant (red lines) mice. A mixed-effects model statistical analysis

796  between wildtype, heterozygote (see extended data figure 6-4) and homozygote data gave the
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797 following results; CAP N1 latency evoked by 6 kHz, F (1.5, 102.6) = 195.805, p=1.000 x10%; 12 kHz, F
798  (1.8,147.0) = 172.909, p=1.000 x10**; 18 kHz, F (1.7, 205.4) = 157.252, p=1.000 x10">; 24 kHz, F (1.3,
799  118.4) = 5.205, p=1.603 x10%; 30 kHz, F (1.6, 111.4) = 10.272, p=3.020 x10*, CAP Amplitude evoked
800 by 6 kHz, F (1.4, 324.6) = 108.900, p=1.000 x10°*%; 12 kHz, F (1.6, 232.8) = 217.219, p=1.000 x10°*%; 18
801  kHz, F (1.8, 262.7) = 142.609, p=1.000 x10%%; 24 kHz, F (1.5, 223.7) = 65.786, p=1.000 x10°%5; 30 kHz, F
802 (1.4,205.2) = 47.295, p=1.330 x10°*%; CAP threshold across all stimuli, F (1.9, 70.7) = 136.094, p=1.000
803  x105; CM Amplitude evoked by 6 kHz, F (1.9, 144.9) = 0.672, p=0.509; 12 kHz, F (1.8, 130.8) = 0.712,
804  p=0.475; 18 kHz, F (1.8, 16.6) = 0.354, p=0.690; 24 kHz, F (1.8, 134.6) = 3.155, p-0.051; 30 kHz, F (1.8,
805 132.0) = 3.425, p=4.905 x10% CM threshold across all stimuli, F (1.8, 67.4) = 0.976, p=0.374; SP
806  Amplitude evoked by 6 kHz, F (1.9, 276.9) = 23.392, p=1.251 x10°; 12 kHz, F (1.8, 272.8) = 32.512,
807  p=1.366 x107'%; 18 kHz, F (1.7, 250.2) = 5.553, p=6.707 x1073; 24 kHz, F (1.6, 236.7) = 4.295, p=2.169
808  x10% 30kHz, F (1.5, 226.8) = 3.102, p=0.060. Sidak’s multiple comparisons test was used to examine
809 the difference between control and mutant data for each stimulus. Significant differences are given in

810 Table 1-1 and indicated here by *.

811 Figure 7. Auditory Nerve innervation of the organ of Corti at 6 weeks old. Representative confocal
812 microscopy images of the organ of Corti at the 6 kHz (A,B), 18 kHz (C,D) and 30 kHz (E,F) regions of the
813  cochlea from a sample of 7 ears from 5 KIh/18*/°*f mice (A,C,E), and 8 ears from 6 KIh/18°“/°*f mice
814  (B,D,F). CtBP2-positive regions (IHC cell nuclei and ribbon synapses) are immunostained in red;
815 Neurofilament-positive regions (nerve fibres) are immunostained in green. The scale bar shown in (E)

816 represents 10um.

817  Figure 8. IHC synapses in KIhl18 mutant mice at 6 weeks old. Representative confocal microscopy
818  images of Inner Hair Cells at the 12 kHz (A,B) and 24 kHz (C,D) regions of the cochlea from a sample of
819 7 KIhl18*/°"f mice (A,C), and 7 KIhl18°“/°“f mice (B,D). A row of Inner Hair Cell nuclei can be seen
820 across the upper portion of panels A-D, stained blue with DAPI. Below this row, clusters of

821 immunostained puncta are visible. Green puncta show immuno-positive staining for the post-synaptic
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822 receptor subunit GIuR2. Red puncta show immune-positive staining for Ribeye, a protein component
823  oftheribbon synapse apparatus found in Inner Hair Cells. Yellow staining represents overlap between
824  GIuR2 and Ribeye (colocalised) staining as is presumed to represent a functional synapse between the
825 Inner Hair Cells and the Auditory Nerve. Scale bars indicate 5um. (E,F) Counts of Ribeye-positive,
826 GluR2-positive and colocalised Ribeye and GIuR2-positive puncta are plotted for the 12 kHz region (E)
827 and the 24 kHz region (F). Data are plotted as bars representing the mean count per IHC (error bars
828 indicate the standard deviation) for control (KIh/18*°*, blue bars) mice and homozygous mutant mice

829  (KIhl18°*/°%f red bars).

830  Figure 9. Scanning Electron Microscopy (SEM) of typical stereocilia bundles of Inner Hair Cells (IHC)
831  in KIhl18 mice. Representative images are shown from (A-D) Klh/18°"/°*f homozygotes and (E-H)
832 littermate wildtype mice. (A, E) P21 mice at the 12 kHz best-frequency region; (B, F) P21 mice at the
833 24 kHz best-frequency region; (C, G) P28 mice at the 12 kHz best-frequency region; (D, H) P28 mice at
834  the 24 kHz best-frequency region. (A-G) show views from the modiolar side of the bundle, but (H)
835  shows a view from the pillar side to illustrate the normal shape of the tallest row of stereocilia. Scale
836 bar (on panel H) represents 1um.

837  Figure 10. Scanning Electron Microscopy (SEM) of typical stereocilia bundles of Outer Hair Cells
838  (OHC) in KIhI18 mice. Representative images are shown from (A-D) KIh/18°*/°*f homozygotes and (E-
839  H) littermate wildtype mice. (A, E) P21 mice at the 12 kHz best-frequency region; (B, F) P21 mice at
840  the 24 kHz best-frequency region; (C, G) P28 mice at the 12 kHz best-frequency region; (D, H) P28 mice

841  atthe 24 kHz best-frequency region. Scale bar (on panel H) represents 1um.

842 Figure 11. Expression of KIh/18 in the organ of Corti. LacZ labelling of the organ of Corti from a P13
843 heterozygote for the KIh/18™1° allele, showing expression (blue) in inner border cells (BS), Hensen’s
844  cells (HC) and Claudius’ cells (CC), but not in either inner or outer hair cells (ihc, ohc). Nuclear Fast Red

845 counterstaining is shown in pink.

846
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847  EXTENDED DATA FIGURES

848  EXTENDED DATA Figure 2-1. Recordings of Auditory Brainstem Responses (ABRs) in K/h/18"°" mice.
849 A, Representative ABRs recorded in response to 12 kHz tone pips presented from 0-85 dB SPL are
850 plotted for a KIh/18*f control mouse (black) and a K/h/18°“/°*f mutant mouse (red). P1 and N1
851 indicate the positions of the first positive and negative peaks of the waveform, from which amplitude
852  and latency measurements are make. The thickened line on each stack of ABR traces indicates the
853 visually-determined threshold level for these responses (15 dB SPL for the control mouse; 60 dB SPL
854  for the mutant mouse). B, Input-Output functions for ABR wave 1 amplitude and P1 latency
855 measurements (from the traces shown in A) are plotted as a function of stimulus sound pressure level
856  (dB SPL), for the control mouse (black circles) and mutant mouse (red up-triangles). Sub-threshold
857 points are indicated by open symbols. Supra-threshold points are indicated by filled symbols. The
858  estimated threshold for each mouse is indicated by the appropriate single symbol on the abscissa of

859  the wave 1 amplitude function.

860  EXTENDED DATA Figure 2-2. Age-Related changes in ABR thresholds of KIh/18"™° mice. A summary
861  of ABR thresholds estimated from control (wildtype or heterozygous) and mutant (homozygous) are
862  shown for KIh/18"™1% mice aged 2 weeks (A, n=9 control, including 3 wildtype, n=9 mutant), 3 weeks (B,
863 n=4 control, all wildtype, n=7 mutant), 4 weeks (C, n=8 control, including 3 wildtype, n=8 mutant), 6
864  weeks (D, n=6 control, including 1 wildtype, n=6 mutant), 8 weeks (E, n=8 control, including 1 wildtype,
865 n=8 mutant) and 14 weeks (F, n=8 control, including 3 wildtype, n=8 mutant). Thresholds from
866 individual mutant mice are indicated by grey circles. Mean threshold (+SD) are plotted for control mice
867  as black down-triangles and for mutant mice as red up-triangles. Ck : Click stimulus. A mixed-effects
868 model statistical analysis between control and mutant thresholds gave the following results; 2 weeks,
869  F (1, 48) = 39.659, p=8.790x10%; 3 weeks, F (1, 54) = 0.253, p=0.617; 4 weeks, F (1, 84) = 171.196,
870  p=1.000 x10*%; 6 weeks, F (1, 30) = 245.412, p=1.000 x10**; 8 weeks, F (1, 30) = 265.386, p=1.000 x10-

871  5; 14 weeks, F (1, 84) =523.580, p=1.000 x10%°. Sidak’s multiple comparisons test was used to examine
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872  the difference between control and mutant thresholds for each stimulus. Significant differences are
873  givenin Table 1-1 and indicated here by *.

874  EXTENDED DATA Figure 2-3. Male vs Female responses of 6 weeks old KIhl18 mice. Mean (+ SD)
875  thresholds for male (blue triangles) and female (pink circles) KIhl18 control mice (open symbols) and
876 KIhI18 mutant mice (filled symbols) are plotted in A ABR thresholds of KIh/18°*/ mice (n=6 control male,
877 n=6 control female, n=5 mutant male and n=8 mutant female), B ABR thresholds of K/h/18"™% mice(n=6
878 control female, n=3 mutant male and n=3 mutant female), C DPOAE thresholds of K/h/18°* mice(n=6
879 control male, n=6 control female, n=5 mutant male and n=8 mutant female), D DPOAE thresholds of
880 KIhl18'™ mice(n=6 control female, n=3 mutant male and n=3 mutant female), E CAP thresholds of
881  KIhl18"°" mice (n=7 wildtype male, n=3 wildtype female, n=4 mutant male and n=6 mutant female)
882  and F CM thresholds of KIh/18°"f mice (n=7 wildtype male, n=3 wildtype female, n=4 mutant male and
883 n=6 mutant female). A mixed-effects model statistical analysis between male and female control and
884  mutant thresholds gave the following results; ABR thresholds for Klh/18°"f control mice, F (1, 58) =
885  0.012, p=0.914; ABR thresholds for KIh/18°"f mutant mice, F (1, 7) = 1.700, p=0.234; ABR thresholds
886  for KIh/18'™ control mice (n/a, no male mice tested); ABR thresholds for KIh/18™% mutant mice, F (1,
887  2)=0.0816, p=0.802; DPOAE thresholds for KIh/18°*' control mice, F (1, 5) = 0.000, p=1.000; DPOAE
888  thresholds for KIh/18"°"f mutant mice, F (1, 7) = 0.470, p=0.515; DPOAE thresholds for K/h/18!™%9 control
889 mice (n/a, no male mice tested); DPOAE thresholds for KIh/18!% mutant mice, F (1, 2) = 100.000,
890  p=9.852 x1073; CAP thresholds for Klh/18°*f control mice, F (1, 6) = 0.013, p=0.911; CAP thresholds for
891  KIhl18°"f mutant mice, F (1, 5) = 2.737, p=0.159; CM thresholds for KIh/18"°* control mice, F (1, 6) =
892  4.513. p=0.078; CM thresholds for K/h/18°"f mutant mice, F (1, 5) = 0.411, p=0.550. Sidak’s multiple
893 comparisons test was used to examine the difference between control and mutant thresholds for each
894  stimulus. Significant differences are given in extended data Table 1-1 and indicated here by *.

895

896  EXTENDED DATA Figure 3-1. Mean ABR waveforms of K/h/18'™° mice at 65 dB SPL. Group averaged

897 ABR waveforms, evoked by 65 dB SPL stimuli, are plotted for mice aged 2 weeks (A-C, n=9 control,
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898 including 3 wildtype, n=9 mutant), 3 weeks (D-F, n=4 control, all wildtype, n=7 mutant), 6 weeks (G-I,
899 n=6 control, including 1 wildtype, n=6 mutant), in response to click stimuli (A,D,G), 12 kHz stimuli
900 (B,E,H) and 24 kHz stimuli (C,F,l). Mean amplitude waveforms are plotted for the same wildtype mice
901 (black lines) and mutant mice (red lines) described in figure 2-2.

902  EXTENDED DATA Figure 3-2. Mean ABR waveforms of KIh/18°" mice at 20 dB SL. Group averaged
903 ABR waveforms, evoked by stimuli presented at 20 dB above threshold (20 dB sensation level, dB SL),
904 are plotted for mice aged 2 weeks (A-C, n=13 control, n=12 mutant), 3 weeks (D-F, n=8 control, n=19
905 mutant), 6 weeks (G-1, n=17 control, n=10 mutant), in response to click stimuli (A,D,G), 12 kHz stimuli
906  (B,E,H) and 24 kHz stimuli (C,F,l). Mean amplitude waveforms are plotted for the same wildtype mice
907  (black lines) and mutant mice (red lines) described in figure 2.

908  EXTENDED DATA Figure 3-3. Mean ABR waveforms of KIh/18'° mice at 20 dB SL. Group averaged
909  ABR waveforms, evoked by stimuli presented at 20 dB above threshold (20 dB sensation level, dB SL),
910  are plotted for mice aged 2 weeks (A-C, n=9 control, including 3 wildtype, n=9 mutant), 3 weeks (D-F,
911 n=4 control, all wildtype, n=7 mutant), 6 weeks (G-I, n=6 control, including 1 wildtype, n=6 mutant),
912 in response to click stimuli (A,D,G), 12 kHz stimuli (B,E,H) and 24 kHz stimuli (C,F,I). Mean amplitude
913  waveforms are plotted for the same wildtype mice (black lines) and mutant mice (red lines) described
914  infigure 2-2.

915 EXTENDED DATA Figure 4-1. ABR wave 1 amplitude and latency input-output functions in K/h/18'™°
916  mice. Mean ABR wave 1 P1-N1 peak-to-peak amplitude (+SD) as a function of stimulus level is plotted
917  for mice aged 2, 3 and 6 weeks old are plotted in A-C (n=9 controls, including 3 wildtypes; n=9
918 mutants), D-F (n=4 wildtype controls, n=7 mutants) and G-I (n=6 controls, including 1 wildtype; n=6
919 mutants), respectively. Results are plotted for click stimuli (A,D,G), 12 kHz tones (B,E,H) and 24 kHz
920 tones (C,F,l). Data from control mice are plotted as black down-triangles. Data from mutant mice are
921 plotted as red up-triangles. Mean ABR wave P1 latency (£SD) as a function of stimulus level is plotted
922  for the same mice aged 2, 3 and 6 weeks old are plotted in J-L, M-O and P-R, respectively. Results are

923 plotted for click stimuli (J,M,P), 12kHz tones (K,N,Q) and 24kHz tones (L,O,R). A mixed-effects model
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924  statistical analysis between control and mutant thresholds gave the following results; Wave 1
925 amplitude evoked by clicks at 2 weeks, F (1, 278) = 2.139, p=0.145; 3 weeks, F (1, 180) = 103.491,
926  p=1.000x10*; 6 weeks, F (1, 200) = 1195.900, p=1.000 x10*>; Wave 1 amplitude evoked by 12 kHz at
927 2 weeks, F (1, 268) = 3.499, p=0.062; 3 weeks, F (1, 174) = 3.402, p=0.067; 6 weeks, F (1, 196) =
928  1210.838, p=1.000 x10°%%; Wave 1 amplitude evoked by 24 kHz at 2 weeks, F (1, 260) = 0.931, p=0.336;
929 3 weeks, F (1, 160) = 0.340, p=0.561; 6 weeks, F (1, 160) = 370.953, p=1.000 x10°%5; P1 latency evoked
930 by clicks at 2 weeks, F (1, 176) = 2.398, p=0.123; 3 weeks, F (1, 117) = 57.494, p=8.822 x10%%; 6 weeks,
931  F(1,55)=149.479, p=1.000 x10°%5; P1 latency evoked by 12 kHz at 2 weeks, F (1, 176) = 23.864, p=2.312
932  x10%; 3 weeks, F (1, 45) = 234.216, p=1.000 x10**; 6 weeks, F (1, 55) = 1698.126, p=1.000 x10*>; P1
933 latency evoked by 24 kHz at 2 weeks, F (1, 208) = 8.333, p=4.304 x1073; 3 weeks, F (1, 126) = 54.587,
934  p=1.000 x10'%; 6 weeks, F (1, 70) = 206.472, p=1.000 x10'%. Sidak’s multiple comparisons test was
935 used to examine the difference between control and mutant data for each stimulus. Significant
936  differences are given in Table 1-1 and indicated here by *.

937  EXTENDED DATA Figure 4-2. ABR wave 1 amplitude and latency input-output functions in Klh/18'™¢
938  heterozygote mice. Mean ABR wave 1 P1-N1 peak-to-peak amplitude (xSD) as a function of stimulus
939  levelis plotted for mice aged 2 and 6 weeks old in A-C (n=3 wildtype; n=6 heterozygotes), and D-F (n=1
940  wildtype; n=5 heterozygotes), respectively. Results are plotted for click stimuli (A,D), 12 kHz tones
941 (B,E) and 24 kHz tones (C,F). Data from wildtype mice are plotted as black down-triangles. Data from
942 heterozygote mice are plotted as open blue up-triangles. Mean ABR wave P1 latency (#SD) as a
943 function of stimulus level is plotted for the same mice aged 2 and 6 weeks old are plotted in G-l and
944  J-L, respectively. Results are plotted for click stimuli (G,J), 12 kHz tones (H,K) and 24 kHz tones (I,L). A
945 mixed-effects model statistical analysis between control and mutant thresholds gave the following
946 results; Wave 1 amplitude evoked by clicks at 2 weeks, F (1, 32) = 16.188, p=3.279 x10* Wave 1
947  amplitude evoked by 12 kHz at 2 weeks, F (1, 30) = 7.244, p=1.152 x10%; Wave 1 amplitude evoked by
948 24 kHz at 2 weeks, F (1, 30) = 3.616, p=0.067; P1 latency evoked by clicks at 2 weeks, F (1, 70) = 7.899,

949 p=6.408 x103; P1 latency evoked by 12 kHz at 2 weeks, F (1, 26) = 23.682, p=4.781 x10°; P1 latency
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950 evoked by 24 kHz at 2 weeks, F (1, 28) = 11.159, p=2.380 x10°3. Sidak’s multiple comparisons test was
951 used to examine the difference between control and mutant data for each stimulus. Significant
952  differences are given in Table 1-1 and indicated here by *.

953  EXTENDED DATA Figure 5-1. Recordings of Distortion Product Otoacoustic Emissions (DPOAEs) in
954  KIhI18"°" mice. A. A representative DPOAE frequency spectrum is plotted for a response recorded
955 with a stimulus of 2 frequency components, f1 (10000 Hz, 70 dB SPL) and f2 (12000 Hz, 60 dB SPL), for
956 a KIhl18** mouse. The spectral peaks of the two stimulus tones are labelled f1 and f2. The measured
957 DPOAE is labelled 2f1-f2. These peaks are further highlighted by filled circles. Similar spectra were
958 recorded using f2 levels from -10 dB to 65 dB and used to create a growth function for the 2f1-f2
959 DPOAE. B. For the same K/h/18"* mouse, DPOAE amplitude is plotted as a function of f2 level (circles).
960 The thick grey line indicates the mean noise-floor amplitude for each response. The thin grey line
961 indicates 2 standard deviations (SD) above the mean for the noise-floor. This line is used to estimate
962  athreshold for the DPOAE component; the lowest f2 stimulus level where the DPOAE is greater than
963 2 SDs above the noise-floor. Sub-threshold DPOAEs are indicated by open circles. Supra-threshold
964  DPOAEs are indicated by black filled circles. The estimated threshold is indicated by the single symbol

965 on the abscissa.

966  EXTENDED DATA Figure 5-2. DPOAE growth and thresholds in KIh/18'™° mice. DPOAE results from
967 mice aged 2, 3 and 6 weeks old are plotted in A-F (n=5 controls, n=5 mutants), G-L (n=4 controls, n=7
968 mutants) and M-N (n=6 controls, n=6 mutants), respectively. Data from control mice are plotted as
969 black down-triangles. Data from mutant mice are plotted as red up-triangles. The mean (xSD)
970 amplitude of the 2f1-f2 DPOAE (dB SPL) is plotted as a function of f2 stimulus level (dB SPL) for f2
971 frequencies of 6 kHz (A, G, M), 12 kHz (B, H, N), 18 kHz (C, I, O), 24 kHz (D, J, P) and 30 kHz (E, K, Q).
972 Mean threshold (+SD) of the 2f1-f2 DPOAE (derived from individual growth functions, eg shown in
973 Figure 5-1) and plotted in F, L and R for mice aged 2 weeks, 3 weeks and 6 weeks respectively. In
974 addition to the mean data, thresholds from individual mutant mice are plotted as grey open circles. A
975 mixed-effects model statistical analysis between control and mutant data gave the following results;
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976 DPOAE amplitude evoked by an 2 of 6 kHz at 2 weeks, F (1, 112) = 0.121, p=0.729; 3 weeks, F (1, 144)
977 =5.802, p=1.727 x10%; 6 weeks, F (1, 160) = 0.025, p=0.875; DPOAE amplitude evoked by an f2 of 12
978 kHz at 2 weeks, F (1, 48) =0.052, p=0.821; 3 weeks, F (1, 144) = 4.751, p=3.090 x1072; 6 weeks, F (1, 80)
979 = 6.850, p=1.060 x10?%; DPOAE amplitude evoked by an f2 of 18 kHz at 2 weeks, F (1, 48) = 0.016,
980 p=0.901; 3 weeks, F (1, 144) = 0.078, p=0.781; 6 weeks, F (1, 80) = 1.038, p=0.311; DPOAE amplitude
981 evoked by an f2 of 24 kHz at 2 weeks, F (1, 48) = 0.020, p=0.888; 3 weeks, F (1, 48) = 7.079, p=1.507
982 x10Z%; 6 weeks, F (1, 80) = 1.770, p=0.187; DPOAE amplitude evoked by an f2 of 30 kHz at 2 weeks, F (1,
983  48)=5.264, p=2.619 x10% 3 weeks, F (1, 144) = 0.044, p=0.834; 6 weeks, F (1, 80) = 0.116, p=0.0.735;
984 DPOAE thresholds evoked across all stimulus frequencies, at weeks, F (1, 20) = 1.891, p=0.184; 3 weeks,
985 F (1, 15) = 0.163, p=0.692; 6 weeks, F (1, 25) = 6.735, p=1.559 x10°2 Sidak’s multiple comparisons test
986  was used to examine the difference between control and mutant data for each stimulus. Significant
987  differences are given in Table 1-1 and indicated here by *.
988 EXTENDED DATA Figure 6-1. Round Window Response (RWR), analyses and parameters measured.
989  A.Atypical electrophysiological response recorded from the mouse round window with a 1 Hz-50 kHz
990  bandwidth bioamplifier; in this case, in response to an 18 kHz tone pip at 90 dB SPL. Bi. The response
991 in (A), low pass filtered at 3 kHz to remove the cochlear microphonic (CM) component and expose the
992  summating potential (SP) and cochlear compound action potential (CAP). The “X” symbols indicate
993 points on the response at 19 ms and 24 ms. Data points between these time values were averaged to
994  generate the magnitude of the SP. Bii illustrates that the SP is measured as a voltage magnitude
995 displaced from the zero baseline of the lowpass filtered response. The SP can be positive or negative
996 relative to the baseline. Biii. SP is plotted against dB SPL to produce a SP input-out function (IOF). Ci.
997  The RWR from (A), bandpass filtered (300 Hz — 3 kHz) to remove both the CM and SP components and
998  isolate the CAP response, composed of a large negative peak (N) followed by a large positive peak (P),
999 indicated by open circle symbols. Cii illustrates the same filtered response from Ci but with the
1000 abscissa expanded to clearly show the structure of the CAP waveform. Peaks N and P are again

1001 illustrated by open circles. The arrow indicates the peak-to-peak (N to P) magnitude of the CAP. The
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1002 latency of the N and P peaks was also measured (corrected to account for the 5ms onset delay of the
1003  stimulus tone pip). Ciii. The latency of peaks N and P (filled and open circles respectively) are plotted
1004  against dB SPL to produce a latency IOF. Civ. Similarly, the amplitude of peaks N and P and the N-P
1005 amplitude are plotted against dB SPL to produce amplitude IOFs. Di. The RWR from (A) bandpass
1006 filtered, centred on the stimulus frequency with high- and low- pass corner frequencies at + 100 Hz,
1007  to remove all components within the response other than the CM. Dii. The filtered CM response is
1008 limited to a 7-23 ms time window before applying a Fast Fourier Transformation; the resulting power
1009 spectrum is shown with the magnitude of the CM component indicated by an open circle. Diii. CM
1010  amplitudes measured across all stimulus level presented are plotted against dB SPL to produce a CM
1011  IOF.

1012 EXTENDED DATA Figure 6-2. RWRs and components in a wildtype control mouse. Representative
1013 responses recorded for 18 kHz tones in a control mouse, over stimulus levels from 0 — 90 dB SPL are
1014  illustrated. A. Broadband RWRs (1 Hz — 50 kHz). B. Lowpass filtered (3 kHz) RWRs show responses
1015  containing the CAP and SP. C. Bandpass filtered (300 Hz - 3 kHz) RWRs show responses containing the
1016  CAPs. D. Bandpass filtered (18 kHz + 100 Hz) RWRs show responses containing the CM.

1017  EXTENDED DATA Figure 6-3. RWRs and components in a KIh/18°*f mutant mouse. Representative
1018 responses recorded for 18kHz tones in a control mouse, over stimulus levels from 0 — 90 dB SPL are
1019  illustrated. A. Broadband RWRs (1 Hz — 50 kHz). B. Lowpass filtered (3 kHz) RWRs show responses
1020 containing the CAP and SP. C. Bandpass filtered (300 Hz — 3 kHz) RWRs show responses containing the
1021  CAPs. D. Bandpass filtered (18 kHz + 100 Hz) RWRs show responses containing the CM.

1022 EXTENDED DATA Figure 6-4. Round Window Response measurements from Klh/18*/°wf

1023  (heterozygote) mice. Compound Action Potential latency (of wave N) and amplitude (N-P amplitude)

1024 are plotted in A-E and F-J, respectively, for potentials measured in response to tones of 6, 12, 18, 24

1025  and 30 kHz. Data are plotted as mean * SD for wildtype control mice (n=10; black down-triangles)

1026  and heterozygote mice (n=7; red up-triangles). K. Mean + SD of the CAP threshold is plotted against

1027  stimulus frequency for wildtype control mice (black down-triangles) and heterozygote mice (red up-
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1028  triangles). Open circles and grey lines indicate CAP thresholds for individual heterozygote mice. L-P
1029 plot mean (x SD) Cochlear Microphonic amplitude (dB re 1 uV) against stimulus level (dB SPL) for
1030  wildtype mice (black down-triangles) and heterozygote mice (red up-triangles). The line plotted in
1031  grey represents the mean £ SD amplitude of stimulus artefact. Q. Mean * SD of the estimated CM
1032 threshold is plotted against stimulus frequency for wildtype control mice (black down-triangles) and
1033 heterozygote mice (red up-triangles). Open circles and grey lines indicate CM thresholds for
1034 individual heterozygote mice. The grey line without symbols indicates the estimated magnitude of
1035 the stimulus artefact, as described in Figure 6. Ri-Vi plot mean (+ SD) Summating Potential amplitude
1036 (V) against stimulus level (dB SPL) for wildtype mice (black down-triangles) and heterozygote mice
1037  (red up-triangles). Rii-Vii plot SP I0Fs for individual control (black lines) and mutant (red lines) mice.
1038

1039  ABBREVIATIONS and UNITS

1040 ABR, Auditory Brainstem Response

1041 CAP, Cochlear Nerve Compound Action Potential

1042 CM, Cochlear Microphonic

1043 DAPI, 4’,6-diamidino-2-phenylindole

1044 dB, decibel

1045 DPOAE, Distortion Product Otoacoustic Emission

1046 EP, Endocochlear Potential

1047  2f1-f2, the frequency of the DPOAE measured

1048  f1, frequency 1, the lower stimulus frequency used to evoke DPOAEs

1049  f2, frequency 2, the higher stimulus frequency used to evoke DPOAEs = 1.2 x f1

1050 Fc, corner frequency (of a filter, digital or analog)

1051 Hz, Hertz (cycles per second)

1052 IHC, Inner Hair Cell

1053 IOF, Input-Output Function
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1054  kHz, kiloHertz (x10° cycles per second)
1055  pV, microVolt (x10° Volt)

1056  mV, milliVolt (x103 Volt)

1057  ms, millisecond (x10° seconds)
1058 OHC, Outer Hair Cell

1059 PBS, Phosphate-Buffered Saline
1060 RWR, Round Window Response
1061 SD, standard deviation of the mean
1062 SEM, Scanning Electron Microscopy
1063 SP, Summating Potential

1064 SL, Sensation Level

1065 SPL, Sound Pressure Level
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1066 Figures
1067

1068  Figure 1. Schematic representations of the KIh/18"°*f and KIh/18'™° alleles.
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1071  Figure 2. Age-Related changes in ABR thresholds of KIh/18°*f mice.
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1074  Figure 3. Mean ABR waveforms of KIh/18"°*f mice at 65 dB SPL.
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Figure 4. ABR wave 1 amplitude and latency input-output functions in K/h/18°"f mice.
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1080  Figure 5. DPOAE growth and thresholds in KIh/18°*f mice.
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1083 Figure 6. Round Window Response measurements from 6 weeks old K/h/18°*f mice.

1084
= B6kHz 12kHz 18kHz 24kHz 30kHz
£ 1 D 'E
) _
g % K CAP Threshold
5 100 *
Z 5] 5
a & 80 * *
3 s 4, 2
60 — SONES
12 § A
> A\ A
= 10 340 _ i ,,/ i
£ £y i %
E] & 50 \¢ ;,JV -
: w TS
<
oz o |
%) 6 12 18 24 30
0 2550 75100 0 25 50 75100
g e M N Q CM Threshold
n 7] § S 100 —
=) f —_
e -l
= 0 'E . 5 - X [
m ! " 4 2 b
= ; / S 60— fard
e} P o ot e
g Wi 2 ‘ o
= AR 840 - g Sy
3 F A E g
= e Fo- = 4T
o e ]
T T 1 T T 0 T T
25 50 75100 0 25 50 75100 0 25 50 75100 0O 25 50 75100 6 12 18 24 30
. . . . " Stimulus Frequency (kHz)
Ri Si Ti Ui Vi
6 —] - = —] -
@
o
=
= 2 .
E
< * ™
& 0 w
2
| | | |
0 25 50 75100 0 25 50 75100 0 25 50 75 100
Sii 12 Tii Uii Vii
50 75 50 75 100 50
1085 Stimulus Level (dB SPL)

48


https://doi.org/10.1101/2021.03.09.434536
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.09.434536; this version posted March 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

1086  Figure 7. Auditory Nerve innervation of the organ of Corti at 6 weeks old.
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1089  Figure 8. IHC synapses in KIhI18 mutant mice at 6 weeks old.
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1092  Figure 9. Scanning Electron Microscopy (SEM) of typical stereocilia bundles of Inner Hair Cells (IHC)
1093  in KIh/18 mice.
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1096  Figure 10. Scanning Electron Microscopy (SEM) of typical stereocilia bundles of Outer Hair Cells
1097  (OHC) in KIhi18 mice.
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1100  Figure 11. Expression of KIh/18 in the organ of Corti.
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1103  EXTENDED DATA FIGURES

1104  EXTENDED DATA Figure 2-1. Recordings of Auditory Brainstem Responses (ABRs) in K/h/18"°*f mice.
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EXTENDED DATA Figure 2-2. Age-Related changes in ABR thresholds of K/h/18'™° mice.
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1110 EXTENDED DATA Figure 2-3. Male vs Female responses of 6 weeks old K/h/18 mice.
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1113 EXTENDED DATA Figure 3-1. Mean ABR waveforms of KIh/18"™1% mice at 65 dB SPL.
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1116  EXTENDED DATA Figure 3-2. Mean ABR waveforms of K/h/18°"f mice at 20 dB SL.
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1119  EXTENDED DATA Figure 3-3. Mean ABR waveforms of K/h/18™° mice at 20 dB SL.
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1122 EXTENDED DATA Figure 4-1. ABR wave 1 amplitude and latency input-output functions in

1123  KIhl18'™ mice.
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1126  EXTENDED DATA Figure 4-2. ABR wave 1 amplitude and latency input-output functions in

1127  KIhl18'™ heterozygote mice.
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1130

1131  KIhI18"°*f mice.
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1134  EXTENDED DATA Figure 5-2. DPOAE growth and thresholds in KIh/18'™° mice.
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EXTENDED DATA Figure 6-1. Round Window Response (RWR), analyses and parameters measured.
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1140 EXTENDED DATA Figure 6-2. RWRs and components in a wildtype control mouse.
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EXTENDED DATA Figure 6-3. RWRs and components in a KIh/18"°*f mutant mouse.
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1146  EXTENDED DATA Figure 6-4. Round Window Response measurements from KIh/18*/"°"f

1147  (heterozygote) mice.
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EXTENDED DATA TABLE 1-1. Additional Statistical Test Results.

ABR Thresholds
Control vs Mutant

ABR Thresholds
Control vs Mutant

Mixed-effects Model Analysis KIhi18 <lowf> KIhl18 <tml1a>
Sidak's multiple comparisons test 2wk 3wk 4wk 6wk 8wk 14wk 2wk 3wk 4wk 6wk 8wk 14wk
Adj P Value for : Click| 1.968E-05 0.066 7.000E-15 1.000E-15 2.600E-14  1.000E-15 0.800 0.354 4.644E-06 1.295E-06 3.302E-06 1.790E-13
6kHz| 2.044E-02 0.122 1.000E-15 1.000E-15 1.000E-15 1.000E-15 8.029E-03 1.000 1.236E-07 1.562E-08 2.057E-08 1.000E-15
12kHz| 1.513E-04 0.716 1.000E-15 1.000E-15 1.000E-15 1.000E-15 6.748E-04 1.000 2.611E-05 1.410E-10 1.483E-09 1.000E-15
18kHz| 7.241E-04 0.989 1.237E-11 1.000E-15 3.100E-14  1.000E-15 0.115 1.000 6.030E-05 1.312E-05 3.288E-07 4.700E-14
24kHz| 1.302E-03 1.000 1.829E-05 4.700E-14 6.493E-08 2.419E-11 0.800 0.940 0.071 2.756E-02 3.947E-03 6.576E-07
30kHz| 5.556E-05 0.991 9.659E-04 1.018E-05 2.116E-04 1.042E-07 2.501E-02 0.999 7.827E-12  1.428E-03  1.156E-04 7.565E-11
Controls CAP (<) Mutants CAP wm
Mixed-effects Model Analysis ABR Threshold DPOAE Threshold Threshold  Threshold ABR Threshold DPOAE Threshold Threshold  Threshold
Sidak's multiple comparisons test <lowf> <tmla> <lowf> <tmla> <lowf> <lowf> <lowf> <tmla> <lowf> <tmla> <lowf> <lowf>
Adj P Value for : Click| 0.9999062 n/a n/a n/a n/a n/a 0.9939894 0.9989394 n/a n/a n/a n/a
6kHz| 0.9999062 nomales 0.9945568 nomales 0.9770636 0.8265177 0.1661482 0.9989394 0.9943168 0.9873375 0.8612492 1
12kHz[ 0.9951808 recorded 0.8961287 recorded 0.9648061 0.1480264 0.9975617 0.9989394 0.8910348 0.9317137 0.9955402 1
18kHz| 0.9951808 0.9945568 0.9999816 0.1528385 0.9998678 0.9989394 0.9982859 0.9995068 0.9923184 0.9998884
24kHz| 0.9962831 0.9945568 0.9892019 0.2991576 0.0461177 0.9989394 0.9889373 0.9873375 0.7137278 0.202097
30kHz| 0.9692611 0.9945568 0.8748102 0.2822966 1 0.795317 0.8069432 0.9873375 0.2859924 0.9119571

Mixed-effects Model Analysis
Sidak's multiple comparisons test
Adj P Value for : 95dB SPL
90dB SPL

85dB SPL

80dB SPL

75dB SPL

70dB SPL

65dB SPL

60dB SPL

55dB SPL

50dB SPL

45dB SPL

40dB SPL

35dB SPL

30dB SPL

25dB SPL

20dB SPL

15dB SPL

10dB SPL

5dBSPL

0dB SPL

KIhi18 <lowf>: 2wk
Control vs Mutant

Klhl18 <tm1a>: 2wk
Control vs Mutant

ABR Wave 1 Amplitude
Click 12kHz 24kHz
0.9999807 0.0474372 1.031E-06
0.9892143 0.0001997 5.578E-07
0.3600321 0.0417525 0.0002003
0.5745647 0.5693325 0.0121935
0.0007354 0.0018253 1.924E-06
5.972E-06 0.0022147 0.0022284
3.984E-07 0.0375964 0.0130902
8.665E-09 0.1185369 0.0472487
3.35E-10  0.8167587 0.0215253
2.26E-08 0.4461395 0.3033541
2.468E-05 0.4992928 0.1804735
0.0577217 0.864082 0.5557892
0.9986851 0.9988812 0.8836209
0.997402 0.4613553 0.4607287
0.9999996 0.9999976 1
1 1 0.99916
0.9999998 n/a n/a
1 n/a n/a
1 n/a n/a
1 n/a n/a

Click

0.9968697

ABR Wave 1 Latency
12kHz 24kHz
0.999519  0.9999652

0.9999992 0.4999368 0.9999979

0.9431012 0.3851184 0.9648712
0.8610329 0.3211108 0.8783481
0.4834911 0.097892 0.1342175
0.1691856 0.0783558 0.3624652
0.0608026 0.0084445 0.9811753
0.0058864 6.58E-06 0.1885484
0.0098856 0.0107541 0.0050221
1.724E-05 0.007041 0.0004613
9.51E-06 n/a 1.971E-07
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a

ABRWave 1 Amplitude

Click 12kHz 24kHz
0.9999872 0.9831385 0.999999
0.9999945 1 1
0.9999973 0.9999748 1

1 0.8870502 0.9993808

1 0.9586178 0.9999003

1 0.9998536 0.9999896

1 0.999987 1

1 0.9999448 0.9999999
0.999999 1 1
0.9929298 0.9993023 1
0.9996031 1 0.9999968

1 0.9999977 1

1 1 1

1 1 1

1 0.999999 1

1 0.9999998 1

1 1 1

1 1 1

1 1 n/a

1 1 n/a

ABR Wave 1 Latency

Click 12kHz 24kHz
0.9999993  0.9993  0.9986935
0.9999889 0.9854337 1

0.9991396 0.7095589 0.9991911
0.9903391 0.3154092 0.9989678
0.9891728 0.5979658 0.9991911

0.9954045 0.983573 0.9511693
0.9973689 0.2769362 0.9996309
0.9999851 0.4725035 1
0.9998828 0.7780444 0.9991911
1 0.7671164 0.9979551
1 0.998473  0.956444
n/a n/a 0.8623531
n/a n/a 1
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a

Mixed-effects Model Analysis
Sidak's multiple comparisons test
Adj P Value for : 95dB SPL
90dB SPL

85dB SPL

80dB SPL

75dB SPL

70dB SPL

65dB SPL

60dB SPL

55dB SPL

50dB SPL

45dB SPL

40dB SPL

35dB SPL

30dB SPL

25dB SPL

20dB SPL

15dB SPL

10dB SPL

5dB SPL

0dB SPL

Klhi18 <lowf>: 3wk
Control vs Mutant

Klhi18 <tm1a>:3wk
Control vs Mutant

ABR Wave 1 Amplitude

Click 12kHz 24kHz

n/a n/a n/a

n/a n/a n/a
0.9787303 1.497E-06 0.7495594

0.2988794 0.4708548 0.9985432

0.5041179 0.6442845 0.9971915
0.4092649 0.1139066 1
0.019562  0.9998066 1
0.1470961 0.9999368 0.9999998
0.1457957 0.9998811 1
0.1122941 0.999999 1
0.0558743 0.9570973 0.9999994
0.0549228 0.9997951 1
0.3284419 1 1
0.9900465 1 0.9999905
0.999992  0.9910875 1

1 0.5575498 0.9844912

1 0.9999846 1

1 0.8199624 0.9948033

1 1 n/a

1 1 n/a

ABR Wave 1 Latency

Click 12kHz 24kHz
n/a n/a n/a
n/a n/a n/a
0.8538159 0.4735803 0.1240233
0.0081748 0.0140673 0.0303288
0.0008532 0.0064926 0.0019671
8.966E-06 0.0004181 0.0005798
4.885E-06 0.0008354 0.0006588
1.155E-05 0.0009009 0.0001803
4.47E-06  9.365E-05 0.0288548
1.619E-05 8.617E-05 0.0003869
2.616E-05 4.955E-08 0.0052083
9.62E-06 1.804E-07 0.0113215
3.497E07 1.207E-05 1.047E-06
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a

ABRWave 1 Amplitude

Click 12kHz 24kHz
5.244E-03 0.236 1.000
1.151E-03 0.201 0.998
5.433E-03 0.995 1.000
1.669E-02 0.820 1.000
3.953E-02 0.107 1.000
4.696E-02 0.616 1.000

0.060 0.960 1.000
7.113E-03 1.000 0.987
3.142E-03 1.000 1.000
1.314E-02 1.000 1.000
4.450E-02 0.998 1.000

0.059 1.000 1.000

0.412 1.000 1.000

0.999 1.000 1.000

1.000 1.000 1.000

1.000 0.999 1.000

1.000 1.000 1.000

1.000 1.000 1.000

1.000 1.000 n/a

1.000 1.000 n/a

ABR Wave 1 Latency

Click 12kHz 24kHz
1.000 0.676 0.969
1.000 0.062 0.992
0.926 5.497E-03 0.734
0.653 0.051 0.724
0.537 4.358E-03 0.913
0.544 0.059 0.396
0.646 2.930E-04 0.500
0.444 9.051E-03 0.099
0.214 0.051 0.080
0.055 1.811E-03 0.088
0.113 2.096E-05 0.552
2.710E-03  9.657E-04 0.841
9.258E-04  6.641E-05 0.849
n/a 1.029E-02  3.449E-02
n/a 5.665E-06 n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a

Mixed-effects Model Analysis
Sidak's multiple comparisons test
Adj P Value for : 95dB SPL
90dB SPL

85dB SPL

80dB SPL

75dB SPL

70dB SPL

65dB SPL

60dB SPL

55dB SPL

50dB SPL

45dB SPL

40dB SPL

35dB SPL

30dB SPL

25dB SPL

20dB SPL

15dB SPL

10dB SPL

5dB SPL

0dB SPL

KIhI18 <lowf>: 6wk
Control vs Mutant

KIhl18 <tm1a>: 6wk
Control vs Mutant

ABR Wave 1 Amplitude

Click 12kHz 24kHz
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
1E-15 n/a n/a
1E-15 1E-15 9.023E-11
1E-15 1E-15 9.256E-12
1E-15 1E-15 4.884E-12
1E-15 1E-15 4.361E-10
1E-15 1E-15 8.645E-07
1E-15 1E-15 1.396E-05
1E-15 1E-15 1.955E-07
1E-15 6.875E-12  0.0016082
1.938E-08 2.112E-07 0.1566568
0.66133 1.46E-08 0.1342515
0.5717178 0.0009588 0.998666
0.9999997 0.9999125 1
1 0.9999726 0.9999911
1 0.9955129 n/a
1 0.5468212 n/a

ABR Wave 1 Latency

Click 12kHz 24kHz
0.9930293 n/a n/a
0.8424552 n/a n/a
0.7308302 n/a n/a
0.3950592 n/a n/a
0.0562203 n/a n/a
0.006684 0.0058372 0.016243
0.0228888 0.0007551 0.0050568
0.0039399 n/a 0.0065649
0.0068573 n/a 5.8E-05
0.2008987 n/a 1.902E-06

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

n/a n/a n/a

ABRWave 1 Amplitude

Click 12kHz 24kHz
1.000E-15 1.000E-15 5.723E-12
1.000E-15 1.000E15 1.325E-11
1.000E-15 1.000E-15 4.074E-11
1.000E-15 1.000E-15 4.160E-13
1.000E-15 1.000E15 1.769E-12
1.000E-15 1.000E15  2.133E-10
1.000E-15 1.000E-15  6.437E-09
1.000E-15 1.000E-15 8.635E-07
1.000E-15 2.400E-14 1.391E-05
1.000E-15 1.012E-10 9.984E-05
1.000E-15 9.016E-11  1.844E-03
9512612 1.356E07  0.136
1.177E06 8217606  0.139
3.940E-02 3.448E04  0.894
0988  4.528E03  1.000
1.000 0.338 1.000
1.000 0.997 1.000
1.000 0.988 1.000
1.000 0.998 n/a
1.000 1.000 n/a

ABR Wave 1 Latency

Click 12kHz 24kHz
0.218 2.001E-08 1.210E-02
5.456E-03 1.860E-12 7.519E-03
1.530E-02 1.000E-15 5.093E-03
3.196E-03 1.000E-15 3.784E-03
2.223E-03 1.000E-15 8.278E-03
4.971E-04 1.250E-13  1.459E-02
8.787E-04 1.000E-15 5.093E-03
1.851E-03 1.000E-15 1.601E-02
3.196E-03 1.000E-15 2.531E-03
1.293E-02 1.000E-15 1.681E-03
2.129€-02 1.000E-15 1.140E-04
n/a n/a 5.618E-03
n/a n/a 8.093E-04
n/a n/a 1.681E-03
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
n/a n/a n/a
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KIhi18 <lowf>: 2wk

Wildtype vs Heterozygote

KIh118 <tmla>: 2wk
Wildtype vs Heterozygote

Mixed-effects Model Analysis ABR Wave 1 Amplitude ABR Wave 1 Latency ABRWave 1 Amplitude ABRWave 1 Latency
Sidak's multiple comparisons test Click 12kHz 24kHz Click 12kHz 24kHz Click 12kHz 24kHz Click 12kHz 24kHz
Adj P Value for : 95dB SPL n/a n/a n/a n/a n/a n/a 0.7219417 0.3904534 1 0.9999999 0.9825392 1
90dB SPL 0.9999704 0.6734823 1 0.9999998 0.9866358 0.9526523
85dB SPL 0.9996039 0.9168947 0.9992415 | 0.9999627 0.9960912 0.8498623
80dB SPL 0.9934266 0.999572 0.9999976 | 0.9999627 0.9533805 1
75dB SPL 0.6984679 1 0.9685512 | 0.9999188 0.9999999 0.995287
70dB SPL 0.8391272 0.9999642 0.9998711 | 0.9998352 0.9998667 0.9975122
65dB SPL 0.5576589 0.9999999 0.9999788 | 0.9999957 0.9961038 0.9999999
60dB SPL 0.6828742 1 0.9999926 | 0.9581046 0.9999265 0.9999999
55dB SPL 0.8072163 0.9999947 0.9999988 | 0.2267813 0.1177974 0.9997183
50dB SPL 0.9939197 0.9999901 1 0.1149742 0.6076101 0.9943601
45dB SPL 0.9772084 1 0.9999999 n/a 0.987751 1
40dB SPL 0.9903489 1 1 n/a 0.2404723 0.9915789
35dB SPL 0.9999589 0.9999717 1 n/a 0.4013559 0.6566014
30dB SPL 1 0.9999997 1 n/a n/a 0.9758755
25dB SPL 1 1 0.9999989 n/a n/a n/a
20dB SPL 1 1 0.9999961 n/a n/a n/a
15dBSPL 1 n/a n/a n/a n/a n/a
10dB SPL 1 n/a n/a n/a n/a n/a
5dB SPL n/a n/a n/a n/a n/a n/a
0dB SPL n/a n/a n/a n/a n/a n/a
KIhI18 <lowf>: 2 wk KIhl18 <tml1a>:2 wk
2f1-f2 DPOAE amplitude 2f1-f2 DPOAE amplitude
Mixed-effects Model ysi: Control vs Mutant Control vs Mutant
Sidak's multiple comparisonstest| 6 kHzf2 12 kHz f2 18 kHz f2 24 kHzf2 30 kHzf2 6 kHzf2 12 kHz f2 18 kHz f2 24 kHzf2 30 kHzf2
Adj P Value for :-10dB SPL 0.673 0.079 1.000 0.993 1.000 0.9949956 0.9999953 0.9665736 0.9999994 0.9977813
-5dB SPL 0.915 1.000 1.000 1.000 0.999 1 0.9951123 0.9286554 1 0.9998979
0dB SPL 0.949 0.130 1.000 0.461 1.000 0.0380167 0.9930516 0.999972 0.8125672  0.885429
5dBSPL 1.000 1.000 1.000 1.000 1.000 1 0.7406808 0.9999845 0.9994763 0.9939186
10dB SPL 1.000 2.349E-04  1.222E-02 1.000 1.000 0.9877157 0.9999369 0.2336143 0.9999933 0.9975077
15dB SPL 0.910 2.310E-10  1.335E-07 0.913 1.000 1 1 0.9966897 1 0.9987807
20dB SPL 0.645 3.153E-11 3.915E-07 0.997 1.000 1 0.9999961 1 0.9999993 0.9980821
25dB SPL 0.998 2.522E-12 3.340E-10 1.694E-04 1.000 0.9999938 0.9994754 0.9945773 0.9900543 0.7456071
30dB SPL 0.838 5.080E-13  1.853E-07 6.293E-08 1.000 0.5706585 1 0.9999999 1 0.9999861
35dB SPL 1.000 2.002E-11 1.673E-06 2.316E-09 1.960E-03 0.5607378 1 1 1 0.9789996
40dB SPL 1.000 2.442E-10  2.269E-05 5.727E-08 7.811E-08 1 1 1 1 1
45dBSPL| 2.462E-02 4.518E-10 5.413E-05 2.864E-07 1.400E-14 1 1 1 1 1
50dB SPL 1.000 3.623E-09 3.122E05 1.766E-05 4.380E-12 0.9995176 1 1 1 1
55dB SPL 0.161 1.198E-07 5.631E-05 7.699E-04 8.200E-14 1 1 1 1 1
60dB SPL 1.000 1.438E-04 8.916E-05 3.448E-04 1.023E-08 0.9999998 1 0.9999999 0.9999992 1
65dB SPL 1.000 8.398E-10  9.507E-06  2.927E-03  5.014E-06 1 1 1 1 0.9999984
KIh118 <lowf>: 3 wk Klhi18 <tm1a>:3 wk
2f1-f2 DPOAE amplitude 2f1-f2 DPOAE amplitude
Mixed-effects Model Analysis Control vs Mutant Control vs Mutant
Sidak's multiple comparisonstest| 6 kHzf2 12 kHz f2 18 kHz f2 24 kHzf2 30 kHz f2 6 kHzf2 12 kHz f2 18 kHz f2 24 kHzf2 30 kHzf2
Adj P Value for :-10dB SPL 0.496 1.000 4.414E-02 0.647 0.846 1 0.9999993 0.998239 1 0.9999989
-5dB SPL 1.000 0.803 1.000 0.686 0.187 0.9999983 0.9012461 1.000 1 1
0dB SPL 1.000 1.000 0.205 1.000 1.000 0.9999981 1 1 0.999482 1
5dB SPL 1.000 0.906 2.845E-03 0.998 0.999 1 1 0.3111584 0.7662142  0.99616
10dB SPL 1.000 0.786 0.260 0.182 1.000 0.9994955 0.9999901 0.1561676 1 0.9999992
15dB SPL 1.000 1.000 0.999 0.356 1.000 0.999495 1 0.999631 0.8678725 1
20dB SPL 1.000 1.000 1.000 1.000 0.756 0.9999981 0.9960856 1 0.547924 1
25dB SPL 0.152 1.000 0.998 1.000 1.000 1 0.7031266 1 0.9850072 0.9988009
30dB SPL 1.000 1.000 0.760 0.999 1.000 1 0.9419257 1 0.9999764 0.9973813
35dBSPL 0.668 1.000 0.284 0.955 0.992 0.9769474 0.9989411 1 0.9923595 1
40dB SPL 0.869 0.947 0.160 0.971 1.000 0.9032591 0.9893963 1 0.9998377 0.9999819
45dB SPL 0.885 0.962 0.152 0.999 0.912 0.9972748 0.9999774 0.9999981 0.9999994 1
50dB SPL 0.941 0.861 0.319 0.939 0.919 1 1 0.9999679 1 1
55dB SPL 0.884 0.677 0.806 0.360 0.835 0.9793507 1 0.9996407 1 0.9999999
60dB SPL 0.999 0.828 0.785 1.000 0.346 1 1 0.9969512 0.9992261 0.9593175
65dB SPL 0.971 1.000 0.192 0.788 0.995 0.8591327 0. 0.9721633 1 0.8554623
KIhi18 <lowf>: 6 wk KIhI18 <tmla>: 6 wk
2f1-f2 DPOAE amplitude 2f1-f2 DPOAE amplitude
Mixed-effects Model Analysis Control vs Mutant Control vs Mutant
Sidak's multiple comparisonstest| 6 kHzf2 12 kHz f2 18 kHz f2 24 kHzf2 30 kHz f2 6 kHzf2 12 kHz f2 18 kHz f2 24 kHzf2 30 kHzf2
Adj P Value for :-10dB SPL 1.000 0.972 1.000 1.000 1.000 0.99989  0.9614916 0.9999777 1 0.8289934
-5dBSPL 1.000 0.941 0.946 1.000 1.000 1 1 0.9972752 1 0.9999999
0dB SPL 0.062 1.000 0.782 0.314 1.000 0.9999481 0.9999986 0.9999988 0.970645 1
5dB SPL 0.999 1.000 6.639E-03 1.000 0.992 1 0.9999664 0.9999999 0.9744379 0.9999556
10dB SPL 1.000 3.580E-02 0.510 0.577 1.000 1 0.8691756 1 1 0.9999962
15dB SPL 0.998 0.990 0.552 0.711 0.718 1 1 0.9999146 0.2254292 1
20dB SPL 1.000 1.000 1.000 1.000 0.866 0.9999731 0.9901566 1 0.140399 0.8553839
25dB SPL 0.516 1.000 1.000 1.000 0.994 0.9885601 0.9968763 0.9996732 0.2164684 0.2190923
30dB SPL 0.185 1.000 1.000 0.977 0.996 1 0.9999999 0.9999999 0.4601299 0.9925876
35dB SPL 1.000 1.000 0.997 0.873 0.717 1 1 1 0.9999897 0.971989
40dB SPL 1.000 0.988 0.908 0.487 0.691 1 1 1 0.9999998 0.990929
45dB SPL 1.000 0.663 0.829 0.493 0.485 1 1 0.9999991 0.9736115 0.9999998
50dB SPL 1.000 0.426 0.866 0.584 0.523 1 0.9999944 0.9978623 0.9344991 1
55dB SPL 0.999 0.092 0.974 0.998 0.705 1 0.9441143 0.9617063 0.9972238 0.9241996
60dB SPL 1.000 0.053 0.928 1.000 0.378 0.5523885 0.6372973 0.7575323 0.9999962 0.5377035
65dB SPL 1.000 0.130 0.780 0.910 0.933 0.9273578 0.8971036 0.6374555 1 0.4663809
KIh118 <lowf> KIhl18 <tmla>

Mixed-effects Model Analysis
Sidak's multiple comparisons test
Adj P Value for : 2 =6kHz

12kHz|

18kHz|

24kHz

30kHz

2f1-f2 DPOAE Threshold
Control vs Mutant

2wk 3wk 6 wk
0.360 8.149E-03 0.640
1.784E-09 1.000 0.963
3.374E-06 0.770 0.990
1.004E-08 1.000 1.000
7.935E-08 1.000 0.208

2f1-f2 DPOAE Threshold
Control vs Mutant
2wk 3wk 6 wk
0.9999744 0.9999939 1
0.9806007 0.7598142 0.9967498
0.9999744 0.9812906 0.9793415
0.6330226 0.2315682 0.0138811
0.9501319 0.99 0.1475092
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KIhl18 <lowf>: 6 wk KIhI18 <lowf>: 6 wk
CAP amplitude CAP latency
Mixed-effects Model Analysis Wildtype vs Heterozygote vs Homozygote il vst ygote vs
Tukey's multiple comparisons test 6 kHz 12 kHz 18 kHz 24 kHz 30 kHz 6 kHz 12 kHz 18 kHz 24 kHz 30 kHz
Adj P Value for 0 dB SPL : WTvs. HET 0.896 0.901 0.748 0.914 0.912 n/a n/a n/a n/a n/a
WTvs. HOM 0.814 0.615 1.000 0.973 0.866 n/a n/a n/a n/a n/a
HETvs. HOM 0.601 0.939 0.635 0.422 0.999 n/a n/a n/a n/a n/a
Adj P Value for 5 dB SPL : WTvs. HET 0.890 0.598 0.620 0.794 0.549 n/a n/a n/a n/a n/a
WTvs. HOM 0.796 0.819 0.955 0.658 0.714 n/a n/a n/a n/a n/a
HETvs. HOM 1.000 0.932 0.572 1.000 0.453 n/a n/a n/a n/a n/a
Adj P Value for 10 dB SPL: WTvs. HET 0.371 1.000 0.490 0.194 0.998 n/a n/a n/a n/a n/a
WTvs. HOM 0.957 0.375 0.273 0.735 0.138 n/a n/a n/a n/a n/a
HETvs. HOM 0.306 0.574 0.269 0.390 0.758 n/a n/a n/a n/a n/a
Adj P Value for 15 dB SPL : WTvs. HET 0.144 0.399 0.505 0.513 0.052 n/a n/a n/a n/a n/a
WTvs. HOM 0.998 0.555 0.261 0.183 0.997 n/a n/a n/a n/a n/a
HETvs. HOM| 4.604E-02 0.208 0.150 0.775 0.075 n/a n/a n/a n/a n/a
Adj P Value for 20 dB SPL: WTvs. HET 0.946 0.604 0.362 0.577 0.170 n/a n/a n/a n/a n/a
WTvs. HOM 0.976 4.061E-02 0.155 0.787 0.994 n/a n/a n/a n/a n/a
HETvs. HOM 0.872 0.169 0.074 0.503 0.219 n/a n/a n/a n/a n/a
Adj P Value for 25 dB SPL : WT vs. HET 1.000 0.759 0.633 0.970 0.999 n/a n/a n/a n/a n/a
WTvs. HOM 0.294 1.693E-02 2.800E-02 1.915E-02 0.972 n/a n/a n/a n/a n/a
HETvs. HOM 0.603 2.859E-02 0.053 0.322 0.983 n/a n/a n/a n/a n/a
Adj P Value for 30 dBSPL: WTvs. HET| ~ 0.968 0.441 0.950 0.877 0.999 n/a n/a n/a n/a n/a
WTvs. HOM 0.188 4.403E-03 1.001E-02 2.069E-02 0.661 n/a n/a n/a n/a n/a
HETvs. HOM 0.458 7.886E-03  2.195E-02 0.090 0.808 n/a n/a n/a n/a n/a
Adj P Value for 35 dB SPL : WTvs. HET 0.972 0.180 0.841 0.805 0.991 n/a n/a n/a n/a n/a
WTvs. HOM 0.117 6.050E-04 3.156E-03  1.343E-02 0.270 n/a n/a n/a n/a n/a
HETvs. HOM 0.234 9.754E-03 1.337E-02 4.709E-02 0.355 n/a n/a n/a n/a n/a
Adj P Value for 40 dB SPL : WT vs. HET 0.806 0.209 0.773 0.586 0.722 n/a n/a n/a 0.858 n/a
WTvs. HOM| 2.694E-02 4.912E-04 2.371E-03 1.065E-02 2.791E-02 n/a n/a n/a 0.972 n/a
HETvs. HOM 0.128 1.138E-02 1.826E-02 4.112E-02 0.449 n/a n/a n/a 0.781 n/a
Adj P Value for 45 dB SPL: WTvs. HET 0.780 0.290 0.857 0.502 0.670 n/a n/a n/a 0.776 n/a
WTvs. HOM| 6.052E-03 3.930E-04 1.593E-03 9.261E-03 1.805E-02 n/a n/a n/a 0.626 n/a
HETvs. HOM 0.053 6.847E-03  1.442E-02 0.059 0.254 n/a n/a n/a 0.901 n/a
Adj P Value for 50 dB SPL : WTvs. HET 0.658 0.337 0.869 0.495 0.618 n/a n/a 0.990 0.838 n/a
WTvs. HOM| 3.191E-03  3.223E-04 7.670E-04 4.909E-03 1.239E-02 n/a n/a 4.584E-03 0.657 n/a
HETvs. HOM| 1.673E-02 5.549E-03 1.386E-02 4.147E-02 0.162 n/a n/a 1.894E-02 0.962 n/a
Adj P Value for 55 dB SPL: WTvs. HET 0.673 0.351 0.863 0.483 0.449 n/a n/a 0.927 0.806 n/a
WTvs. HOM| 6.500E-04 3.246E-04 3.479E-04 3.409E-03 1.824E-02 n/a n/a 3.694E-03 0.649 n/a
HETvs. HOM| 8.872E-03  6.381E-03 1.208E-02 3.419E-02 0.101 n/a n/a 1.492E-02 0.931 n/a
Adj P Value for 60 dB SPL: WTvs. HET 0.564 0.394 0.849 0.506 0.447 n/a n/a 0.841 0.995 n/a
WTvs. HOM| 6.242E-04 3.155E-04 2.348E-04 5.157E-03 3.439E-02 n/a n/a 6.525E-04 0.586 n/a
HETvs. HOM| 9.137E-03  4.410E-03  7.694E-03  2.814E-02 0.160 n/a n/a 8.642E-03 0.489 n/a
Adj P Value for 65 dB SPL: WTvs. HET 0.651 0.458 0.869 0.655 0.532 n/a 0.869 0.863 0.908 n/a
WTvs. HOM| 7.564E-04 3.195E-04 1.133E-04 8.170E-03 3.586E-02 n/a 4.433E-04  3.652E-04 0.179 n/a
HETvs. HOM| 6.882E-03 5.868E-03 5.711E-03  2.852E-02 0.114 n/a 1.593E-02 2.783E-03 0.383 n/a
Adj P Value for 70 dB SPL : WTvs. HET 0.668 0.639 0.995 1.000 0.902 0.934 0.812 0.921 0.928 0.986
WTvs. HOM| 5.986E-04 2.640E-04 1.773E-04 1.343E-02 2.365E-02 2.472E-03 3.192E-03 1.196E-03 0.123 0.293
HETvs. HOM| 1.162E-02 7.635E-03  2.529E-02 0.113 0.160 4.941E-02 1.320E-02 8.328E-04 0.198 0.420
Adj P Value for 75 dB SPL : WTvs. HET| 0.800 0.562 0.830 0.809 0.798 0.974 0.662 0.889 0.925 0.998
WTvs. HOM| 7.980E-04 2.763E-04 3.394E-04 1.537E-02 1.833E-02 1.641E-05 9.283E-04 2.909E-03 0.095 0.322
HETvs. HOM| 1.015E-02 4.425E-03 1.897E-02 3.529E-02 0.081 3.636E-03 1.065E-02 3.199E-03 0.121 0.439
Adj P Value for 80 dB SPL: WTvs. HET| 0.839 0.544 0.790 0.816 0.814 0.979 0.547 0.785 0.910 0.997
WTvs. HOM| 1.333E-03 1.678E-04 8.106E-04 1.091E-02 2.007E-02 1.459E-05 3.240E-04 3.281E-03 0.088 0.431
HETvs. HOM| 1.112E-02 2.657E-03 2.203E-02 3.593E-02 4.497E-02 1.922E-03 7.832E-03 3.212E-03 0.113 0.455
Adj P Value for 85 dB SPL: WTvs. HET 0.905 0.717 0.740 0.862 0.654 0.978 0.560 0.822 0.911 0.942
WTvs. HOM| 4.645E-03 1.958E-04 1.856E-03 9.898E-03 2.081E-02 2.394E-06 1.161E-04 8.921E-03 0.088 0.241
HETvs. HOM| 3.014E-02 3.801E-03 2.062E-02 3.750E-02 0.052 9.960E-04 5.189E-03 8.574E-03 0.128 0.446
Adj P Value for 90 dB SPL : WTvs. HET 0.931 0.800 0.738 0.906 0.556 0.961 0.610 0.863 0.931 0.896
WTvs. HOM| 4.617E-03 1.661E-04 3.605E-03 1.852E-02 2.533E-02 3.252E-05 1.689E-04 3.034E-02 0.134 0.235
HETvs. HOM| 2.850E-02 5.268E-03 1.599E-02 3.034E-02 0.071 4.238E-03 1.998E-03 4.468E-02 0.200 0.542
Adj P Value for 95 dB SPL : WTvs. HET 0.706 0.696 0.726 0.815 0.632 0.949 0.608 0.692 0.843 0.894
WTvs. HOM| 1.158E-03 1.084E-04 1.070E-03 3.152E-03 2.986E-02 1.365E-04 8.936E-04 0.084 0.293 0.194
HETvs. HOM| 3.121E-02 1.178E-02  2.909E-02 0.063 0.252 3.880E-03  2.662E-03 0.145 0.411 0.610
KIhI18 <lowf>: 6 wk
CM amplitude
Mixed-effects Model Analysis Wildtype vs Heterozygote vs Homozygote
Tukey's multiple comparisons test 6 kHz 12 kHz 18 kHz 24 kHz 30 kHz
Adj P Value for 0 dB SPL: WTvs. HET 0.941 0.548 0.805 0.195 0.817
WTvs. HOM 0.946 0.929 0.980 0.191 0.958
HETvs. HOM 0.857 0.668 0.845 0.692 0.991
Adj P Value for 10 dB SPL : WTvs. HET] 0.776 0.088 0.461 0.373 0.970
WTvs. HOM 0.861 0.768 1.000 0.977 0.883
HETvs. HOM 0.825 0.349 0.411 0.576 0.979
Adj P Value for 20 dB SPL: WTvs. HET| 0.994 0.798 0.352 0.143 0.942
WTvs. HOM 0.943 0.924 0.997 0.995 0.340
HETvs. HOM 0.980 0.720 0.638 0.366 0.411
Adj P Value for 30 dB SPL: WTvs. HET 0.585 0.398 0.698 0.839 0.788
WTvs. HOM 0.944 0.999 0.823 0.669 0.947
HETvs. HOM 0.850 0.475 0.997 1.000 0.732
Adj P Value for 40 dB SPL : WTvs. HET]| 0.671 0.544 0.723 0.945 0.907
WTvs. HOM 0.748 0.868 0.913 0.269 0.862
HETvs. HOM 0.998 0.426 0.997 0.854 0.998
Adj P Value for 50 dB SPL : WTvs. HET 0.851 0.538 0.735 0.999 0.897
WTvs. HOM 0.776 0.886 0.839 0.690 0.489
HETvs. HOM 0.966 0.468 0.996 0.849 0.906
Adj P Value for 60 dB SPL : WTvs. HET 0.836 0.700 0.833 0.950 1.000
WTvs. HOM 0.803 0.912 0.769 0.639 0.209
HETvs. HOM 0.989 0.598 0.960 0.889 0.541
Adj P Value for 70 dB SPL : WTvs. HET 0.828 0.776 0.917 0.989 0.999
WTvs. HOM 0.889 0.946 0.594 0.538 0.377
HETvs. HOM 0.999 0.697 0.864 0.799 0.646
Adj P Value for 80 dB SPL: WTvs. HET 0.865 0.872 0.973 1.000 0.999
WTvs. HOM 0.945 0.995 0.554 0.352 0.429
HETvs. HOM 0.988 0.870 0.854 0.575 0.654
Adj P Value for 90 dB SPL : WT vs. HET] 0.872 0.953 0.980 0.998 0.997
WTvs. HOM 0.992 0.999 0.669 0.639 0.614
1153 HETvs.HOM|  0.945 0.951 0.965 0.880 0.804
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KIh118 <lowf>: 6 wk KIh118 <lowf>: 6 wk
CAP Threshold CM Threshold
Mixed-effects Model Analysis ildtype vs ygote vs Id: vst ygote vs
Tukey's multiple comparisons test 6 kHz 12 kHz 18 kHz 24 kHz 30 kHz 6 kHz 12 kHz 18 kHz 24 kHz 30 kHz
Adj P Value for : WT vs. HET 0.973 0.914 0.167 1.000 0.842 0.957 0.312 0.877 0.677 0.990
WTvs. HOM| 1.816E-04 3.924E-07 1.874E-04 0.090 6.569E-03 0.409 0.974 0.979 0.551 0.799
HETvs. HOM| 4.960E-04  4.045E-05  2.259E-04 0.456 0.251 0.546 0.356 0.997 0.909 0.917
KIh118 <lowf>: 6 wk
SP amplitude
Mixed-effects Model Analysis ildtype vs y vst
Tukey's multiple comparisons test 6 kHz 12 kHz 18 kHz 24 kHz 30 kHz
Adj P Value for 0 dBSPL: WTvs. HET 0.312 0.267 0.308 0.770 0.832
WTvs. HOM 1.000 0.468 0.254 0.307 0.831
HETvs. HOM 0.593 0.911 0.913 0.712 0.908
Adj P Value for 5 dB SPL: WTvs. HET 0.476 0.681 0.716 0.398 0.761
WTvs. HOM 0.755 0.717 0.658 0.539 0.405
HETvs. HOM 0.330 0.881 0.336 0.554 0.568
Adj P Value for 10 dB SPL: WTvs. HET 0.553 0.723 0.062 0.943 0.999
WTvs. HOM 0.537 0.309 0.962 0.297 0.228
HETvs. HOM 0.373 0.981 0.473 0.314 0.515
Adj P Value for 15 dB SPL: WTvs. HET 0.910 0.752 0.086 0.584 0.387
WTvs. HOM 0.804 0.425 2.065E-02 0.535 0.848
HETvs. HOM 0.743 0.988 3.174€-03 0.345 0.376
Adj P Value for 20 dB SPL: WTvs. HET 0.802 0.689 0.914 0.266 0.900
WTvs. HOM 0.771 0.447 0.079 0.119 0.815
HETvs. HOM 0.997 0.196 0.077 0.884 0.860
Adj P Value for 25 dB SPL: WTvs. HET 0.081 0.456 0.927 0.879 0.996
WTvs. HOM 0.822 0.113 0.923 0.327 0.497
HETvs. HOM 0.484 0.110 1.000 0.813 0.943
Adj P Value for 30 dB SPL: WTvs. HET 0.552 0.834 0.762 0.523 0.424
WTvs. HOM| 4.322E-02 0.122 0.226 0.499 0.913
HETvs. HOM 0.458 0.440 0.835 0.649 0.448
Adj P Value for 35 dB SPL: WTvs. HET 0.369 0.988 0.354 0.771 0.506
WTvs. HOM 0.998 0.173 0.525 0.979 0.539
HETvs. HOM 0.332 0.141 0.770 0.695 0.236
Adj P Value for 40 dB SPL: WTvs. HET 0.360 0.997 0.126 0.916 0.939
WTvs. HOM 0.755 0.212 0.197 0.998 0.697
HETvs. HOM 0.888 4.922E-02 0.969 0.853 0.918
Adj P Value for 45 dB SPL: WTvs. HET 0.413 0.755 0.350 0.699 1.000
WTvs. HOM 0.684 0.217 0.687 0.939 0.431
HETvs. HOM 0.168 0.256 0.663 0.457 0.501
Adj P Value for 50 dB SPL: WTvs. HET 0.985 0.353 0.247 0.843 0.534
WTvs. HOM 0.505 0.465 0.502 0.919 0.274
HETvs. HOM 0.483 0.980 0.471 0.646 0.980
Adj P Value for 55 dB SPL: WTvs. HET 1.000 0.638 0.362 0.575 0.837
WTvs. HOM 0.340 0.174 0.410 0.896 0.179
HETvs. HOM 0.630 0.110 0.604 0.627 0.559
Adj P Value for 60 dB SPL: WTvs. HET 0.618 0.342 0.598 0.898 0.729
WTvs. HOM 0.487 0.235 0.617 0.900 0.362
HETvs. HOM 0.955 0.541 0.849 0.974 0.877
Adj P Value for 65 dB SPL: WTvs. HET 0.993 0.486 0.750 0.929 0.783
WTvs. HOM 0.795 0.102 0.409 0.783 0.303
HETvs. HOM 0.763 3.511E-03 0.992 1.000 0.816
Adj P Value for 70 dB SPL: WTvs. HET 0.778 0.076 0.473 0.662 0.957
WTvs. HOM 0.263 1.018E-02 0.256 0.693 0.496
HETvs. HOM 0.298 0.079 0.731 0.778 0.662
Adj P Value for 75 dB SPL: WTvs. HET 0.711 0.261 0.401 0.745 0.999
WTvs. HOM 0.137 3.074€-02 0.304 0.630 0.476
HETvs. HOM 0.178 0.656 0.812 0.951 0.714
Adj P Value for 80 dB SPL: WTvs. HET 0.559 0.232 0.413 0.573 0.942
WTvs. HOM| 2.824E-02 1.914E-03 0.439 0.554 0.661
HETvs. HOM 0.127 0.218 0.945 0.939 0.650
Adj P Value for 85 dB SPL: WTvs. HET 0.636 0.676 0.291 0.654 0.921
WTvs. HOM| 1.878E-02 1.573E-03 0.242 0.521 0.972
HETvs. HOM 0.092 0.073 0.937 0.997 0.883
Adj P Value for 90 dB SPL: WTvs. HET 0.871 0.917 0.579 0.771 0.940
WTvs. HOM| 3.826E-02  5.850E-03 0.665 0.533 0.967
HETvs. HOM| 3.160E-02 0.094 0.909 0.934 0.995
Adj P Value for 95 dB SPL: WTvs. HET 0.914 0.944 0.785 0.849 0.824
WTvs. HOM| 4.528E-02 2.336E-02 0.903 0.243 0.092
HETvs. HOM| 1.116E-02 0.171 0.966 0.586 0.506
Endocochlear Potential
Kolmogorov-Smirnov test WT HET HOM
KSdistance 0.222 0.256 0.396
Pvalue 0.100 0.100 1.388E-03
Passed normality test (alpha=0.05)? Yes Yes No
Mean| 122.360 121.200 123.389
Std. Deviation 5.391 5.333 5.585
Kruskal-Wallis One Way ANOVA WTvs HET vs HOM
Kruskal-Wallis statistic 1.610
Number of groups 3
Pvalue 0.467
Synapse Counts 12kHz - Ribeye 24kHz - Ribeye 12kHz - GluR2 24kHz - GluR2 12kHz - Colocalised 24kHz - Colocalised
HET HOM HET HOM HET HOM HET HOM HET HOM HET HOM
Kolmogorov-Smirnov test
KS distance 0.164 0.178 0.301 0.300 0.157 0.136 0.204 0.275 0.148 0.180 0.297 0.288
Pvalue 0.100 0.100 0.096 0.056 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.082
Passed normality test (alpha=0.05)? Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Mean| 13.631 11.466 12.834 10.753 13.737 11.694 13.203 11.123 13.463 11.241 12,631 10.419
Std. Deviation 2.932 2.648 1.949 3.064 2.980 2.397 1.813 2.151 2.881 2.565 1.903 2,923
Unpaired t test (Welch's correction) HETvHOM HETvHOM HETvHOM HETvHOM HETvHOM HETvHOM
Welch-corrected t 1.450 1.480 1.413 1.891 1.524 1.638
df| 11.877 10.257 11.473 1.891 11.842 10.362
1154 (2-tailed) P value 0.173 0.169 0.184 0.085 0.154 0.131
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