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Biophysical and morphological changes in inner hair cells
and their efferent innervation in the ageing mouse cochlea
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Key points

o Age-related hearingloss is a progressive hearing loss involving environmental and genetic factors,
leading to a decrease in hearing sensitivity, threshold and speech discrimination.

e We compared age-related changes in inner hair cells (IHCs) between four mouse strains with
different levels of progressive hearing loss.

¢ The surface area of apical coil IHCs (9-12 kHz cochlear region) decreases by about 30-40% with
age.

e The number of BK channels progressively decreases with age in the IHCs from most mouse
strains, but the basolateral membrane current profile remains unchanged.

e The mechanoelectrical transducer current is smaller in mice harbouring the hypo-
morphic Cdh23 allele Cdh23°" (C57BL/6J; C57BL/6NTac), but not in Cdh23-repaired mice
(C57BL/6NTac“¥23+), indicating that it could contribute to the different progression of hearing
loss among mouse strains.

o The degree of efferent rewiring onto aged IHCs, most likely coming from the lateral olivocochlea
fibres, was correlated with hearing loss in the different mouse strains.

Abstract Inner hair cells (IHCs) are the primary sensory receptors of the mammalian cochlea,
transducing acoustic information into electrical signals that are relayed to the afferent neurons.
Functional changes in IHCs are a potential cause of age-related hearing loss. Here, we have
investigated the functional characteristics of IHCs from early-onset hearing loss mice harbouring
the allele Cdh23°" (C57BL/6] and C57BL/6NTac), from late-onset hearing loss mice (C3H/He]J),
and from mice corrected for the Cdh23*" mutation (C57BL/6NTac“¥?3*+) with an intermediate
hearing phenotype. There was no significant loss of IHCs in the 9-12 kHz cochlear region up to
at least 15 months of age, but their surface area decreased progressively by 30-40% starting from
~6 months of age. Although the size of the BK current decreased with age, IHCs retained a normal
KCNQ4 current and resting membrane potential. These basolateral membrane changes were most
severe for C57BL/6] and C57BL/6NTac, less so for C57BL/6NTac“¥?3+ and minimal or absent in
C3H/He]J] mice. We also found that lateral olivocochlear (LOC) efferent fibres re-form functional
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axon-somatic connections with aged IHCs, but this was seen only sporadically in C3H/He] mice.
The efferent post-synaptic SK2 channels appear prior to the establishment of the efferent contacts,
suggesting that IHCs may play a direct role in re-establishing the LOC-IHC synapses. Finally, we
showed that the size of the mechanoelectrical transducer (MET) current from IHCs decreased
significantly with age in mice harbouring the Cdh23°"" allele but not in C57BL/6NTac“/"?3* mice,
indicating that the MET apparatus directly contributes to the progression of age-related hearing loss.

(Received 28 May 2020; accepted after revision 1 October 2020; first published online 14 October 2020)
Corresponding author W. Marcotti: Alfred Denny Building, Western Bank, Sheffield S10 2TN, United Kingdom.

Email: w.marcotti@sheffield.ac.uk

Introduction

Age-related hearing loss (ARHL), also known as pre-
sbycusis, is a chronic disorder in which patients suffer
from progressive loss of hearing sensitivity and the ability
to understand speech with age. It is one of the most
common forms of hearing loss in adults over 60 years old
(Bowl & Dawson, 2019). Age-related hearing loss involves
numerous risk factors ranging from genetics to life-
style, with the underlying mechanisms remaining largely
unknown. However, damage to the auditory receptors
in the cochlea, namely the inner and outer hair cells
(IHCs and OHCs) and their innervation, is likely to play
a key role (Johnsson, 1974; Schuknecht & Gacek, 1993;
Sergeyenko et al. 2013; Tawfik et al. 2019; Wu et al. 2019;
Jimenez et al. 2020). Although we now have a better
understanding of age-related changes in OHCs (Jeng et al.
2020a) and IHC ribbon synapses (Jeng et al. 2020b),
very little is known about how the biophysical properties
of THCs and their efferent innervation are affected by
cochlear ageing, which limits our understanding of how
IHC function contributes to the progression of ARHL.

In the adult mammalian cochlea, sound-induced
displacement of the hair cell stereociliary bundles
regulates the gating of mechanoelectrical transducer
(MET) channels located at the tips of the shorter rows
of stereocilia (Beurg et al. 2009). The depolarizing MET
current, which is mainly carried by KT but also by Ca**
ions, generates a receptor potential that modulates the
release of glutamate from IHC ribbon synapses onto
the spiral ganglion afferent terminals (Marcotti, 2012;
Johnson et al. 2019). IHC membrane repolarization is
then achieved by the activation of two characteristic baso-
lateral membrane K™ channels, which carry the negatively
activating K* current Ix,, and the large-conductance
Ca’T-activated K* current Iy (Marcotti et al. 2003;
Oliver et al. 2003). In the absence of sound stimulation,
these hyperpolarizing K™ currents are ‘balanced’ by the
depolarizing resting MET current in order to set the
resting membrane potential of IHCs to near -60 mV
(Johnson et al. 2011), which is just positive to the
activation of the Cay1.3 Ca?T channels in adult cells

(Zampini et al. 2013). Crucial to IHC function is their
neuronal innervation pattern, with each IHC making
exclusive contact (Pujol et al. 1998) with up to ~20 type
I spiral ganglion afferent fibres in mice (Meyer et al.
2009). In addition, the cochlear sensory epithelium is
innervated by cholinergic lateral olivocochlear (LOC)
efferent fibres, which descend from the brainstem and
form axo-dendritic synapses with type I afferent terminals
below the THCs (Maison et al. 2003). However, recent
studies have shown that in ~I-year-old cochleae of
C57BL/6] mice the efferent system undergoes major
rewiring, with the reappearance of direct axo-somatic
efferent synapses onto aged IHCs (Lauer et al. 2012;
Zachary & Fuchs 2015) that are normally present only
during the pre-hearing stages of development (Glowatzki
& Fuchs 2000).

Here, we have used mice with early-onset (C57BL/6]
and C57BL/6NTac) and late-onset hearing loss
(C57BL/6NTac“¥?3+ and C3H/He]) to identify changes
in the morphological and biophysical properties of IHCs
and their efferent synapses with age and to consider
which of those changes could influence the temporal
progression of ARHL. C57BL/6] and C57BL/6NTac
strains harbour a hypomorphic allele in Cadherin 23
(Cdh23°" (Johnson et al. 1997; Noben-Trauth et al. 2003;
Mianné et al. 2016). Cadherin 23 encodes cadherin-23
that, together with protocadherin-15, forms the tip links
required for gating the MET channels (Kazmierczak
et al. 2007). Correction of the Cdh23%! allele, using
CRISPR/Cas9 (C57BL/6NTac¥?+ mice), delays the
onset hearing loss in the repaired mice (Mianné et al.
2016). Like CBA/CaJ, C3H/He] mice show a very slow
decline in their hearing thresholds with age (Trune et al.
1996; Ohlemiller et al. 2016). We show that by 6 months
of age all THCs from the four mouse strains have a
smaller surface area. The size of Ik ¢, but not that of I,
was reduced with age in most mouse strains. Despite
these basolateral membrane changes, IHCs remained
functional in older mice, as exemplified by normal
auditory brainstem response (ABR) thresholds in the
C3H strain (see also Jeng et al. 2020b). Efferent synapses
underwent age-related morphological and physiological

© 2020 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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changes that were correlated with hearing loss measured
in the 12 kHz cochlear region of the different strains
(6N and 6] > 6N-Repaired). C3H mice had normal
hearing at 12-13 months of age and few or no measurable
changes in their IHCs or associated efferent synapses.
We also discovered that the MET current in aged IHCs
was differentially affected between C57BL/6NTac and
C57BL/6NTac“¥"?3* mice, suggesting that it may be
involved in the progression of ARHL.

Materials and methods
Ethics statement

All animal work was performed at the University
of Sheffield (UK), licensed by the Home Office
under the Animals (Scientific Procedures) Act 1986
(PPL_PCC8E5E93) and approved by the University
of Sheffield Ethical Review Committee (180626_Mar).
Auditory brainstem responses in mice were performed
following intraperitoneal injection of the anaesthetic
solution: ketamine (100 mg kg’ body weight, Fort
Dodge Animal Health, Fort Dodge, IA, USA) and xylazine
(10 mg kg’l, Rompun 2%, Bayer HealthCare LLC, NY,
USA). Mice were then either killed by a schedule 1
method (cervical dislocation) for in vitro experiments or
recovered from anaesthesia with intraperitoneal injection
of atipamezole (1 mg kg~!). Mice under recovery from
anaesthesia were returned to their cage, placed on a
thermal mat and monitored over the following 2 to 4 h.
Once able to move well and to respond to external stimuli
they were returned to their holding racks.

Auditory brainstem responses

Auditory brainstem responses were recorded from male
and female mice at 12-14 months of age in a soundproof
chamber (MAC-3 Acoustic Chamber, IAC Acoustic,
UK) as previously described (Ingham et al. 2011).
Briefly, stimuli were delivered to the ear by calibrated
loudspeakers (MF1-S, Multi Field Speaker, Tucker-Davis
Technologies, FL, USA) placed 10 cm from the animal’s
pinna. Sound pressure was calibrated with a low-noise
microphone probe system (ER10B+, Etymotic, IL, USA).
Experiments were performed using customized software
(Ingham et al. 2011) driving an RZ6 auditory processor
(Tucker-Davis Technologies). Response thresholds were
estimated from the resulting ABR waveform and defined
as the lowest sound level at which any recognisable feature
of the waveform was visible. Auditory brainstem response
thresholds were independently evaluated by at least three
members of the laboratory without prior knowledge of
the mouse strain or sex. Responses were measured for
clicks and pure tones of frequencies at 6, 12, 18, 24, 30, 36
and 42 kHz. Stimulus sound pressure levels were typically
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0-95 dB SPL, presented in steps of 5 dB SPL. The brain-
stem response signals were averaged over 256 repetitions.
Tone bursts were 5 ms in duration with a 1 ms on/off ramp
time, which was presented at a rate of 42.6/s.

Tissue preparation

Experiments were performed using acutely dissected
organs of Corti obtained from 1- to 17-month-old mice
of the strains C57BL/6N, C57BL/6], C57BL/6NTac 23+
and C3H/HeJ from both sexes. Organs of Corti were
dissected using an extracellular solution containing (in
mM): 135 NaCl, 5.8 KCl, 1.3 CaCl,, 0.9 MgCl,, 0.7
NaH,PO,, 5.6 D-glucose, 10 Hepes-NaOH. Sodium
pyruvate (2 mm), amino acids and vitamins were added
from concentrates (Thermo Fisher Scientific, UK). The
pH was adjusted to 7.48 (~308 mmol kg~'). The
dissection procedure of the ageing mouse cochlea has
been described previously (Jeng et al. 2020a). After
dissection the isolated organ of Corti was transferred
to a microscope chamber, immobilized with a nylon
mesh fixed to a stainless steel ring and viewed using
an upright microscope (Olympus BX51, Japan; Leica,
DMLEFS, Germany; Nikon FN-1, Japan). The microscope
chamber was continuously perfused with extracellular
solution by a peristaltic pump (Cole-Palmer, UK). Hair
cells were observed with Nomarski Differential Inter-
ference Contrast optics (x63 or x60 water immersion
objectives) and x 15 eyepieces.

Single-cell electrophysiology

For whole-cell basolateral K* current recordings from
adult THCs, experiments were performed as previously
described (Corns et al. 2018; Jeng et al. 2020c) from
apical coil IHCs positioned within the frequency range
of ~9-12 kHz (Miller et al. 2005). The patch pipette
intracellular solution contained (in mM): 131 KCl, 3
MgCl,, 1 EGTA-KOH, 5 Na,ATP, 5 Hepes-KOH, 10
Na-phosphocreatine (pH was adjusted with 1M KOH to
7.28; 294 mmol kg~'). Membrane currents and voltage
responses were recorded at room temperature (20-24°C)
with an Optopatch amplifier (Cairn Research Ltd, UK).
Data acquisition was controlled by pClamp software
using Digidata 1440A or 1550 boards (Molecular Devices,
CA, USA). Recordings were low-pass filtered at 2.5 kHz
(8-pole Bessel), sampled at 5 kHz and stored on a
computer for off-line analysis (Origin: OriginLab, MA,
USA). Membrane potentials in whole-cell recordings
were corrected for the residual series resistance R, after
compensation (usually 70-90%) and the liquid junction
potential of -4 mV measured between electrode and bath
solutions. The different extracellular solutions containing
acetylcholine chloride (ACh: A6625, Sigma-Aldrich, UK),
elevated K™ and a Ca*-free solution were applied by a

© 2020 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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gravity-fed multichannel pipette positioned close to the
patched hair cell.

Mechanoelectrical transducer currents were recorded
in young adult and aged IHCs using a fluid jet from
a pipette driven by a 25 mm diameter piezoelectric
disc (Corns et al. 2014, 2018). These recordings
were technically challenging and they have only been
performed in a few IHCs. The fluid jet pipette tip had a
diameter of 8-10 um and was positioned near the hair
bundles to elicit a maximal MET current. Mechanical
stimuli were applied as 50 Hz sinusoids.

Immunofluorescence microscopy

Dissected inner ears from the above mouse strains were
fixed with 4% paraformaldehyde in phosphate-buffered
saline (PBS, pH 7.4) for 20 min at room temperature.
The organs of Corti were dissected, rinsed three times for
10 min in PBS and incubated for 1 h at room temperature
in PBS supplemented with 5% normal goat or horse
serum and 0.5% Triton X-100. The samples were then
incubated overnight at 37°C with the primary antibody
in PBS supplemented with 1% of the specific serum.
Primary antibodies were: mouse anti-myosin 7a (1:1000,
Developmental Studies Hybridoma Bank, #138-1C),
rabbit anti-myosin 7a (1:200, Proteus Biosciences,
#25-6790), rabbit anti-SK2 (1:500, Sigma-Aldrich,
P0483), goat anti-choline acetyltransferase (ChAT, 1:500,
Millipore, AB144P) and mouse anti-ATP1A3 (Na*/K*
ATPase 3, 1:500, ThermoFisher, MA391). All primary
antibodies were labelled with species-appropriate Alexa
Fluor secondary antibodies for 1 h at 37°C, and then
washed three times (10 min) in PBS. Samples were then
rinsed a final time in PBS (10 min) and mounted in
VECTASHIELD (H-1000, Vector Laboratories). The
z-stack images were captured with either a Nikon
Al confocal microscope (Nikon CFI Plan Apo 60X
Oil objective) or a Zeiss LSM 880 with AiryScan for
super-resolution confocal microscopy from the Wolfson
Light Microscope Facility at the University of Sheffield.
Image stacks were processed with Fiji Image] analysis
software. The number of SK2 puncta was counted by two
members of the laboratory, without prior knowledge of
the mouse strain and age, using the z-stack images of
the immunolabelled proteins. Individual puncta were
assigned to two separate groups (pillar or modiolar)
defined by the centre of Myo7a immunolabelling near the
basal membrane.

Statistical analysis

Statistical comparisons of means were made by Student’s
two-tailed ¢ test or, for multiple comparisons, analysis
of variance (one-way or two-way ANOVA followed

J Physiol 599.1

by a suitable post hoc test) using GraphPad 8.3. For
some comparisons we have also used Chi-square and
Brown-Forsythe tests. For tone burst ABR stimulus data,
due to the presence of values outside the threshold limit
of our equipment (95 dB), we used the non-parametric
Kruskal-Wallis statistical test, followed by Dunn’s post hoc
test. P < 0.05 was selected as the criterion for statistical
significance. Only mean values with a similar variance
between groups were compared. Mean values are quoted
in text and figures as means =+ SD.

Results

The four different mouse strains were selected to allow
comparison of the pathophysiological differences
between those with early-onset (C57BL/6]J: 6],
C57BL/6NTac: 6N, Hequembourg & Liberman, 2001;
Kane et al. 2012), isogenic C57BL/6NTac mice with the
Cdh23°" allele mutation corrected with CRISPR/Cas9
(C57BL/6NTact¥?*+; 6N-Repaired, Mianné et al. 2016)
and late-onset hearing loss (C3H/He]: C3H, Trune et al.
1996).

ABR thresholds in 1-year-old mice

Age-related hearing loss has been shown to vary not only
among different inbred mouse strains, but also between
males and females. Late-onset hearing loss mice, such
as CBA mice, appear to exhibit sex-related differences
in hearing sensitivity only later in life (~2 years of age:
Guimaraes et al. 2004; Kobrina & Dent, 2019). However,
hearing threshold differences between males and females
have also been reported within the first year of life
in both CBA and C57BL/6] mice, being much more
pronounced in the latter strain (Henry, 2004). Therefore,
hearing in male and female C3H, 6N-Repaired, 6N and
6] mice, kept under the same environmental conditions,
was investigated by measuring ABRs, which measure
the activity of the afferent auditory pathway downstream
of the THCs. Strain-matched aged females (Fig. 1A,
12-13 months) and males (Fig. 1B, 12-13 months) showed
no significant difference in their ABR thresholds for
clicks (P = 0.3139, two-way ANOVA). When the data
from strain-matched females and males were combined
(Fig. 1C), we found that click ABR thresholds were
significantly elevated in both 6N and 6] mice compared
with either C3H (P = 0.0056 and P < 0.0001, respectively,
Tukey’s post hoc test, one-way ANOVA) or 6N-Repaired
mice (P=0.0158 and P < 0.0001, respectively). There was
no significant difference between the 6N-Repaired and
C3H mice (P = 0.9962). The variance of the pure-tone
ABR thresholds was significantly different among the
different mouse strains (Fig. 1D-G: P < 0.0001 for both
12 kHz and 18 kHz, Brown-Forsythe test). We analysed

© 2020 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.



J Physiol 599.1

the 12 kHz frequency data in more detail as this region
is within the range used for the in vitro experiments
(see below). We found no significant difference in ABR
thresholds at 12 kHz between males and females across the
four strains (P = 0.2654, two-way ANOVA). At 12 kHz,
the ABR thresholds for combined males and females
was significantly different among strains (P < 0.0001,
Kruskal-Wallis test), with the highest thresholds recorded
from 6N and 6] mice, lower thresholds from 6N-Repaired
and the lowest from C3H (for Dunn’s post hoc test see
Fig. 1 legend). This strain-specific difference in hearing
thresholds at 12 kHz was also seen in older male mice
(up to 18 months of age: Jeng et al. 2020b). We then
sought to identify age-related changes in the biophysical
and morphological characteristics of cochlear IHCs that
are associated with the onset of hearing loss.

The size, but not the number, of IHCs was reduced
with age

In vitro experiments were performed in the apical coil
of the cochlea, which corresponds to the 9-12 kHz
frequency range (Miiller et al. 2005; see also Ceriani et al.
2019), in male and female mice. This region was selected
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because it is most easily accessible for reliable, single-cell
electrophysiological recordings. Initially, we determined
the number of IHCs in the ageing cochlea using the hair
cell marker myosin 7a (Fig. 2A and B). We found that the
number of IHCs in C3H mice measured at the four ages (1,
6, 12 and 15 months) was significantly higher compared
with the other three strains (P < 0.0001 for all interactions,
two-way ANOVA, Tukey’s post hoc test, Fig. 2C). The
number of IHCs was not significantly different between
6N-Repaired mice and either of the early-onset hearing
loss mice (with 6N: P = 0.9447; with 6], P = 0.9645).
In addition, there was no difference between 6N and 6]
strains (P = 0.7453). Within each strain, the number of
IHCs decreased significantly between 1 and 15 months of
age only in the 6] mice (Fig. 2C). These results indicate
that the loss of IHCs in the 9-12 kHz cochlea region is
minimal or absent, at least up to 15 months of age in all
strains. However, C3H mice have about 20% more IHCs
than the other strains throughout life (Fig. 2C).

Although the number of IHCs remained relatively
constant with age, the cells appeared to become smaller
at older ages (Fig. 2A and B). We quantified the sizes
of THCs by measuring the total membrane capacitance
(Cyy) with the built-in circuitry of the Optopatch amplifier,
which provides an electrical estimate of the cell surface
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Figure 1. Auditory brainstem response thresholds in 12-13-month-old female and male mice

A and B, average auditory brainstem response (ABR) thresholds for clicks recorded from strain-matched aged
females (A, 12-13 months) and males (B, 12—13 months) of C3H, 6N-Repaired, 6N and 6J mice. C, comparison
of ABR thresholds for clicks when males and females in each strain were combined. A few mice included in this
figure were from Jeng et al. (2020a): C3H: 7 out of 27; 6N-Repaired: 5 out of 22; 6N: 6 out of 18; 6J: 6 out of
26. The number of mice tested for each sex/strain is shown above or below the average data points. The statistical
information shown in panel Cis from the Tukey’s post hoc test (one-way ANOVA) and refers to the first age point
indicated (longer vertical bar) compared with the progressively older ages. Values are listed in the main text. D-G,
ABR thresholds for frequency-specific pure-tone stimulation from 6 kHz to 42 kHz recorded from males and females
C3H (D), 6N-Repaired (E), 6N (F) and 6J (G) mice. Data are shown as ABR threshold recordings from individual mice.
For the Kruskal-Wallis test reported in the main text, which was aimed at comparing the ABR thresholds at 12 kHz
(combined males and females: D-G), the Dunn’s post hoc test values are: C3H vs. 6N-Repaired, P = 0.0304; C3H
vs. 6N, P=0.0012; C3H vs. 6J, P < 0.0001; 6N-Repaired vs. 6N, P > 0.9999; 6N-Repaired vs. 6J, P < 0.0001; 6N
vs. 6J, P = 0.0184. The number of mice tested are as in panel C.
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area. We found that, compared with 1 month, there
was already a significant reduction in C,, in IHCs at
6 months of age (Fig. 2D: C3H: P = 0.0074; 6N-Repaired
P < 0.0001; 6N: P = 0.0002; 6]: P = 0.0041, Tukey’s post
hoc test, one-way ANOVA). These results demonstrated
that the IHC surface area decreased by approximately 30%
from 1 to 6 months of age, independent of IHC loss.
The overall reduction in IHC surface area (30-40%) was
significantly different among the four strains (P = 0.0095,
Tukey’s post hoc test, two-way ANOVA), with C3H
being different from early-onset hearing mice (6N:

J Physiol 599.1

P < 0.0001; 6]: P = 0.0472) but not from 6N-Repaired
(P=10.2479). 6N-Repaired was significantly different from
6N (P = 0.0047), but not from 6] mice (P = 0.8651), while
6N was comparable to 6] (P = 0.0599).

IHCs retain a normal basolateral membrane profile
with age

We studied the biophysical profiles of the aged IHCs in
the 9-12 kHz cochlear region of mice from both sexes
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Figure 2. Inner hair cell number and size in the ageing mouse cochlea

A and B, maximum intensity projections of confocal z-stacks taken from the apical cochlear region (9-12 kHz) of
1-month (top panels) and 15-month-old (bottom panels) 6N-Repaired (A) and 6N (B) mice. Inner hair cells (IHCs)
were labelled with an anti-myosin 7a antibody (Myo7a: red). Scale bars: 10 um. C, number of IHCs present in a

140 um region from the apical coil of 1-,

6-, 12- and 15-month-old mice. IHC counts from individual cochleae

(open symbols) are plotted behind the average values. The number of cochleae investigated is shown above each
set of data points. The number of IHCs decreased significantly between 1 and 15 months of age only in the 6J
mice (C3H: P=0.9989; 6N-Repaired: P = 0.9884; 6N: P = 0.9424; 6J: P= 0.0016, Tukey's post hoc test, one-way
ANOVA). D, average membrane capacitance (Cy,: a measure of surface area) recorded from IHCs of all four mouse
strains. Single cell value recordings (open symbols) are shown behind the average values. Number of IHCs is shown
below each set of data points. Number of mice from left to right: C3H 14, 5, 11, 8; 6N-Repaired 5, 3, 10, 9; 6N 12,
7,15,5;6J 12,10, 12, 5. The statistical information shown in C and D is from the Tukey’s post hoc test (one-way
ANOVA) and refers to the first age point indicated (longer vertical bar) compared with the progressively older
ages. n.s. = not significant. * = in panel C: 6J, 1 vs. 15 months, P = 0.0008. * in panel D: C3H: 1 vs. 6 months
P=0.0074, 1 vs. 12 and 1 vs. 15-16 months P < 0.0001; 6N-Repaired: 1 vs. 6, 1 vs. 12 and 1 vs. 15-16 months
P < 0.0001; 6N: 1 vs. 6 months P = 0.0002, 1 vs. 12 and 1 vs. 15-17 months P < 0.0001, 6 vs. 12 months
P =0.0011, 6 vs. 15-17 months P = 0.0038; 6J: 1 vs. 6 months P = 0.0041, 1 vs. 12 months P < 0.0001, 6 vs.

16=17 months P = 0.0004.
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to look for further differences that might be associated
with their smaller size. Mature IHCs express several K*
channels that give rise to a large outward current (Kros
et al. 1998; Marcotti et al. 2004a). One component of
this KT current is carried by a delayed rectifier (Ixy),
which exhibits slow activation kinetics and seems to be
derived from the immature K™ current I e, (Marcotti
et al. 2004a). The genes encoding for the Kv1.8, Kv11.1 and
Kv12.1 have recently been identified to contribute to Ix
in IHCs (Dierich et al. 2020). However, the characteristic
signature of fully functional mature IHCs is the expression
of Kenmal (Riittiger et al. 2004) and Kcng4 (Kubisch
et al. 1999). While Kcnmal encodes a BK channel carrying
the rapidly activating large-conductance Ca’"-activated
K™ current Ix¢ (Kros et al. 1998; Marcotti et al. 2004a),
Kcng4 encodes a KCNQ4 channel carrying the negatively
activating K™ current I, (Marcotti et al. 2003; Oliver et al.
2003). Using a series of hyperpolarizing and depolarizing
voltage steps from the holding potential of either -64 mV
(Fig. 3A and B) or -84 mV (Fig. 3C), we found that
the total K current showed comparable time-course and
voltage-dependence in IHCs with age across all mouse
strains. Despite the smaller surface area of older IHCs
(Fig. 2D), the size of the isolated Ik, remained relatively
stable in all four mouse strains over the entire age range
investigated (Fig. 3D: C3H, P = 0.4256; 6N-Repaired,
P = 0.1020; 6N, P = 0.2887; 6], P = 0.0928, one-way
ANOVA over 1, 6, 12-13 and 15 months). On the other
hand, Ik f largely decreased in size with age in IHCs from
6N and 6] mice (P < 0.0001; P < 0.0001, respectively,
one-way ANOVA), less so in 6N-Repaired (P = 0.0011)
but remained unchanged in C3H mice (P = 0.1768)
(Fig. 3E). Despite the large reduction in Ix ¢ in most mouse
strains, the size of the total outward K current (Ix) was
much less affected by ageing (for statistical analysis see the
legend of Fig. 3F). This indicated that the delayed rectifier
Ix s is likely to be upregulated with ageing, a phenomenon
also seen in some transgenic mice that fail to express
the BK current in adult IHCs (e.g. Bardhan et al. 2019;
Jeng et al. 2020c). While BK channels (Ix) are selectively
located in the neck region of adult IHCs (Pyott et al. 2004;
Jeng et al. 2020c), KCNQ4 channels (Ix ,) are distributed
throughout the cell body (Oliver et al. 2003; Beisel et al.
2005), suggesting that the decrease in cell surface area pre-
ferentially towards their apical pole.

Voltage responses from ageing IHCs under current-
clamp (Fig. 4A-H) were investigated to assess possible
effects caused by the above changes in the size of the
K" currents. Depolarizing current injection from the
resting membrane potential, which to some extent mimics
depolarization from the transducer current, elicited fast
and graded voltage responses in IHCs from all age ranges
(Fig. 4A-D). The peak voltage responses to the different
current injections did not change significantly with age in
all strains (C3H, P=0.9179; 6N-Repaired, P > 0.9999; 6N,
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P =0.7857; 6], P > 0.9999, two-way ANOVA) (Fig. 4E).
The steady-state voltage responses changed significantly
with age in 6] mice (P = 0.0040, two-way ANOVA) but not
in the other three strains (C3H, P = 0.9157; 6N-Repaired,
P = 0.7106; 6N, P > 0.9999) (Fig. 4F). To investigate
the kinetics of the voltage responses, we fitted single
exponentials to their onset for 100 pA current injection.
The time constant of the fit became faster with age in
C3H (P = 0.0046, one-way ANOVA) but not in the other
strains (6N-Repaired, P = 0.7901 6N, P = 0.0904; 6],
P = 0.0615) (Fig. 4G). In addition, ITHCs from aged C3H
mice, which showed no change in Ix ¢ size (Fig. 3E) despite
the reduction in membrane surface (Fig. 2D), exhibited
faster voltage responses compared with those from all
the other strains (P = 0.0136, two-way ANOVA). With
age, IHCs maintained a stable in vitro resting membrane
potential (Vy,) at least up to 16-17 months of age in all
strains (C3H, P = 0.2186; 6N-Repaired, P = 0.1243; 6N,
P = 0.3277; 6], P = 0.8842, one-way ANOVA, Fig. 4H)
with no significant difference between mouse strains
(P = 0.1904, two-way ANOVA).

Mechanoelectrical transduction is reduced in aged
IHCs from mice harbouring the hypomorphic allele in
Cdh23 (Cdh232h')

In vivo, the basolateral membrane currents expressed
in IHCs modulate the receptor potentials generated
by the sound-induced opening of the MET channels.
However, MET current recordings have been limited to
the pre-hearing stages of development in mice because of
the technical difficulties of recording from adult hair cells.
In this study, we were able to perform MET recordings
from IHCs of ageing mice harbouring the Cdh23" allele
(mice on the 6N background) and the 6N-Repaired strain
from both sexes. Examples of MET current recordings
from 1-6-, 8-10- and 14-month-old IHCs from mice
carrying the Cdh23"" allele and a 9-month-old cell from
the 6N-Repaired strain are shown in Fig. 5A-D. For
the Cdh23"" THCs, we have combined the data at 1
and 5-6 months as they were not significantly different
(P = 0.4027, t test). We found that the maximum size
of the MET current decreased significantly with age in
IHCs carrying the Cdh23°" allele but not in those from
the 6N-Repaired mice (Fig. 5E, see legend for statistical
analysis). This reduction in MET current coincides with
the onset of hearing loss at around the 12 kHz region
in mice harbouring the Cdh23*" allele (Jeng et al.
2020b). Despite the different MET current size, the open
probability of MET channels at rest was unaffected in both
mouse strains (P = 0.8737, one-way ANOVA, Fig. 5F).
These recordings indicate that age-related changes in the
MET apparatus are likely to contribute to the onset and
progression of hearing loss, at least in mice harbouring the
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Figure 3. Potassium current recorded
from inner hair cells of ageing mice

A and B, example of K* currents recorded
from apical coil (9-12 kHz region) inner hair
cells (IHCs) of female 6N-Repaired (4) and
6N (B) mice at 1 month (left panels),

12 months (middle panels) and

16-17 months (right panels). Currents were
recorded using 10 mV depolarizing voltage
steps from -144 mV (holding potential

-64 mV) to the various test potentials shown
by some of the traces. Holding current was
plotted as zero current to facilitate the
comparison between recordings. Note the
presence of the deactivating / , and the
fast activating /i +. C, examples of K*
currents recorded from 12-month-old IHCs
from the different strains using 10 mV
depolarizing voltage steps from a holding
potential -84 mV (voltage steps from

-124 mV to more positive values). D, size of
the isolated /k ,, for the four mouse strains
and at different ages, which was measured
as the deactivating tail currents at -124 mV
(Marcotti et al. 2003) from the holding
potential of -84 mV. E, size of the isolated

I ¢ current measured at 1.5 ms from the
current onset and at a membrane potential
of -25 mV (Marcotti et al. 2003). F, size of
the total steady-state outward K* current
(x) measured at 0 mV from the holding
potential of -84 mV. Single cell value
recordings (open symbols) are plotted
behind the average value, and were
collected from both sexes. In panels D-F,
the number of IHCs investigated is shown
above the average data points. The
statistical information shown above the
data is from the Tukey’s post hoc test
(two-way ANOVA) and refers to the first
age point indicated (longer vertical bar)
compared with the progressively older ages.
Values are listed in the Supplementary
Statistical Summary.
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Figure 4. Ageing inner hair cells maintain near-normal voltage responses

A-D, example of voltage responses elicited by applying a series of 100 pA depolarizing current injections (up to
900 pA), from their respective membrane potentials, to 1 and either 16- or 17-month-old inner hair cells (IHCs) from
the four mouse strains. £ and £, relationship between the peak (E) and steady-state (F) voltage responses recorded
from IHCs during the application of different current injections, as indicated in panels A-D. For the steady-state
voltage responses obtained in 6J mice (F), which show significant differences with two-way ANOVA (see text), the
Tukey's post hoc test values are: 1 vs. 6 months, P < 0.0001; 1 vs. 12 months, P = 0.9212; 1 vs. 16-17 months,
P < 0.0001; 6 vs. 12 months, P < 0.0001; 6 vs. 16—17 months, P < 0.0001; 12 vs. 16-17 months, P = 0.7560.
At 100 pA current injection, which was used to analyse the kinetics of the voltage responses in panel G, the
peak Vi comparison within each strain using one-way ANOVA was: C3H, P = 0.7060; 6N-Repaired, P < 0.0001;
6N, P = 0.0131; 6J, P = 0.0044. G, average time constant (z) of voltage responses in IHCs elicited with 100 pA
current injection as a function of age in the different strains. For C3H, which show significant differences with
one-way ANOVA (see text), the Tukey's post hoc test values are: 1 vs. 6 months, P = 0.5884; 1 vs. 12-13 months,
P =0.0094; 1 vs. 16 months, P = 0.0314; 6 vs. 12-13 months, P = 0.6546; 6 vs. 16 months, P = 0.8054; 12-13
vs. 16 months, P = 0.9912. For strain comparisons, which were also different from two-way ANOVA (see text),
the Tukey’s post hoc test values are: C3H vs. 6N-Repaired, P = 0.0135; C3H vs. 6N, P < 0.0001; C3H vs. 6J,
P < 0.0001; 6N-Repaired vs. 6N, P = 0.2660; 6N-Repaired vs. 6J, P = 0.4601; 6N vs. 6J, P = 0.9663. H, Resting
membrane potential (V) as a function of age. Single cell value recordings (open symbols) are plotted and were
collected from both sexes. The number of IHCs investigated is shown above the average data points. Number of

IHCs are as listed in panels G and H.
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Cdh23%! allele (Johnson et al. 1997; Noben-Trauth et al.
2003).

The LOC efferent fibres reinnervate aged IHCs

We have recently shown that defects in mechanoelectrical
transduction in adult ITHCs leads to rewiring of the
cochlear efferent system (Corns et al. 2018), similar to that
observed in the ageing cochlea (Lauer et al. 2012; Zachary
& Fuchs 2015). Therefore, we investigated possible
differences in the progression of efferent rewiring of the
ageing cochlea between the four mouse strains. Inner
hair cells normally receive direct innervation from the
medial olivocochlear (MOC) cholinergic efferent fibres
only during the early stages of development (Liberman,
1980; Simmons et al. 1996). The role of the efferent input
is to modulate the frequency of Ca** action potentials
that occur transiently in pre-hearing IHCs (Glowatzki
& Fuchs 2000), the disruption of which leads to defects
in the maturation of IHC ribbon synapses (Johnson
et al. 2013) and the normal refinement of the tonotopic
maps in the maturing brainstem (Clause et al. 2014).

J.-Y. Jeng and others
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The efferent fibres release acetylcholine (ACh), which
opens nicotinic 9«10 ACh receptors (¢910nAChRs).
The subsequent Ca?" influx opens the small conductance
Ca’*-activated K" channels (SK2) that drive cell hyper-
polarization (Glowatzki & Fuchs 2000). Soon after the
onset of hearing, mouse IHCs rapidly lose their efferent
innervation (Lenoir et al. 1980; Simmons et al. 1996)
and downregulate their SK2 channels and nAChRs. Thus
they lose the ability to respond to ACh from about P16
(Glowatzki & Fuchs 2000; Katz et al. 2004; Marcotti
et al. 2004b). In the adult mammalian cochlea, the lateral
olivocochlear (LOC) efferent neurons form axo-dendritic
synapses with the SGNs that innervate IHCs (Maison et al.
2003). However, recent studies have shown that in the
~1-year-old cochlea of 6] mice the efferent system under-
goes major rewiring, with the re-appearance of direct
axo-somatic efferent synapses on aged IHCs (Lauer et al.
2012; Zachary & Fuchs 2015).

We initially used antibodies against the presynaptic
efferent terminals (ChAT) and SK2 channels to see
if the efferent rewiring of aged IHCs was only a
characteristic of mice harbouring the Cdh23" allele
(6] and 6N). As expected, we found that SK2 channels

A IHC - 6N (1 month) B |HC - BN (9 months) C  IHC-6N (14 months)
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Figure 5. Mechanoelectrical transducer current is reduced in inner hair cells from ageing mice

harbouring the Cdh232h! 3llele

A-D, saturating mechanoelectrical transducer (MET) currents recorded from the inner hair cells (IHCs) of 1-month
(A), 9-month (B) and 14-month-old (C) mice harbouring the Cdh232M allele (6N strain), and from a 9-month-old IHC
from a 6N-Repaired mouse (Cdh23™) (D). Recordings were done by applying sinusoidal force stimuli of 50 Hz to the
hair bundles from a holding potential of -84 mV. The saturating driver voltage (Vpies0) signal of £30 V to the fluid
jet is shown above the traces (positive half-cycles of the Vpie,o are excitatory). The extracellular Ca?* concentration
was 1.3 mm. The arrows indicate complete closure of the transducer currents elicited during inhibitory bundle
displacements (note that the difference in current between this level and the dashed lines represents the size of
the resting MET current). Dashed lines indicate the holding current, which is the current at the holding membrane
potential. £ and F, maximal size (E) and resting open probability (F) of the MET current recorded from IHCs at
different age ranges of 6N and 6N-Repaired mice. The number of IHCs tested is shown above the data points.
The statistical information shown above the data is from the Tukey's post hoc test (one-way ANOVA) and refers to
the first age point indicated (longer vertical bar) compared with the progressively older ages. Values are listed in

the Supplementary Statistical Summary.
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were absent or rarely observed in IHCs at 1 month of
age (Fig. 6A and B) despite being present and juxta-
posed to ChAT-immunoreactivity (efferent terminals) at
P11 (Fig. 6C). However, in aged IHCs we observed the
reappearance of juxtaposed SK2 and ChAT puncta not
only in 15-month-old 6] and 6N mice (Fig. 6D shows an
example from 6N) but also in 6N-Repaired mice (Fig. 6E).
Only a few IHCs from C3H mice showed SK2 puncta (see
below). We then quantified the percentage of ageing IHCs
expressing the SK2 channels in 140 ym from the 9-12 kHz
apical coil region (Fig. 6F and G). At 15 months of age, we
found that the large majority of SK2 puncta were detected
in the modiolar compared with the pillar side of IHCs
from both late-onset (6N-Repaired and C3H, P = 0.0004,
Tukey’s post hoc test, one-way ANOVA) and early-onset
hearing loss mice (6N/6]: P = 0.0002) (Fig. 6F). We
then investigated age-related changes in the percentage
of IHCs expressing SK2 channels in the four separate
mouse strains, and found that it increased significantly
between 1 and 15 months in 6N-Repaired, 6N and 6] mice

>

1 month

Figure 6. Efferent synapses returning
onto aged inner hair cells

A-E, maximum intensity projections of
confocal z-stacks taken from the apical
cochlear region of 6N (A and D) and
6N-Repaired (B and E) mice at 1 and

15 months and 6J mice (C) at postnatal day
11. Cochleae were labelled with antibodies
against SK2 channels (green) and the efferent
marker ChAT (red). Myosin 7a (Myo7a: grey)
was used as an inner hair cell (IHC) marker.
Scale bars: 10 um. In each panel (A-E), the
lower sets of three images are enlarged
versions of the above images (indicated by
the arrows only in panel A), showing the SK2
puncta juxtaposed to the ChAT-positive
efferent terminals (arrowheads). Scale bars for
the lower panels: 5 um. F, percentage of SK2
channels that are preferentially expressed in
the modiolar or pillar side of aged IHCs

(15 months) from the late-onset hearing loss
(C3H and 6N-Repaired) and early-onset
hearing loss mice (6N and 6J). The number of
mice are shown below the average modiolar
data. G, percentage of IHCs located in the
apical coil cochlear region (140 wm) showing
SK2 puncta at 1, 6 and 15 months in C3H,
6N, 6N-Repaired and 6J mice. Data are
plotted as mean values & SD and individual
counts are also shown (open symbols).

O

15 months

G

% IHCs with
SK2 puncta
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(P = 0.0003, P = 0.0131 and P < 0.0001, respectively,
Tukey’s post hoc test, two-way ANOVA, Fig. 6G). Although
the number of SK2 puncta in IHCs from aged C3H mice
was not significantly different between 1 and 15 months
(P = 0.8886), some IHCs seem to have a larger number
of SK2-puncta than those in younger mice, suggesting the
possibility that in these mice the efferent reinnervation
might be delayed compared with the other strains. The
efferent reinnervation of aged IHCs is therefore correlated
with the level of hearingloss in the 12 kHz region observed
in the different mouse strains at 14-18 months (Jeng et al.
2020b).

In order to test whether these axo-somatic (efferent-
IHC) synapses in aged IHCs were functional, we perfused
the cochlea with a solution containing 40 mm KCI (high
K*) concentration. High K* is expected to depolarize
the efferent synaptic terminals and trigger the release
of ACh-containing vesicles, which generates synaptic
currents in IHCs superimposed upon a sustained inward
current (Fig. 7A) induced by the superfusion of KCI on
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Numbers above the data represent the
number of mice (IHCs) used for each time
point.
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the THC (Glowatzki & Fuchs 2000; Zachary & Fuchs
2015; Corns et al. 2018). We found that the percentage
of 14-17-month-old IHCs from mice harbouring the
Cdh23°" allele showing efferent synaptic currents (6N
and 6J: 63.0%, 17 out of 27) was significantly larger
compared with age-matched 6N-Repaired and C3H mice
(30.8%, 8 out of 26, P = 0.0189, Chi-square test). The
size of the post-synaptic currents was not significantly
different among the mouse strains (P = 0.5525, one-way
ANOVA, Fig. 7B). To confirm that the IHCs showing the
inward synaptic currents (Fig. 7A) re-expressed functional
@9 10nAChRs and SK2 channels, we tested the effect of
applying ACh or 0-Ca*" during a depolarizing voltage
step to -24 mV from the holding of -84 mV (Marcotti
et al. 2004b). As expected, IHCs exhibiting the synaptic
currents showed an ACh-activated outward current

J.-Y. Jeng and others
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(Fig. 7C) and a current that was reduced by 0-Ca’"
(Fig. 7D). We also found aged IHCs that did not show
synaptic currents or ACh-activated currents (Fig. 7E
and F), but did have the current component blocked
by 0-Ca?" (Fig. 7G). The number of IHCs showing this
Ca”*"-sensitive current was not significantly different
between late-onset (6N-Repaired and C3H: 40.7%, 11
out of 27 THCs) and the early-onset hearing loss strains
(6N and 6]: 22.2%, 6 out of 27 IHCs) (P = 0.1429,
Chi-square test). Since BK channels are insensitive
to the removal of extracellular Ca’>* (Marcotti et al.
2004a), this result suggests that SK2 Ca**-activated K™
channels are expressed in IHCs prior to the establishment
of the efferent-IHC axo-somatic innervation. Indeed,
immunolabelling experiments indicated the pre-
sence of SK2 puncta that were not co-localized with
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Figure 7. The axo-somatic efferent synapses on aged inner hair cells are functional

A, inward post-synaptic currents in inner hair cells (IHCs) evoked with 40 mm extracellular KCI during long-lasting
recordings at -84 mV from 15-month-old C3H, 6N-Repaired, 6N and 6J mice. Numbers in brackets indicate IHCs
responding to 40 mm Kt over the total number of cells tested. B, average size of the inward current recorded from
IHCs showing responses to 40 mm KCl. Values reported are: 54.5 & 34.0 pA, 300 events from 3 IHCs (C3H); 51.6
+ 12.2 pA, 185 events from 4 IHCs (6N-Repaired); 64.9 & 27.9 pA, 563 events from 8 IHCs (6N); 48.3 &+ 17.3 pA,
499 events from 8 IHCs (6J). C and D, potassium currents recorded from the same IHC shown in panel A (6J), using
a depolarizing voltage step from -84 mV to -24 mV before (Control) and after (Wash) the extracellular application
of 500 uM ACh (C) or nominal 0-Ca%* (D). Note that ACh increased and 0-Ca2* decreased the K* current, which
indicated the presence of «9a10nAChRs and SK2-channels, respectively, in the post-synaptic IHCs (Marcotti et al.
2004b). E~G, same experiments shown in panels A, C and D, but in this IHC (14 months, C3H mouse), 40 mm K+
did not elicit inward post-synaptic currents (£). In the same IHC, while ACh did not elicit any current (F), 0-Ca®*
still decreased the K* current (G). H, maximum intensity projections of confocal z-stacks taken from apical IHCs
of the four mouse strains at 15 months, labelled with antibodies against SK2 channels (green) and ChAT (efferent
marker, red: Eff.). Myosin 7a (Myo7a: blue) was used as the IHC marker. Scale bars: 5 um. Note SK2 channels are

not juxtaposed to ChAT (arrowheads).
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ChAT labelling in aged IHCs (Fig. 7H). These data
highlight that the re-formed efferent-IHC synapses
in aged mice exhibiting early-onset hearing loss are
likely to be functional. Moreover, the post-synaptic SK2
channels appear prior to the establishment of the efferent
contacts, suggesting that IHCs may play a direct role in
re-establishing the LOC-IHC synapses.

The newly formed axo-somatic innervation between
the efferent fibres and IHCs are primarily formed on
the modiolar side of the cell (Fig. 6F), which is the
region that appears most susceptible to loss of afferent
synapses following noise exposure and possibly ageing
(Furman et al. 2013; Sergeyenko et al. 2013). This loss
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of afferent synapses could effectively leave space for
the rewiring of IHCs by the efferent fibres, possibly
by the LOC fibres as some of them are likely to
lack their normal physiological target. To test this,
we performed immunostaining experiments using the
anti-ATP1A3 antibody, which labels the MOC efferent
neurons (McLean et al. 2009) known to contact the
OHCs in the adult cochlea (Liberman 1980; Simmons
et al. 1996). Since the anti-ATP1A3 antibody has also
been shown to label SGNs, MOC fibres are those also
showing the efferent marker ChAT. Using this approach,
we confirmed that the efferent synapses onto the OHCs
were MOC fibres since they showed both ATP1A3 and

Figure 8. Lateral olivocochlear efferent terminals make axo-somatic contacts with aged inner hair cells
A-C, confocal z-stacks taken from the apical cochlea of 15-month-old C3H mice, labelled with antibodies against
ChAT (A: red), ATP1A3 (B: green) and Myo7a (blue, hair cell marker). Panel C shows the superimposed ChAT
and ATP1A3 labelling. D and E, magnified view of the outer hair cell (OHC) and inner hair cell (IHC) region from
panel C, but also showing the hair cell marker Myo7a (blue), highlighting that the efferent terminal on OHCs
are both ChAT- and ATP1A3-positive (D), while those contacting the IHCs are only ChAT-positive (E). See also
Supplementary Movie. F, confocal z-stacks taken from the apical cochlea of aged C3H mice, labelled with anti-ChAT
(red), anti-ATP1A3 (green) and anti-SK2 channel (blue) antibodies, showing that SK2 puncta are next to ChAT
labelling (no ATP1A3). G-/, confocal z-stacks taken from the apical cochlea of 15-month-old 6J mice, labelled with
antibodies against ChAT (red), ATP1A3 (green) and Myo7a (blue, hair cell marker). Panel / shows the superimposed
ChAT and ATP1A3 labelling. Note that puncta positive for ACh, but negative for the medial olivocochlear marker
ATP1A3, were present on an IHC (arrow in /). J, confocal z-stacks taken from the apical cochlea of 15-month-old
6J) mice labelled with anti-ChAT (red), anti-ATP1A3 (green) and anti-SK2 channel (blue) antibodies, showing that

SK2 puncta are next to ChAT labelling (no ATP1A3).
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ChAT labelling (arrowheads in Fig. 8D and I). However,
the efferent synapses on aged IHCs were not labelled by the
ATP1A3 antibody (arrows in Fig. 8E and I; Supplementary
Movie), suggesting they are not MOC terminals. We
also found that in aged IHCs, ChAT-positive terminals
(ATP1A3 negative) were found juxtaposed to the efferent
post-synaptic SK2 channel puncta (Fig. 8F and J),
further supporting the finding that the ATP1A3-negative
terminals (e.g. LOC terminals) are those most likely to be
the ones that contact the aged IHCs.

J Physiol 599.1

Discussion

We have investigated the biophysical and morphological
characteristics of ageing IHCs located in the apical coil of
the cochlea (9-12 kHz frequency range) from C57BL/6]
(6]), C57BL/6N (6N), C57BL/6NTac“/"?3* (6N-Repaired)
and C3H/He] (C3H) mouse strains. The ABR thresholds
in the 12 kHz region differed between the above
four strains, with the highest thresholds recorded from
6N and 6] mice, lower thresholds from 6N-Repaired
and the lowest from C3H (Fig. 9: for older ages see
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Figure 9. Schematic diagram of the biophysical and morphological changes in aged inner hair cells

A, auditory brainstem response (ABR) thresholds for frequency-specific pure-tone stimulation from 6 kHz to 42 kHz
recorded from C3H (black, late-onset hearing loss) and both 6N and 6J (magenta, early-onset hearing loss) mice at
1-3 months (young adult) and 14-18 months (aged). Data are shown as average median values (solid lines) from
Jeng et al. 2020b. Note the substantial increase in ABRs in 6J and 6N mice (arrow). B-D, schematic representation
of the basolateral membrane protein profile and innervation pattern of IHCs from young adult (B) and aged C3H
(O) and from 6J and 6N (D) mice. Dashed grey line in B indicates the separation of the IHC modiolar and pillar
aspects. With age, the number of BK channels (red, carrying g ¢) is largely reduced in early-onset hearing loss
mice (D) but not in C3H mice (B). KCNQ4 channels (purple: /k ) are unchanged in all strains. Channels carrying
Is (yellow) appear to increase only in early-onset hearing loss mice. The afferent (blue) and efferent (light purple)
fibres are present at both ages, but become highly reduced in number only in aged IHCs from 6J and 6N mice
(D). Direct axo-somatic efferent synapses, most likely of the lateral olivocochlea system (Fig. 8 and Supplementary
Movie), primarily target IHCs from early-onset hearing loss mice at least up to 15 month of age. The number of
ribbon synapses is largely unaffected in C3H mice, but substantial changes are present in 6J and 6N mice (see also:
Jeng et al. 2020b). Note that the size of IHCs is reduced from 6 months of age in all strains. The decrease in IHC
surface area with age is likely to occur primarily in the neck region since: (1) BK channels are specifically expressed
in the neck region and their number decreases with age (Fig. 3); and (2) ribbon synapses are lost only at later stages
(Jeng et al. 2020b). Because aged 6N-Repaired mice showed an intermediate phenotype in some of the biophysical
and morphological features compared with C3H and both 6N and 6J mice, it was difficult to represent them in
a diagram; they are highlighted in the Supplementary Table. E-G, schematic representation of the apical portion
of IHCs with the mechanoelectrical transducer (MET) apparatus being stimulated by the piezo-driven fluid jet ().
The MET current was reduced in size with age in IHCs from mice carrying the Cdh232" allele (F, 6N strain), but
not in 6N-Repaired mice (G, Cdh23+). Overall, C3H mice showed very little or no change associated with cochlear
ageing up to at least 1.5 years of age, while 6J and 6N mice exhibited a wide range of age-related changes in their
biophysical and morphological profiles. 6N-Repaired mice exhibited an intermediate hearing phenotype between
C3H and both 6J and 6N strains (for ribbon synapses see: Jeng et al. 2020b).
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Jeng et al. 2020b). Despite the elevated ABR thresholds
present in most of the aged mouse strains, we did not
observe any sign of IHC degeneration in this apical
cochlea region at least up to 17 months of age. However,
IHCs from all strains exhibited a progressive decrease
in their surface area from earlier than 6 months of age.
In most mouse strains, the smaller IHCs had a reduced
BK (Ixs) but an unaffected KCNQ4 (Ix,) current size.
These basolateral membrane changes did not alter the
resting membrane potentials of IHCs (V,,: about -70 mV),
since the contribution of the resting MET current is
minimal in vitro (Johnson et al. 2011) and I, is the
main current active at such negative V,,, (Marcotti et al.
2003; Oliver et al. 2003). The reduction in IHC surface
area and size of Ixs was most severe for 6N and 6],
less so for 6N-Repaired and minimal or absent in C3H
mice (Fig. 9, Supplementary Table), which correlates with
their degree of hearing loss in this cochlear region (Jeng
et al. 2020b). We also found that direct rewiring of aged
IHCs by LOC efferent neurons occurred in all strains
apart from C3H mice (at least at 15 months of age,
Fig. 9, Supplementary Table), but well after the onset
of reduction in IHC size (Fig. 6D; for 6] mice see also
Zachary & Fuchs, 2015). Finally, the MET current in IHCs
was progressively reduced between 1-6 and 14 months
of age in mice harbouring the Cdh23%" allele but not
in the 6N-Repaired strain up to at least 9 months.
This supports the hypothesis that hearing loss in these
mice is associated with a progressive deterioration of the
MET apparatus (Johnson et al. 1997; Noben-Trauth ef al.
2003).

Morphological and physiological changes in IHCs
with age

The surface area of IHCs located in the 9-12 kHz region
was reduced by 30-40% during ageing, depending on
mouse strain. Loss of cellular area or cell atrophy is a
common feature of ageing, for example, in the Purkinje
cells of the cerebellum (de Graaf et al. 2013) and neurons
in the medial nucleus of the trapezoid body in the gerbil
auditory brainstem (Gleich & Strutz, 2002). It is distinct
from the shrinkage generally associated with apoptosis
(e.g. Bortner & Cidlowski, 2003; Pini et al. 2016), since in
IHCs it does not lead to their loss at older ages (Fig. 2).
The absence of IHC loss in these four strains with ageing is
consistent with previous studies in CBA/CaJ (Sergeyenko
et al. 2013) and 6] mice (Stamataki et al. 2006). Reduction
in cell size has been explained in terms of an adaptive
response to a variety of physiological stimuli (Ginzberg
et al. 2015; Miettinen & Bjorklund, 2016). Larger cells
tend to have higher metabolic demands (Giordano et al.
1993; Ginzberg et al. 2015; Miettinen & Bjorklund,
2016). IHCs have high energy demands and numerous
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mitochondria (Pickles, 2004; Crawley & Keithley, 2011)
and the reduction in size during ageing could potentially
reduce their overall energy consumption and metabolic
stress, and thus help to maintain optimal function. The
loss of basolateral membrane is likely to affect primarily
the upper portion of the IHCs (‘neck’ region) since
only I r was significantly reduced in most strains, which
is carried by extrasynaptic BK channels (Pyott et al.
2004; Jeng et al. 2020c). Despite the changes in size and
expression of I 5, the in vitro resting membrane potentials
(Vi) and voltage responses in IHCs remained largely
unaffected with age. One of the unique characteristics of
C3H mice was that the number of IHCs in the 9-12 kHz
cochlear region was significantly larger (~20%) than the
other three strains throughout life, therefore increasing
their neural sampling. C3H mice appear to be ideal for
studies of late-onset ARHL because they maintain normal
hearing sensitivity at least until 18 months of age across all
sound frequencies (Jeng et al. 2020b) and their IHCs show
few age-related changes.

Efferent fibre rewiring

The efferent neurons help to maintain cochlear sensitivity
in noisy environments and to reduce noise-induced
cochlear damage (Fuchs & Lauer, 2019). In the adult
cochlea the lateral olivocochlear efferent neurons (LOC)
make direct contact with type I SGNs close to where
they innervate the IHCs, but with ageing they re-form
functional axo-somatic synapses (6] mice: Lauer et al.
2012; Zachary & Fuchs, 2015). We have demonstrated
that the efferent rewiring of aged IHCs occurs not only in
strains carrying the Cdh23°" allele (6] and 6N), but also
in 6N-Repaired mice. Interestingly, efferent axo-somatic
synapses were only occasionally observed in a few IHCs
from the ‘good-hearing’ C3H mice at 15 months of age.
Thus the degree of efferent rewiring appeared to be
scaled to the degree of hearing loss observed in these
mice (Fig. 9). The majority of these efferent synapses
were predominantly positioned on the modiolar side of
IHCs. Since the SGNs innervating the modiolar side of
the IHCs receive a larger number of cholinergic LOC
efferent synapses than the fibres contacting the pillar
side (Liberman et al. 1990), SGN loss induced by noise
exposure or ageing (Furman et al. 2013; Sergeyenko
et al. 2013) could trigger unconnected LOC terminals
to form axo-somatic connections with IHCs. Indeed, we
provide evidence that the LOC fibres are likely to be
those innervating the aged IHCs. However, our electro-
physiological and morphological experiments suggest
that, at least in some IHCs, it is the post-synaptic SK2
channels that appear prior to the establishment of the
efferent contact, raising the possibility that the THCs
actively attract the LOC fibres.
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Impairment of the efferent cochlear innervation causes
‘premature’ ageing (Liberman et al. 2014) and an increased
susceptibility to noise-induced damage (Maison et al.
2013). Although the role of the LOC system is less-well
understood compared with that of the MOC, it is
involved in inhibiting the activity of the SGN fibres
and reducing glutamate-induced excitotoxicity (Ruel
et al. 2001). Normally, IHCs are directly innervated
by the efferent system only during the early stages of
development (Glowatzki & Fuchs 2000), a time where
they influence the maturation of the IHCs (Johnson et al.
2013) and the tonotopic maps in the maturing brainstem
(Clause et al. 2014). It is possible that the reappearance
of efferent terminals onto aged IHCs could be a response
to physiological changes in the IHC’s ability to transduce
acoustic stimulation. Indeed, dysfunction in the MET
current has been shown to cause the re-establishment
of direct axo-somatic efferent contacts with adult IHCs
(Corns et al. 2018). As in development, the direct efferent
modulation of IHCs could influence the organization of
central synapses, thus adapting to progressive changes
in sound transduction. Understanding whether efferent
rewiring has a positive or negative effect on the ageing
cochlea is of fundamental biological importance. As we
begin to think about therapeutic strategies to combat
ARHL, should we be trying to prevent, or promote, the
efferent rewiring of IHCs?

Mechanisms leading to the progressive elevation of
ABR thresholds with age

Loss of OHCs with age is likely to play a key role in the
progression of hearing loss (e.g. Kusunoki et al. 2004;
Sergeyenko et al. 2013). However, this seems unlikely
in the 9-12 kHz cochlear region since we observed
a similar degree of OHC loss among mouse strains
exhibiting very different progressive hearing loss profiles
(Jeng et al. 2020a). Here, we have shown that in addition
to the decrease in THC surface area with age, the size of
the BK current Ixs decreased and the delayed rectifier
Ixs is likely to increase, with age in all strains apart
from C3H mice (Fig. 9, Supplementary Table). These
morphological and physiological changes seem to allow
aged IHCs to generate, at least in principle, reliable
receptor potentials during in vivo sound stimulation.
This functional compensation in ageing IHCs is also
manifested in the normal size and Ca*"-dependence of
exocytosis in IHCs from old mice (Jeng et al. 2020b),
despite the significant loss of ribbon synapses (Stamataki
et al. 2006; Jeng et al. 2020b). Although several of these
age-related changes in the THC basolateral membrane
characteristics are correlated with the level of hearing loss
in the different mouse strains (Fig. 9), they are unlikely to
be the only cause of the wide range of hearing sensitivity
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that we observed between strains (Fig. 1; see also Jeng et al.
2020b).

An additional contributing factor to the different
hearing phenotypes is likely to be the re-establishment
of axo-somatic connections with aged IHCs, which was
initially demonstrated in 6] mice (Lauer et al. 2012;
Zachary & Fuchs, 2015). These newly formed efferent
LOC-THC contacts were, like the age-related changes at
ribbon synapses (Jeng et al. 2020b), correlated with the
degree of hearing loss in the different mouse strains.
They are mainly associated with mice showing some
degree of hearing loss within the 12 kHz cochlear region
(6], 6N and 6N-Repaired) and they are minimal in
the good-hearing C3H mice (efferent: Fig. 9, see also
Supplementary Table; ribbon synapses see: Jeng et al.
2020b). We also found that the MET current in IHCs from
mice harbouring the Cdh23°" allele became smaller with
age, which was not evident in the isogenic 6N-Repaired
mice. Similar MET reduction was found in ageing OHCs
from mice harbouring the Cdh23"" allele (Jeng et al.
2020a), suggesting that age-related changes in the MET
apparatus might play an important role in the differential
progression of ARHL. This finding complements pre-
vious reports showing that the normal morphology of
the stereociliary bundle is progressively altered with age
(Bohne et al. 1990; Bullen et al. 2019) and that the Cdh23*"!
allele is responsible for the early-onset hearing loss in 6]
and 6N mice (Johnson et al. 1997; Noben-Trauth et al.
2003).

The results presented in this study, together with those
showing the progression of age-related changes in IHC
ribbon synapses (Jeng et al. 2020b) and in the OHCs and
their innervation pattern (Jeng et al. 2020a), indicate that
multiple processes with various time courses in the ageing
mouse cochlea accumulate over time and contribute to the
progression of ARHL.
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