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Effects of Ndufs4 Deletion on Hearing after Various Acoustic
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Mitochondrial dysfunction can cause cochlear dysfunction and accelerate noise-induced hearing loss
(NIHL). NADH dehydrogenase (ubiquinone) Fe-S protein 4 (Ndufs4) is one of the subunits of mitochondrial
complex | and has a role in the assembly and stabilization of complex I. However, the involvement of
Ndufs4 in the pathogenesis of NIHL has not been reported. The aim of this study was to evaluate whether
Ndufs4 deletion causes vulnerability to noise exposures. The wild-type (WT) and Ndufs4 knockout (KO)
mice with C57BL/6J genetic background were used. Cochlear histology and hearing thresholds were
assessed after noise exposure at 100 or 86 dB sound pressure level (SPL). Immunostaining showed the
widespread expression of Ndufs4 in the cochlea. After noise exposure at 100 dB SPL, auditory brainstem
response (ABR) threshold shifts at 4 kHz in Ndufs4 KO mice were significantly higher than that in WT mice.
After noise exposure at 86 dB SPL, ABR threshold shifts, wave 1 amplitudes, and the number of synapses
in the inner hair cells were not significantly different. RNA sequencing revealed the decreased expression
of energy generation-related genes in Ndufs4 KO mice. Ndufs4 deficiency accelerates permanent

low-frequency threshold shifts after moderate noise exposure.

Keywords: hair cell; mitochondrial dysfunction; Ndufs4; noise-induced hearing loss; synapse

Tohoku J. Exp. Med., 2023 July, 260 (3), 181-191.
doi: 10.1620/tjem.2023.J031

Introduction

Mitochondrial dysfunction induced by genetic abnor-
malities or oxidative damage causes cochlear tissue deterio-
ration, resulting in sensorineural hearing loss, such as age-
related hearing loss and noise-induced hearing loss (NIHL)
(Hott et al. 2003; Someya and Prolla 2010; Fujimoto and
Yamasoba 2014, 2019). NIHL, particularly hearing loss
resulting in a permanent threshold shift (PTS), is caused by
moderate to severe noise exposure that increases reactive

oxygen species production in cochlear lymph fluids and tis-
sues, including the hair cells and stria vascularis (Ohlemiller
et al. 1999; Yamashita et al. 2004). One of its suggested
pathophysiologies is mitochondria-mediated apoptosis in
outer hair cells (OHCs) (Tuerdi et al. 2017). However, the
complicated relationship between mitochondrial dysfunc-
tion and NIHL is still unclear.

Since Kujawa and Liberman (2009) reported that mild
noise exposure that causes temporal threshold shift (TTS)
could induce permanent loss of inner hair cells (IHCs) and
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spiral ganglion neuron (SGN) synapses (cochlear synaptop-
athy), this type of NIHL has been a growing concern as a
hidden hearing loss and hearing impairment without audio-
gram change (Schaette and McAlpine 2011; Liberman et al.
2015; Liberman 2017; Liberman and Kujawa 2017). IHC-
SGN synapses, not OHCs, are the most vulnerable to noise
exposure (Liberman 2017). Moreover, glutamate excito-
toxicity is known to be the primary pathophysiology of
cochlear synaptopathy (Ruel et al. 2007; Liberman and
Kujawa 2017). However, it is still unknown whether mito-
chondrial dysfunction contributes to the pathogenesis of
cochlear synaptopathy.

NADH dehydrogenase (ubiquinone) Fe-S protein 4
(Ndufs4) is one of the subunits of mitochondrial complex I
(NADH: ubiquinone oxidoreductase), the first enzyme of
the mitochondrial electron transport chain, and it has a role
in the assembly and stabilization of complex I (Sterky and
Larsson 2008; Ingraham et al. 2009; Shil et al. 2021).
Mutation of human NDUFS4 is associated with Leigh syn-
drome, an early-onset, progressive neurodegenerative disor-
der characterized by psychomotor regression, seizures, and
carly death due to respiratory failure (Ortigoza-Escobar et
al. 2016). Owing to encephalomyopathy, conventional
Ndufs4 knockout (KO) mice similarly show retarded
growth, weight loss, motor dysfunction, respiratory abnor-
malities, and premature death around 7 weeks of age (Kruse
et al. 2008; Quintana et al. 2010). Recent studies evaluat-
ing various neuron-specific Ndufs4 conditional KO mice
have shown that loss of Ndufs4 in neurons might be a criti-
cal factor in encephalopathy development (Chen et al.
2017; Bolea et al. 2019; Shil et al. 2021). Furthermore,
Ndufs4 deficiency decreased expression of synaptophysin, a
presynaptic protein, in the hippocampus (Shil et al. 2021).
A genome-wide association study in mice using auditory
brainstem response (ABR) wave 1 amplitude suggested that
Ndufs4 might be related to the susceptibility to noise-
induced cochlear synaptopathy (Lavinsky et al. 2018).
Although it can be inferred from these past reports that
Ndufs4 contributes to the pathophysiology of NTHL, includ-
ing both PTS and TTS, it has not yet been fully investi-
gated. In this study, we explored whether Ndufs4 deletion
causes vulnerability to noise exposures using conventional
Ndufs4 KO mice.

Materials and Methods

Animals and experimental protocol

Male and female wild-type (WT) and Ndufs4 KO mice
with C57BL/6J genetic background (B6.129S4-
Ndufs4™" '®/T) were used in this study (4 weeks of age,
weighing 8-15 g at study onset). Because our preliminary
experiments showed that Ndufs4 KO mice exhibit early-
onset progressive hearing loss as early as 6 weeks of age
and premature death around 7 weeks of age, we decided to
use mice aged 4 to 6 weeks for these experiments to avoid
the effect of progressive hearing loss. Heterozygous Ndufs4
KO mice were crossed, and their offspring were genotyped

through polymerase chain reaction (PCR) with the follow-
ing primers to obtain WT and homozygous Ndufs4 KO
mice: Ndufs4 common forward (5'-GAGC
TTGCCTAGGAGGAGGT-3"), Ndufs4 WT reverse
(5'-AGTCAGCAACATTTTGGCAGT-3'), and Ndufs4
mutant reverse (5-AGGGGACTGGACTAACAGCA-3").
The following cycling conditions were used: 94°C for 2
min, 10 cycles of 94°C for 20 s, 65°C for 15 s, and 68°C for
10 s, 28 cycles of 94°C for 15 s, 60°C for 15 s, and 72°C
for 10 s, followed by 72°C for 2 min and 4°C indefinitely.
PCR products were separated on a 2.0% agarose gel to
detect bands with the following expected sizes: 201 bp for
WT and 400 bp for Ndufs4 mutant alleles. Throughout the
experiment, the mice were housed in a 12 h light-dark cycle
at a constant temperature with food and water available ad
libitum. AIl mice were treated following the guidelines
presented in the Standards for Human Care and Use of
Laboratory Animals of Tohoku University, Guidelines for
Proper Conduct of Animal Experiments by the Ministry of
Education, Culture, Sports, Science, and Technology of
Japan, and the National Institute of Health Guide for the
Care and Use of Laboratory Animals. All the animal exper-
iments were approved by the Ethics Committee for Animal
Experiments of Tohoku University Graduate School of
Medicine (2019-249).

The mice were divided into three experimental groups
(Fig. 1A). In group 1, seven male WT mice and seven male
Ndufs4 KO mice were assigned and sampled on postnatal
(P) day 32 (P32). Three mice were used for surface prepa-
rations and paraffin sections in both WT and Ndufs4 KO
groups, and four mice were used for RNA sequencing. In
group 2, five female WT mice and five female Ndufs4 KO
mice were assigned and subjected to 100 dB acoustic expo-
sure on P34. Subsequently, ABR thresholds were measured
2 days before and 1 and 8 days after acoustic exposure.
After the sampling on P42, the left cochlea was used for
surface preparation, and the right was used for paraffin sec-
tions. In group 3, six male WT mice and six male Ndufs4
KO mice were assigned and subjected to 86 dB acoustic
exposure on P34. Afterward, the same process as described
above was performed.

Hearing function test

The ABR threshold was measured as described previ-
ously (Suzuki et al. 2020). The mice were anesthetized
using ketamine (100 mg/kg body weight) and xylazine (20
mg/kg body weight) through intraperitoneal administration.
Needle electrodes were placed subcutaneously at the vertex
(active electrode), base of the ear pinna (reference elec-
trode), and back (ground electrode). ABR recordings were
performed using a TDT System 3 auditory-evoked potential
workstation and BioSigRP software (Tucker-Davis
Technologies, Alachua, FL, USA). ABR responses were
evoked using bursts of pure tones at frequencies of 4, 8, 12,
16, and 32 kHz. Evoked responses were averaged across
1,000 sweeps. Responses were collected for stimulus levels
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Fig. 1. Experimental groups, body weights, and Ndufs4 expression in the cochlea.
Wild-type (WT) and Ndufs4 knockout (KO) mice were divided into three groups: seven male WT mice and seven male
Ndufs4 KO mice in group 1, five female WT mice and five female Ndufs4 KO mice in group 2, and six male WT mice
and six male Ndufs4 KO mice in group 3 (A). The body weights of male Ndufs4 KO mice were significantly lower than
those of male WT mice (B). The expression of Ndufs4 in the cochleac of WT mice was confirmed at the organ of Corti
(OC), spiral ganglion (SG), stria vascularis (SV), and spiral ligament (SLig) (C, E-H), but not in Ndufs4 KO mice (D).
Ndufs4 was distributed in the cytoplasm of the inner hair cells of WT mice (I), but not in Ndufs4 KO mice (J). Scale
bars represent 200 ym (C and D), 30 gm (E-H), and 10 um (I and J). Statistical significance was determined by two-

way repeated measures analysis of variance, followed by a Sidak multiple comparison test.

Error bars represent the standard deviation.

in 5 dB steps from 100 dB sound pressure level (SPL) to 10
dB SPL. The measurement of ABR and determination of
the threshold were performed by separate examiners. The
ABR threshold was defined as the lowest SPL at which a
recognizable waveform could be detected. If a mouse
showed no response, the stimulus threshold was defined as
105 dB SPL. The ABR wave 1 amplitude was determined
as the average of the voltage difference between the highest
positive and lowest negative values for the first wave at 80,
90, and 100 dB SPL.

*P < 0.05; **P < 0.01.

Noise exposure

Awake and unrestrained mice were placed in individ-
ual sections of a wire-mesh cage and were exposed to an
8-16 kHz octave-band noise at 86 or 100 dB SPL for 2 h as
previously described (Honkura et al. 2016). The sound was
generated by a waveform generator (SF-06, Random Noise
Generator; RION, Tokyo, Japan), amplified (D-75A,
Crown, Northridge, CA, USA), filtered (Multifunction
Filter, NF Corporation, Austin, TX, USA), and presented in
an open field by a dome tweeter (2446H, JBL, Northridge,
CA, USA) positioned at the center of the cage. The sound
level was measured using a sound level meter (2250L,
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Briiel & Kjer, London, UK)

Tissue preparation

Mice were deeply anesthetized with an intraperitoneal
injection of ketamine (100 mg/kg) and xylazine (20 mg/kg)
and transcardially perfused with 10% formalin neutral buf-
fer solution (pH 7.4) (Wako, Osaka, Japan). The inner ears
were quickly dissected from the skull and immediately
soaked in a 10% formalin neutral buffer solution. Small
holes were made at the round and oval windows and apex
of the cochleae. The cochleaec were perfused through the
cochlear scalae, post-fixed with 10% formalin neutral buffer
solution at 4°C overnight, and decalcified in 10% ethylene-
diaminetetraacetic acid for 2 days at room temperature.

Cochlear histology using coronal sections

To detect the difference of cochlear histological dam-
age, paraffin sections (3 um) were stained with hematoxylin
and eosin (H&E) and observed under a microscope (BZ-
9000, Keyence, Osaka, Japan) separately in the apical, mid-
dle, and basal turns. The cell density of SGNs and the
thickness of the SV within each turn were calculated. The
area and cell numbers were determined using BZ-H1C soft-
ware (Keyence). Cell density was calculated by dividing
the total number of cells by the area measured and
expressed as the number of cells per mm®.

Cochlear wholemount and hair cell counts

After fixation and demineralization as discussed
above, surface preparations of the left cochlea were pro-
cessed as previously described (Honkura et al. 2019). The
hair cells were stained for F-actin with rhodamine-conju-
gated phalloidin (1:100, Rhodamine Phalloidin, Thermo
Fisher Scientific, Waltham, MA, USA) for 1 h at room tem-
perature under light-protected conditions. Low-power fluo-
rescence images were obtained using a microscope (BZ-
9000, Keyence) and BZ-H1C software (Keyence), and the
full-length cochlea image was assembled and analyzed in
Adobe Photoshop CS6 (San Jose, CA, USA). An Image]
plug-in (https://meeeplfiles.partners.org/Measure_line.class)
was used to create a cochlear frequency map. Damaged
and undamaged IHCs and OHCs were counted in the seven
frequency-specific regions (4.0, 8.0, 11.3, 16.0, 22.6, 32.0,
and 45.2 kHz) of the cochlea.

Ndufs4 immunostaining of cochlear sections

The cochlea was prepared using a procedure similar to
that used for other histological analyses; however, glyoxal
(ALTIFiX, Falmam, Tokyo, Japan) was used as fixing solu-
tion. The decalcified cochleaec were embedded in paraffin,
and 3 um coronal sections were made. After deparaffiniza-
tion, antigen retrieval was conducted by autoclaving for 5
min at 120°C using an antigen-activating solution (1:10,
#415211, Nichirei, Tokyo, Japan). Immunohistochemistry
with anti-Ndufs4 antibody was performed using a
Histofine®™ mouse stain kit (#424021, Nichirei). Tissue sec-

tions were blocked using a blocking reagent A (#424021,
Nichirei) for 1 h at room temperature and incubated over-
night with a primary antibody (anti-Ndufs4, a mouse mono-
clonal IgG2a x, 1:50, #sc-100567, Santa Cruz
Biotechnology, Dallas, CA, USA) at 4°C. Endogenous per-
oxidase was removed using methanol and 30% H,O,, then
the sections were processed using reagent B (#424021,
Nichirei) for 10 min at room temperature and simple stain
mouse MAX-PO (M) (#424021, Nichirei) for 20 min at
room temperature. Subsequently, the sections were incu-
bated with peroxidase-conjugated streptavidin, and
3,3'-diaminobenzidine substrate was added. Hematoxylin
was used for counterstaining.

Immunostaining of cochlear wholemount

After fixation and demineralization as discussed
above, surface preparations of the cochlea were processed.
Glyoxal was used as fixing solution for Ndufs4 immunos-
taining. Immunohistochemistry of cochlear wholemount
was processed as previously described with modifications
(Suzuki et al. 2016). The samples were permeabilized by
freezing in 30% sucrose, blocked for 1 h at room tempera-
ture in phosphate-buffered saline with 0.03% Triton X and
3% bovine serum albumin, and washed with phosphate-
buffered saline. The tissue was then incubated overnight at
37°C with the following primary antibodies: (1) mouse iso-
type IgG1 anti-C-terminal binding protein 2 (CtBP2, 1:200,
#612044, BD Transduction Laboratories, Franklin Lakes,
NJ, USA), (2) mouse isotype IgG2 anti-glutamate receptor
2 (GluA2, 1:2000, #MAB397, Millipore, Burlington, MA,
USA), and (3) rabbit anti-myosin VIla (Myo7a, 1:200, #25-
6790, Proteus BioSciences, Ramona, CA, USA). After
rinsing, the tissue was incubated for 1 h at 37°C in the fol-
lowing secondary antibodies: (1) goat anti-mouse IgG1
Alexa Fluor 568 conjugate (1:1,000, #A-21124, Thermo
Fisher Scientific), (2) goat anti-mouse [gG2a Alexa Fluor
488 conjugate (1:1,000, #A-21131, Thermo Fisher
Scientific), and (3) chicken anti-rabbit Alexa Fluor 647
(1:200, #A-21443, Thermo Fisher Scientific). Mouse
monoclonal IgG2 anti-Ndufs4 (1:50, #sc-100567, Santa
Cruz Biotechnology) was used instead of anti-GluA2 to
evaluate the expression of Ndufs4 in hair cells. Low-power
fluorescence images were obtained using a microscope
(BZ-9000, Keyence) and BZ-H1C software (Keyence), and
the full-length cochlea image was assembled and analyzed.

Synapse count

A confocal microscope (TCS SP8, Leica
Microsystems, Wetzlar, Germany) fitted with a 63 x objec-
tive and 2.4 x digital zoom was used in the imaging of the
cochlear wholemounts at frequency locations of 11.3, 16,
22.6, 32, and 45.2 kHz with a z-step increment of 0.25 um.
Imaging of each frequency location was performed in two
adjacent regions for a total of approximately 20 IHCs per
frequency location. Maximum intensity projection images
were created using an image processing software (Leica
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Application Suite X, Leica Microsystems) to identify and
measure presynaptic ribbons and postsynaptic glutamate
receptor patches. The number of functional synapses
(CtBP2 signals merged with GluA2 signals) was counted
and expressed as functional synapses per total number of
IHCs in a maximum-intensity projection image. The num-
ber of IHCs in a maximum intensity projection image was
counted using the CtBP2 (to stain the nuclei) and myosin
Vlla antibodies (to stain the cytoplasm). The images were
merged using Adobe Photoshop CS6.

RNA extraction and RNA sequencing

The inner ears were quickly dissected from the skull
and stored at —80°C. RNA extraction from the cochleae
was performed using RNAiso Plus (Cat# 9180, Takara Bio,
Kusatsu, Japan) according to the manufacturer’s instruc-
tions. The total RNA of the mice was extracted using
RNAiso Blood (Cat# 9112, Takara Bio) according to the
manufacturer’s instructions. The RNA pellets were dis-
solved in 30 xL Milli-Q Water (Merck Millipore,
Burlington, MA, USA), and the RNA solutions of eight
samples (WT: n = 4 and Ndufs4 KO: n = 4) were checked
for integrity using an Agilent RNA 600 Nano Kit (Cat#
5067-1511, Agilent Technologies, Santa Clara, CA, USA)
on a Bioanalyzer (Agilent Technologies). The RNA
Integrity Number of all samples was > 7.2, which means
that the RNA of all samples could be subjected to library
preparations for total RNA sequencing. Subsequently, 500
ng of RNA was used from each sample to create libraries
using NEBNext Ultra II RNA Library Prep Kit for [llumina
and NEBNext rRNA Depletion Kit v2 (Cat# E7770S and
E7400L, New England Biolabs, Ipswich, MA, USA)
according to the manufacturer’s instructions. The final PCR
cycle was 14. The concentrations and size distributions of
the libraries were measured using an Agilent DNA 7500 kit
(Cat#5067-1506, Agilent Technologies) with a Bioanalyzer.
All samples were analyzed using next-generation sequenc-
ing (NGS) equipment. The libraries were pooled, and the
concentrations were adjusted to 1 nM. The pooled libraries
were subjected to denaturation and neutralization.
Subsequently, the libraries were diluted to 1.8 pM and
applied for an NGS run using NextSeq500/550 v2.5 (75
Cycles) kits (Cat#20024906, Illumina, San Diego, CA,
USA) in the NextSeq 500 System (Illumina). The sequenc-
ing was performed with paired-end reads of 36 bases. After
the sequencing run, FASTQ files were exported, and the
basic information of the NGS run data was checked on
CLC Genomics Workbench 20.0.3 software (QIAGEN,
Hilden, Germany). In the quality assessment of the reads, a
PHRED score > 20 was confirmed for 99.97% of all reads,
indicating the success of the run.

Bioinformatics analysis

Average reads per kilobase of exon per million mapped
reads of > 0.5 and P-values <0.01 were regarded as differ-
entially expressed genes (DEGs) and uploaded to

Metascape (https://metascape.org/gp/index.html#/main/
stepl), which is an open online analysis software that can
perform pathway and process enrichment analysis based on
numerous ontology sources (Zhou et al. 2019).

Statistical analysis

Statistical analyses were conducted using Prism 9
(GraphPad Software, San Diego, CA, USA) for two-way or
two-way repeated measures analysis of variance, followed
by a Sidak multiple comparison test. All data are presented
as means =+ standard deviation. Statistical significance was
set at P <0.05.

Results

Time course of body weights

WT and Ndufs4 KO mice were weighed on P30, P35,
and P42 to evaluate the effect of Ndufs4 deletion on body
weight during this experiment. The body weights of Ndufs4
KO mice were significantly lower than those of WT mice at
each time point during the experiment (Fig. 1B).

Ndufs4 localization and expression in adult mouse cochleae

Immunohistochemistry was performed using paraffin
sections and wholemount cochleae to confirm that Ndufs4
protein is localized in the mouse cochlea (Fig. 1C) and that
Ndufs4 KO mice lack Ndufs4 protein expression (Fig. 1D).
In WT mice on P32, cochlear coronal section images
showed broad expression of Ndufs4 throughout the cochlea:
the expression of Ndufs4 was confirmed in the organ of
Corti, spiral ganglia, stria vascularis (SV), and spiral liga-
ments in WT mice (Fig. 1C, E-H), but not in Ndufs4 KO
mice (Fig. 1D). IHCs and OHCs in the organ of Corti;
SGNs in the spiral ganglia; marginal, intermediate, and
basal cells in the SV; and fibrocytes in spiral ligaments
showed Ndufs4 expression in their cytoplasm (Fig. 1E-H).
No apparent signal differences in Ndufs4 expression were
observed among each cochlear turn. Moreover, it was also
confirmed that Ndufs4 was distributed in the cytoplasm of
IHCs of WT mice using cochlear wholemounts (Fig. 1I),
but not in Ndufs4 KO mice (Fig. 1J). These results showed
that Ndufs4 protein is broadly localized in the mouse
cochlea, and that Ndufs4 KO mice lack Ndufs4 protein
expression.

Ndufs4 deletion causes deterioration of low-tone hearing
after noise exposure

Cochlear function and histology were examined after
exposure to an 8-16 kHz octave-band noise at 100 dB SPL
for 2 h to evaluate the effects of Ndufs4 deletion on noise
exposure that causes moderate PTS (~50 dB SPL). The
baseline ABR thresholds were not different between WT
and Ndufs4 KO mice (Fig. 2A). Eight days after noise
exposure, the ABR thresholds of both WT and Ndufs4 KO
mice were significantly elevated at all frequencies except 4
kHz in WT mice (Fig. 2A). ABR threshold shifts at 4 kHz
of Ndufs4 KO mice were significantly higher than that of
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Fig. 2. Noise-induced hearing loss after moderate noise exposure.

Eight days after 100 dB noise exposure, the auditory brainstem response (ABR) thresholds of both wild-type (WT) and
Ndufs4 knockout (KO) mice were significantly elevated at all frequencies except 4 kHz in WT mice (A). ABR thresh-
old shifts at 4 kHz in Ndufs4 KO mice were significantly higher than in WT mice (B). No significant differences be-
tween WT and Ndufs4 KO mice after noise exposure in outer hair cell (OHC) and inner hair cell (IHC) survival, spiral
ganglion (SG) neuron survival, and stria vascularis (SV) thickness (C-F). Statistical significance was determined by
two-way analysis of variance, followed by a Sidak multiple comparison test. n.s., not significant. *P < 0.05; ***P <
0.001; ****P <(0.0001. Error bars represent the standard deviation.

WT mice (Fig. 2B). These results suggest that Ndufs4 dele-
tion causes deterioration of low-tone hearing after noise
exposure.

Subsequently, histological examinations were per-
formed using cochlear paraffin sections (Supplementary
Fig. S1A-D) and cochlear wholemounts (Supplementary
Fig. S1E-F). No apparent endolymphatic hydrops was
observed in apical turn of WT and Ndufs4 KO mice.
Quantitative analyses did not reveal any significant differ-
ences between WT and Ndufs4 KO mice after noise expo-
sure in OHC, THC, and SGN survival and SV thickness

(Fig. 2C-F).

Ndufs4 deletion does not accelerate synapse loss after noise
exposure

WT and Ndufs4 KO mice were exposed to an 8-16
kHz octave-band noise at 86 SPL for 2 h to investigate the
effects of Ndufs4 deletion on IHC synapse damage after
noise exposure. The baseline ABR thresholds were not dif-
ferent between WT and Ndufs4 KO mice (Fig. 3A). Eight
days after noise exposure, the ABR thresholds of both WT
and Ndufs4 KO mice were significantly elevated at 16 kHz
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Eight days after 86 dB noise exposure, the auditory brainstem response (ABR) thresholds of both wild-type (WT) and
Ndufs4 knockout (KO) mice were significantly elevated at 16 kHz (A), but ABR threshold shifts were not significantly
different between WT and Ndufs4 KO mice (B). Significant decreases in outer hair cell (OHC) survival after noise
exposure in WT and Ndufs4 KO mice at the 45.2 kHz region (C). No significant differences between WT and Ndufs4
KO mice in OHC and inner hair cell (IHC) survival (C-D). Statistical significance was determined by two-way analysis
of variance, followed by a Sidak multiple comparison test. *P < 0.05; ***P < 0.001; ****P < 0.0001. Error bars represent

the standard deviation.

(Fig. 3A); however, ABR threshold shifts were not signifi-
cantly different between WT and Ndufs4 KO mice (Fig.
3B). These results suggest that 86 dB noise exposure
causes mild PTS (~25 dB), and Ndufs4 deletion does not
cause hearing deterioration after noise exposure at this
noise level. Histological analyses showed a significant loss
of OHC:s at the 45.2 kHz region in both WT and Ndufs4 KO
mice (Fig. 3C). There were no significant differences
between WT and Ndufs4 KO mice after noise exposure in
OHC survival (Fig. 3C) and IHC survival (Fig. 3D), which
corresponds to the physiological results.

Subsequently, the number of IHC ribbons (CtBP2 sig-
nals) and functional synapses (CtBP2 signal with GluA2
signal) was counted using cochlear wholemount images
taken by confocal microscopy (Fig. 4A-D). Quantitative
analyses revealed that 86 dB noise exposure causes signifi-
cant loss of functional synapses at the 32 and 45.2 kHz
regions. However, there were still no significant differences
between WT and Ndufs4 KO mice (Fig. 4E). Correspondingly,
the ABR wave 1 amplitudes were also attenuated at the 8,
12, and 16 kHz regions in both groups 8 days after noise
exposure; however, there were no significant differences
between WT and Ndufs4 KO mice (Fig. 4F). These results
collectively suggest that Ndufs4 deletion has no apparent

effect on synaptic damage after noise exposure both histo-
logically and physiologically.

Screening for DEGs in the WT and Ndufs4 KO mouse
cochleae

The changes in gene expression between WT and
Ndufs4 KO mice at 4 weeks of age were examined using
RNA sequencing analysis to reveal the function of Ndufs4
in the mouse cochlea. The read number was approximately
27 to 35 million per sample as paired-end reads. A total of
17 genes were chosen as up-regulated DEGs and 30 genes
were chosen as down-regulated DEGs in the cochlea of
Ndufs4 KO mouse (Supplementary Tables S1 and S2).

Bioinformatics analysis of DEGs in the WT and Ndufs4 KO
mouse cochleae

The functional annotation and pathway enrichment
analysis of 17 up-regulated DEGs and 30 down-regulated
DEGs were carried out using Metascape (Supplementary
Fig. S2). In down-regulated DEGs, “generation of precur-
sor metabolites and energy” was the significant enriched
term in the category (Table 1). It can be inferred from these
results that the ability of mitochondria to generate precursor
metabolites and energy is impaired in the cochlea of Ndufs4
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Fig. 4. Evaluation of inner hair cell synapses and auditory brainstem response (ABR) wave 1 amplitudes after mild noise

exposure.

Maximum projection images of the inner hair cells (IHCs) of wild-type (WT) and Ndufs4 knockout (KO) mice without
noise exposure (A, B), and IHCs of WT and Ndufs4 KO mice on post-86-dB-noise-exposure day 8 (PNEDS) (C, D).
Although 86 dB noise exposure caused significant loss of synaptic ribbons and functional synapses at the 32 and 45.2
kHz regions, there were no significant differences between WT and Ndufs4 KO mice (E). The ABR wave 1 amplitudes
were also attenuated at the 8, 12, and 16 kHz regions in both groups on PNEDS, but there were no significant differences
between WT and Ndufs4 KO mice (F). Scale bars represent 10 um (A-D). Statistical significance was determined by
two-way analysis of variance, followed by a Sidik multiple comparison test. **P < 0.01; ***P < 0.001; ****P <

0.0001. Error bars represent the standard deviation.

KO mice compared with that in WT mice as previously
reported (Chen et al. 2017; Shil et al. 2021).

Discussion

This study investigated Ndufs4 expression in the
cochlea and explored whether Ndufs4 deficiency causes
vulnerability to various noise exposures. The findings of
this study showed that Ndufs4 is broadly expressed in
cochlea cells—IHCs, SGNs, and fibrocytes—and that
Ndufs4 deletion accelerates low-frequency PTS after severe
noise exposure. On the other hand, significant differences
were not observed in the number of [HC-SGN synapses
after mild noise exposure. These results suggest that
Ndufs4 deficiency partly causes vulnerability to severe
noise exposure causing PTS, but not to mild noise expo-

sure.

Ndufs4 is one of the subunits in mitochondrial com-
plex I and participates in the assembly and stability of com-
plex I (Ingraham et al. 2009). A previous study (Kayser et
al. 2016) revealed that Ndufs4 deletion reduces maximum
complex I-dependent oxidative phosphorylation in the syn-
aptosomal mitochondria of the mouse brain stem, cerebel-
lum, and olfactory bulb. Moreover, Ndufs4 is equally
expressed in neurons, astrocytes, and oligodendrocytes in
the hippocampus and cerebral cortex. A mitochondrial
complex [ respiration assay using isolated mitochondria
from punch-out hippocampus of Ndufs4 KO mice showed a
significant decrease in basal respiration and maximal respi-
ration in Ndufs4 KO compared with WT (Shil et al. 2021).
Considering that ubiquitous expression of Ndufs4 was
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Table 1. The details of each description belonging to “generation of precursor metabolites and energy.”

No. Category Term Description LogP Genes
1 G(?)rl?)lc(élsosgelscal GO:0006091  generation of precursor metabolites and energy  —3.36896  ATP6, Ndufs4, Nridl, Enolb
2 GO Biological GO:0044057 regulation of system process —3.27655 Csrp3, Myl2, Neufs4, Lmedl,
Processes Enolb
3 G(?)r]?)g;lsosgelscal GO:0006163 purine nucleotide metabolic process —3.23178  ATP6, Ndufs4, Oasla, Enolb
4 G(I), Biological 555046034 ATP metabolic process ~3.19546  ATPG6, Ndufs4, Enolb
rocesses
5 G?)E)L(;lsosilscal GO0:0072521  purine-containing compound metabolic process —3.08997  ATP6, Ndufs4, Oasla, Enolb

observed in the cochlea like in the hippocampus, mitochon-
drial complex I function is supposed to be similarly
impaired in the cochlea of Ndufs4 KO mice. The down-
regulation of energy generation-related genes was con-
firmed through RNA sequencing, and this result supports
our inference. However, measurements of the oxygen con-
sumption rate using mouse cochlea tissues are still not
established. Thus, future studies on this are warranted.
There was a significant elevation of low-tone hearing
thresholds after severe noise exposure (100 dB) in Ndufs4
KO mice. Although it is possible that a ceiling effect due to
maximal hair cell injury mediated by Ndufs4 deficiency
prevented further threshold shifts in the higher frequency
regions after noise exposure, we suspect this result reflects
damage to various cells in the apical cochlear regions.
Apparent differences were not observed between WT and
Ndufs4 KO mouse cochleac from the gross histological
analyses, including the apical areas. Threshold shifts can
be caused not only by hair cell loss but also by endolym-
phatic hydrops and stereocilia or strial damage (Hott et al.
2003; Kujawa and Liberman 2019). Therefore, low tone
PTS in Ndufs4 KO mice might be caused by cochlear
mechanical or metabolic damage. Mitochondria are sup-
posed to be involved in the metabolic damage and reactive
oxygen species generation induced by noise trauma
(Fujimoto and Yamasoba 2019), and noise exposure causes
morphological changes to mitochondrial cristae in the
OHC:s of guinea pigs (Spoendlin 1971). Moreover, disrup-
tion of calcium ion regulation mediated by the mitochon-
dria after noise exposure leads to mitochondria-mediated
apoptosis (Vicente-Torres and Schacht 2006). Severe noise
exposure can also cause vasoconstriction and ischemia of
the cochlea, decreasing oxygen supplementation and ATP
production accelerated by mitochondrial dysfunction (Quirk
and Seidman 1995; Fujimoto and Yamasoba 2019). Noise
vulnerability in Ndufs4 KO mice is supposed to be medi-
ated by these complex mechanisms of mitochondrial dam-
age; however, the effect is limited in low-tone hearing. The
difference in the mitochondrial distribution in different
cochlear frequency regions has not been thoroughly studied
yet. Given the fact that mitochondria are less prevalent and
more asymmetric in the apical areas of the gerbil cochlea

(Spicer and Schulte 1994), mitochondrial distribution and
Ndufs4 function may differ depending on the region and
influence the differences in noise sensitivity between
cochlear regions. Differential gene expression along the
cochlear frequency map of the mouse cochlea has been
reported for various genes, such as receptors of
y-aminobutyric acid (Sato et al. 2009). Future studies eval-
uating mitochondrial characteristics, distribution, and the
relationship with molecules that are differentially expressed
at different cochlear frequency regions are needed.
Glutamate excitotoxicity is an instigating factor of
cochlear synaptopathy (Liberman and Kujawa 2017).
Excitotoxic noise can alter the ribbon size of auditory hair
cells and cause hearing impairments (Liberman et al. 2015).
In neuronal cells, glutamate excitotoxicity mechanisms are
tightly related to mitochondrial function, and the key driver
of the mechanism is an excessive increase in intracellular
Ca®" concentration (Plotegher et al. 2021). Similarly, the
noise-dependent elevation of Ca*" concentration is observed
in cochlear sensory hair cells (Fridberger et al. 1998; Wang
et al. 2018), and rapid Ca®" entry into the mitochondrial
matrix via the mitochondrial calcium uniporter occurs in
turn (Chen et al. 2012). Recently, Wang et al. (2018)
reported that cellular calcium influx during noise exposure
leads to mitochondrial calcium overload via the mitochon-
drial calcium transporters including mitochondrial calcium
uniporter, and mitochondrial calcium overload subsequently
causes loss of not only hair cells but also synapses in mice.
Moreover, Wong et al. (2019) showed that presynaptic Ca*"
influx and mitochondrial Ca** uptake couple in hair cells
impacts synaptic ribbon formation and function in zebraf-
ish. Although apparent differences in synapse numbers
were not observed after noise exposure between WT and
Ndufs4 KO mice, this result does not deny the possibility
that another mitochondrial dysfunction accelerates noise-
induced cochlear synaptopathy. Nevertheless, the precise
mitochondrial role in hair cell synapses remains unclear.
Therefore, it will be interesting to expand the research using
noise-induced cochlear synaptopathy models to the other
mitochondrial dysfunction mouse models in the future.
This study has some limitations. First, although
acoustic exposure is usually performed on adolescent or
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adult mice at about 7-14 weeks of age, acoustic exposure
was performed at 4 weeks because Ndufs4 KO mice gener-
ally exhibit progressive hearing loss after 6 weeks of age
and die around 7 weeks of age. Since noise exposure was
performed during the developmental stage of hearing in this
study, the effects of Ndufs4 deficiency in adults are still
unknown and may differ from the present results. In addi-
tion, the observation period after noise exposure was 8 days
owing to the reason mentioned above; thus, the results of
the final ABR measurement might have included TTS fac-
tors. Future studies using conditional KO mice of Ndufs4
will be necessary to resolve this limitation. Second, the
sample size was relatively small in this study owing to the
rather low birth and survival rates of Ndufs4 KO mice.
However, we observed significant differences in various
parameters; therefore, we think that the sample size was
acceptable from the perspective of animal welfare. Third,
because of the high possibility of death during the course of
the experiments, we used the same sex mice (males or
females) in each experiment to allow comparisons to be
made even if some mice die. Although we must admit that
sex differences may have influenced the experimental
results, we do not expect these differences to be pronounced
because our experiments were conducted at a stage not
characterized by advanced sexual maturity. Fourth, we
evaluated endolymphatic hydrops formation using cochlear
samples with perilymph perfusion. Although apparent dif-
ferences were not found between WT and Ndufs4 KO mice,
we must admit the possibility that the position of Reissner’s
membrane was affected by perilymph perfusion. Fifth, we
used whole inner ear tissues for RNA sequencing. This
method allows the evaluation of major changes in gene
expression in tissues but not detailed changes in gene
expression at the cellular level. In addition, we used
P-values to obtain DEGs because DEGs selected based on
false discovery rate were limited in this study. This means
the accuracy of the RNA sequencing results is not high, and
a single-cell RNA sequencing study is needed for a detailed
evaluation in the future. Finally, although the down-regula-
tion of energy generation-related genes in Ndufs4 KO
mouse cochlea was confirmed, mitochondrial functions
such as the oxygen consumption rate could not be evaluated
in this experiment because cochlear tissue is not as homo-
geneous and easily collected as brain or liver tissues.
Complex I function is reduced by approximately half in the
other tissues of Ndufs4 KO mice; similar changes are
expected in the cochlea. The establishment of a measure-
ment method for cochlear mitochondrial function in vivo is
a future challenge.

In conclusion, Ndufs4, a vital component of mitochon-
drial complex I, is broadly expressed in the cochlea.
Moreover, Ndufs4 deficiency accelerates threshold shifts of
low frequency after severe noise exposure. However, this
study did not evaluate the effect of Ndufs4 deletion on age-
related hearing loss, another representative sensory neural
hearing loss like NIHL. Therefore, the relationship between

Ndufs4 and sensorineural hearing loss is still unclear and
requires further detailed studies.
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