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Alpha9alphal0 knockout mice show altered physiological
and behavioral responses to signals in masking noise
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ABSTRACT:

Medial olivocochlear (MOC) efferents modulate outer hair cell motility through specialized nicotinic acetylcholine
receptors to support encoding of signals in noise. Transgenic mice lacking the alpha9 subunits of these receptors
(2x9KOs) have normal hearing in quiet and noise, but lack classic cochlear suppression effects and show abnormal
temporal, spectral, and spatial processing. Mice deficient for both the alpha9 and alphalO receptor subunits
(29210KOs) may exhibit more severe MOC-related phenotypes. Like «9KOs, 29x10KOs have normal auditory
brainstem response (ABR) thresholds and weak MOC reflexes. Here, we further characterized auditory function in
09010KO mice. Wild-type (WT) and o9210KO mice had similar ABR thresholds and acoustic startle response
amplitudes in quiet and noise, and similar frequency and intensity difference sensitivity. z9210KO mice had larger
ABR Wave I amplitudes than WTs in quiet and noise. Other ABR metrics of hearing-in-noise function yielded con-
flicting findings regarding «90.10KO susceptibility to masking effects. «9¢10KO mice also had larger startle ampli-
tudes in tone backgrounds than WTs. Overall, «9210KO mice had grossly normal auditory function in quiet and
noise, although their larger ABR amplitudes and hyperreactive startles suggest some auditory processing abnormali-
ties. These findings contribute to the growing literature showing mixed effects of MOC dysfunction on hearing.
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I. INTRODUCTION

The medial olivocochlear (MOC) efferent system mod-
ulates afferent encoding of incoming sounds primarily via
cholinergic inhibition of the outer hair cells (Fuchs and
Lauer, 2019). MOC neurons reduce outer hair cell motility
through specialized nicotinic acetylcholine receptors
(nAChRs) comprised of alpha9 and alphalO subunits
(Elgoyhen et al., 1994; Elgoyhen et al., 2001), thus serving
as a gain control for the cochlear amplifier. Previous work
using lesions or stimulations of the olivocochlear bundle
have indicated a role in encoding of signals in noise and pro-
tection from acoustic injury (Boero et al., 2018; Elgoyhen,
2020; Guinan, 2006; Kawase and Liberman, 1993;
Liberman and Guinan, 1998; Lopez-Poveda, 2018; Maison
et al., 2013). However, demonstrating clear and consistent
behavioral effects of olivocochlear manipulations has been
less straightforward (Lauer et al., 2022).

Much of what is known about MOC function has been
derived from studies in alpha9 knockout (¢9KO) transgenic
mice (Vetter et al., 1999). These mice were generated to have
a null mutation in the alpha9 subunit of nAChRs that results in
the loss of the classic inhibitory effects on cochlear activity as
measured via suppression of compound action potentials and
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otoacoustic emissions by electrical stimulation. Binding of ace-
tylcholine to the outer hair cell nAChRs causes calcium-
mediated potassium influx, which hyperpolarizes the cell
(Fuchs, 2014). «9KO mice show structural changes to MOC
innervation patterns, including fewer but larger MOC terminals
per outer hair cell and disrupted patterns of tunneling fibers
(Boero et al., 2018; Lauer and May, 2011; Morley et al., 2017,
Vetter et al., 1999), suggesting that functional alpha9 nAChR
subunits are necessary for normal development and function of
the MOC system.

The hearing abilities of ®9KOs have been probed using a
variety of physiological and behavioral methods in order to bet-
ter understand the role of the MOC system in hearing. «9KO
mice have normal hearing sensitivity for tones in quiet as mea-
sured by auditory brainstem responses (ABRs) (Lauer, 2017;
Lauer and May, 2011; May et al., 2002; Mortley et al., 2017,
Vetter et al., 1999), distortion product otoacoustic emissions
(Lauer and May, 2011; Morley et al., 2017), and behavior (May
et al., 2002; Prosen et al., 2000). Surprisingly, «9KOs also show
normal tone detection, intensity discrimination, and prepulse
inhibition (PPI) in noise (Allen and Luebke, 2017; May et al.,
2002). However, «9KOs show weak MOC reflexes (Chambers
et al., 2012; Vetter et al., 1999; but see Morley et al., 2017),
abnormal temporal processing (Lauer and May, 2011), reduced
PPI in quiet (Allen and Luebke, 2017), and impaired frequency
resolution and spatial hearing (Clause et al., 2017). Overall,
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o9KO mouse studies seem to refute the hypothesis that the
MOC system plays a role in hearing-in-noise or suggest that
other compensatory mechanisms take over when MOC activity
is disrupted. The deficits observed in other suprathreshold proc-
essing abilities are likely related to abnormal development of the
central auditory system (Clause et al., 2014).

Another transgenic model that is deficient for both the
alpha9 and alphalO subunits of nAChRs was generated by
Morley et al. (2017). The alpha9alphalO double KO model
(90.10KO) was developed to investigate whether the dele-
tion of both subunits would produce a more severe MOC
lesion phenotype than the «9KO. Morley et al. (2017) found
that «9010KOs have comparable ABR thresholds and distor-
tion product otoacoustic emission amplitudes to both wild-
typed (WTs) and «9KOs. However, 29010KOs have weaker
MOC reflexes than WTs, «9KOs, and 10K Os. Further char-
acterization of hearing abilities in the «9x10KO mouse
model could provide additional evidence toward hypothe-
sized roles of the MOC system. In the present study, we
aimed to characterize auditory function more comprehen-
sively in adult «9210KO mice by using both physiological
and reflex-based behavioral methods to probe hearing-in-
noise and suprathreshold processing abilities in untrained
animals. Specifically, we measured: 1) ABR thresholds,
amplitudes, and latencies to sounds in quiet and in noise; 2)
acoustic startle responses (ASRs) to sounds in quiet and in
noise; and 3) frequency and intensity difference (ID) sensi-
tivity using PPI of the ASR. Data will be discussed in the
context of prior studies in other MOC mutant mice that used
similar physiological and behavioral assays.

Il. METHODS
A. Subjects

Experiments were conducted in 3-month-old mice of
two genotypes: C57BL/6J (WT controls; n=7, 3 female)
and alpha9alphal0 double KOs (29210KO; n =9, 4 female).
Mice were obtained from the Morley laboratory at Boys
Town National Research Hospital. WT controls were from
the same colony as the «9¢10KO mice and obtained by mat-
ing heterozygote females with heterozygote or WT males or
WT females with heterozygote males. Littermate controls
were not possible due to the breeding strategy employed.
Background strain, generation, and validation of the trans-
genic line were previously described (Morley et al., 2017).
Briefly, the alpha9 and alphal0 KO mice were backcrossed
to >99% congenicity on the C57BL/6J background using
MAXBAX (Charles River, Troy, NY). The alpha9 and
alphal0 KO mice were crossed to construct the double KO.
The double KO genotype was uncrossed by breeding with
WT C57BL/6]J mice obtained from Jackson Labs (Bar
Harbor, ME). KOs were uncrossed and re-crossed yearly.
This results in a background in the double KO mouse
with greater similarity than would be found with a simple
cross-of the alpha9 and alphalO genotypes. Since the WT
and «9x10KO mice were both on a C57BL/6J background,
all animals possessed the mutant version of Cdh23.
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Prior to testing, animals were group housed in high-
traffic mouse vivaria until 2 months of age, transported to
Johns Hopkins University, and acclimated to the new hous-
ing facility for 4 weeks. Mice were exposed to unknown lev-
els of noise during transport, but this was a common factor
for all animals tested in this study. At the time of testing,
animals were group-housed in a low noise vivarium; sound
levels were previously described (Wu et al., 2020). The
housing room was maintained on a 12:12 h light:dark cycle
(7:00 to 19:00). Up to five mice were housed per one filter
top shoebox cage (30 x 19 x 13 cm®) with corncob bedding
and nestlets. Exclusion criteria included abnormal hearing
thresholds in quiet or signs of outer or middle ear infections;
however, no animals were excluded from any of these
experiments. Mice weighed between 20 and 30 g at the time
of testing, with no significant difference across genotypes.
All procedures were approved by the Johns Hopkins
University Animal Care and Use Committee and follow the
National Institutes of Health ARRIVE Guidelines.

B. Procedures
1. ABRs in quiet and in masking noise

ABR testing procedures were similar to those previ-
ously described in this laboratory (e.g., Capshaw et al.,
2022; Vicencio-Jimenez et al., 2021). Briefly, ABR testing
was conducted in a sound-treated booth (Industrial
Acoustics Company, Bronx, NY; 59 x 74 x 60 cm3) lined
with acoustic foam (Pinta Acoustic, Minneapolis, MN).
Mice were anesthetized with an intraperitoneal injection of
100 mg/kg ketamine and 20 mg/kg xylazine and placed on a
heating pad to maintain a temperature of 37 °C. Subdermal
needle electrodes (Disposable Horizon, 13mm needle,
Rochester Med, Coral Springs, FL) were placed on the ver-
tex (active), ipsilateral mastoid (reference), and hind limb
(ground) in a standard ABR recording montage. One ear
was tested per subject (random and counterbalanced selec-
tion). ABR signals were acquired with a Medusa4Z pream-
plifier (12kHz sampling rate) and filtered from
300-3000 Hz with an additional band-reject filter at 60 Hz.
Post hoc filters from 300-3000 Hz with steeper cutoff slopes
were also applied for additional smoothing.

ABRs in quiet were recorded to clicks (100 us) and tone
bursts (4, 8, 12, 16, 24, 32kHz; 5ms duration, 0.5 ms rise/
fall) at a rate of 21/s for a total of 512 presentations with
alternating stimulus polarities. Stimuli were created in
SigGen software (Tucker-Davis Technologies [TDT],
Alachua, FL) and generated by a RZ6 multi-I/O processor
(TDT). Stimuli were played from a free field speaker (MF1,
TDT) located 10cm from the animal’s ear canal at 0° azi-
muth. Stimuli were calibrated with a 0.25in. free-field
microphone (PCB Piezotronics, Depew, NY, model
378C01) placed at the location of the animal’s ear canal.
Stimulus level ranged from 90 to 10 dB SPL in 10 dB steps.

Masked ABRs were recorded to clicks and tone bursts
(4, 8, 12, 16 kHz) in the presence of a 50 dB SPL broadband
noise (4—20kHz; 8 dB SPL spectrum level). Masking noise
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was generated by an Elgenco 602 A gaussian noise genera-
tor and presented from a separate free field speaker (MFI,
TDT) located adjacent to the stimulus speaker and within
the minimum audible angle of mice (Behrens and Klump,
2016; Heffner et al., 2001; Lauer et al., 2011). The sound
level was calibrated with a Larson Davis sound level meter
(model 824) with Z-weighting prior to each recording ses-
sion. The testing order of ABRs in quiet and in noise was
randomized across animals.

ABR traces were analyzed offline by two researchers,
one of whom was blinded to the subject and stimulus condi-
tion. Inter-rater reliability was >0.85 for ABR thresholds,
amplitudes, and latencies. ABR threshold was defined as the
average between the lowest sound level to evoke a response
and the first level with no response (any wave). Peak-to-
trough amplitudes and peak latencies were derived for ABR
Waves [, II III, and IV using manual peak-picking methods
and a semi-automated ABR wave analysis software previ-
ously described (Burke et al., 2023). Due to variability in
central wave morphologies, amplitude and latency analyses
were focused on Wave I only. ABR threshold differences
between noise and quiet (dB masking) and ratios between
ABR Wave I amplitudes in quiet and in noise were calcu-
lated to probe the effects of masking noise.

2. ASR and PPI general procedures

ASR and PPI testing procedures were similar to those
previously described (e.g., Clause et al., 2017; Kim et al.,
2022). Briefly, mice were brought into the testing room to
acclimate 30 min prior to testing. Animals were tested one
at a time, and the order of tasks (ASR in quiet, ASR in
noise, PPI frequency, PPI intensity) was pseudorandomized.
All startle experiments were conducted by the same experi-
menter during the daytime light cycle of the animals’ hous-
ing, between 8:00 and 18:00.

Testing was conducted in a sound-treated booth
(Industrial Acoustics Company; 37 x 53 x 33cm?) lined
with acoustic foam (Pinta Acoustic, Minneapolis, MN).
Stimuli and masking noise were delivered from two adjacent
speakers (RadioShack Super Tweeter) located on one end of
the sound booth. Stimuli were generated by an RP2.1 real
time processor (TDT), a PAS programmable sound attenua-
tor (TDT), and an amplifier (Crown D75A). Speakers were
located 15 cm from the animal’s head, and intensity was cal-
ibrated using a Larson Davis Sound Level Meter (model
824) with z-weighting.

During testing, mice were placed into an acoustically
transparent mouse restraint device (7.2 x 3.3 x2.8 cm’)
atop a piezoelectric accelerometer in the center of the
sound-treated booth. Movements of the animal were
recorded as voltage. For all tests, a random intertrial waiting
period of 5-15s was used to prevent subjects from predict-
ing the onset of a trial, followed by a 5s quiet period with a
noise criterion of <0.4V to ensure the animal was still prior
to the onset of the stimulus. The subject’s startle response
was recorded over 120 ms following the onset of the startle
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eliciting stimulus. ASR amplitude was defined as the maxi-
mum peak-to-peak voltage during the 120 ms recording win-
dow. Testing was conducted over two sessions per animal
on separate days, with each session lasting 35-45 min each,
in order to avoid habituation of the startle response. Animals
were returned to their home cage after testing. Data were
screened offline to ensure that all trials counted as startles
had appropriate latency and amplitude values.

3. ASR in quiet and in masking noise

ASRs were measured in response to noise bursts
(20ms) in quiet and in the presence of continuous 60 dB
SPL broadband noise (4-20kHz). Pulses were pseudoran-
domly presented at levels of 70, 80, 90, 100, and 105 dB
SPL for a minimum of 10 times per level.

4. ASR frequency and ID sensitivity

ASR tasks probing frequency and ID sensitivity were
conducted in the presence of a 65 dB SPL 10 kHz tone back-
ground. Startle eliciting stimuli for both tasks were 20 ms
broadband noise burst presented at 105 dB SPL. The startle
noise bursts were presented immediately after a prepulse
cue of altered tone frequency or tone intensity, which had a
duration of 80ms. For the frequency difference (FD) task,
the background tone frequency changed from 10kHz to one
of eight off frequencies (7, 8, 9, 9.5, 10.5, 11, 12, 13kHz) in
a pseudorandom order. For the ID task, the background tone
level changed from 70dB SPL to one of five other intensi-
ties (72, 74, 76, 78, 80) in a pseudorandom order. Prepulse
cue conditions were pseudorandomly presented for a mini-
mum of 10 times per cue, including no change trials. Since
d'-like estimates of sensitivity do not exceed 1.0 in PPI tests,
we did not calculate frequency or ID limens or thresholds
for this experiment (Kim ez al., 2022; Lauer et al., 2017).

C. Statistical analyses

To determine whether «9010KO mice had different
hearing sensitivity in quiet or noise conditions, we used lin-
ear mixed-effects models (Imer in the lme4 R package,
RRID: SCR_015654) to assess the effects of genotype, sex,
and stimulus frequency or level on dependent variables,
such as ABR thresholds, ABR Wave I amplitudes and
amplitude ratios, ASR magnitude, and PPI. Genotype, sex,
stimulus frequency, and stimulus level were treated as cate-
gorical factors. Although sex was included in the models,
group sizes were small, so sex differences have been deem-
phasized in this manuscript and should be interpreted with
caution. We controlled for individual dependencies in our
data by including a random intercept for mouse identity.
Model selection was done using the step-up method for lin-
ear mixed effects modeling and the goodness of fit for our
model was measured using the Akaike information criterion.
We present the results for the ANOVA based on each
model, as well as post hoc tests controlling for multiple
comparisons using the mvt adjustment (emmeans R pack-
age, RRID: SCR_018734). Tukey’s post hoc analyses were
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performed to assess significance (emmeans R package,
RRID: SCR_018734).

lll. RESULTS
A. ABRs in quiet and in noise

ABRs were measured to clicks and tone bursts in quiet
and in 50dB SPL masking noise. Mean waveforms are
shown for each genotype in response to a 90 dB SPL click in
quiet and in noise [Fig. 1(A), top and bottom panels]. Wave
morphology was generally as expected for a9o¢10KO mice,
with all waves present in quiet and in noise but a less robust
waveform in noise. 29%10KO mouse ABR waveforms
appeared more variable across individual animals than for
the WT mice, especially in quiet and for later wave compo-
nents. For both genotypes, the addition of masking noise
caused an elevation of ABR thresholds [Fig. 1(B)] and
reduction of ABR amplitudes [Fig. 1(C)], but had minimal
effects on Wave I latency [Fig. 1(D)].
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Overall, ABR thresholds in quiet and in noise were not
different between WT and «9210KO mice, except for higher
and more variable thresholds at 32kHz in the WTs [Fig.
1(B)]. Linear mixed-effects models comparing ABR thresh-
olds in quiet across genotype, stimulus (click or tone burst
frequency), and sex revealed significant main effects of
stimulus and sex, with significant interactions between sex/
stimulus and genotype/stimulus (Table I). Post hoc analyses
revealed a significant threshold difference at 32kHz across
genotypes (p =0.0033). Linear mixed-effects models com-
paring ABR thresholds in noise across genotype, stimulus,
and sex revealed significant main effects of genotype and
stimulus, with a significant three-way interaction between
genotype, sex, and stimulus (Table I). Post hoc analyses
revealed a significant difference between male WT and
09010KO ABR thresholds in noise at 4 and 8kHz
(p=0.0095 and 0.0038, respectively).

To evaluate the effects of masking noise on ¢9x10KO
ABR thresholds, we calculated the amount of masking
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FIG. 1. (Color online) ABRs in quiet and noise for a9210KO and WT mice. (A) Mean (%1 standard deviation). ABR waveforms in response to a 90 dB SPL
click in quiet (top) and noise (bottom) for «9x10KO (trace in foreground) and WT mice (trace in background). ABR thresholds as a function of stimulus fre-
quency (B), Wave I amplitudes to suprathreshold clicks (C), and Wave I latencies to suprathreshold clicks (D) in quiet (open symbols) and noise (filled sym-
bols) for «9a210KO (squares) and WT mice (circles). Error bars depict 1 standard deviation from the mean. *indicates a statistically significant difference

across genotypes (p-value <0.05).
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TABLE I. Results from linear mixed effects model statistics on all measures.

2

Test Variables F Df p n
Genotype 0.6849 1,16.172 0.419940 0.0020
Stimulus 47.3743 6, 88.297 <22x107'% 0.8216
Sex 5.9380 1,16.172 0.026 733" 0.0172
ABR threshold - quiet Genotype:Stimulus 2.4807 6, 88.297 0.028 972 0.0430
Genotype:Sex 3.4664 1,16.172 0.080903 0.0100
Stimulus:Sex 3.9620 6, 88.297 0.001 482 0.0687
Genotype:Stimulus:Sex 2.1636 6, 88.297 0.053990 0.0375
Genotype 11.9893 1,77 0.0008767° 0.1005
Stimulus 21.6681 4,77 5272 x 1071 0.7267
Sex 0.0037 1,77 0.9514567 0.0000
ABR threshold - noise Genotype:Stimulus 1.4976 4,77 0.2112035 0.0502
Genotype:Sex 0.5793 1,77 0.448919 1 0.004 8
Stimulus:Sex 09115 4,77 0.461 607 0.0306
Genotype:Stimulus:Sex 2.5995 4,77 0.042 5355 0.0872
Genotype 9.7382 1, 16.704 0.006 326" 0.064 45
Stimulus 28.0181 4,59.718 4.067 x 107 0.74165
dB masking Sex 0.6149 1, 16.704 0.443 922 0.004 06
ABR threshold (dB SPL) Genotype:Stimulus 1.3051 4,59.718 0.278 445 0.034 54
Noise — quiet Genotype:Sex 0.8515 1,16.704 0.369279 0.005 64
Stimulus:Sex 1.5878 4,59.718 0.189294 0.04203
Genotype:Stimulus:Sex 4.0641 4,59.718 0.005 570% 0.107 60
Genotype 9.3518 1,16 0.007 510 8° 0.06130
dB 48.2807 2,32 2171 x 107 0.63296
Sex 2.4999 1,16 0.1334173 0.01638
Click Wave 1 amplitude Genotype:dB 4.7463 2,32 0.015662 4 0.06222
Quiet Genotype:Sex 7.8429 1,16 0.0128275* 0.05141
dB:Sex 1.2114 2,32 03110651 0.01588
Genotype:dB:Sex 12.1910 2,32 0.0001159° 0.15982
Genotype 0.8449 1,16 0.371 64 0.001 05
dB 393.575 2,32 <22x107'% 0.97722
Sex 1.9181 1,16 0.18508 0.00237
Click Wave 1 latency Genotype:dB 2.3564 2,32 0.11100 0.005 84
Quiet Genotype:Sex 3.0129 1,16 0.101 82 0.003 74
dB:Sex 0.3927 2,32 0.678 44 0.00097
Genotype:dB:Sex 3.5340 2,32 0.041 04° 0.008 77
Genotype 7.8229 1,16 0.012922 6 0.009 37
dB 397.233 2,32 <22 x 10716 0.95184
Sex 0.5956 1,16 0.4515156 0.00071
Click Wave 1 amplitude Genotype:dB 4.2058 2,32 0.023 894 2° 0.01007
Noise Genotype:Sex 3.6257 1,16 0.0750356 0.004 34
dB:Sex 0.4160 2,32 0.6632059 0.00099
Genotype:dB:Sex 9.4520 2,32 0.000 594 8° 0.022 64
Genotype 2.1698 1,16 0.160 147 0.007 12
dB 137.031 2,32 <22x107'% 0.900 17
Sex 0.0334 1,16 0.857358 0.000 11
Click Wave 1 latency Genotype:dB 4.5833 2,32 0.01777% 0.030 10
Noise Genotype:Sex 14.1853 1,16 0.001 689" 0.046 59
dB:Sex 2.3049 2,32 0.116098 0.01514
Genotype:dB:Sex 0.1138 2,32 0.892 800 0.00074
Wave 1 N/Q ratio Genotype 0.6732 1,16 0.424 0.001 96
Click dB 171.861 2,32 <22x107'% 0.998 04
Wave 1 N/Q ratio — 4 kHz NS from intercept
J. Acoust. Soc. Am. 155 (5), May 2024 Mondul etal. 3187
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TABLE 1. (Continued)

2

Test Variables F Df P n
Genotype 10.4473 1,15 0.005 583 0* 0.203 49
dB 10.1291 2,30 0.0004352° 0.394 58
Sex 5.7751 1,15 0.029 641 8° 0.11248
Wave 1 N/Q ratio — 8 kHz Genotype:dB 4.1557 2,30 0.0255204" 0.161 88
Genotype:Sex 0.5069 1,15 0.4874117 0.009 87
dB:Sex 0.0474 2,30 0.9538227 0.001 84
Genotype:dB:Sex 2.9734 2,30 0.0663626 0.11583
Wave 1 N/Q ratio — 12 kHz NS from intercept
Genotype 0.5333 1,12 0.47925 0.008 07
dB 28.1579 2,24 5.069 x 107 0.85206
Wave 1 N/Q ratio — 16 kHz Sex 1.278 1,12 0.28036 0.01933
Genotype:dB 3.9831 2,24 0.032 08" 0.12052
ASR - quiet dB 59.693 4,784 <2.2 x 10716 1
ASR - noise dB 74.099 4,784 <22x107'% 1
Genotype 5.1783 1, 16.01 0.036 96" 0.10328
ASR FD raw Frequency 4.2441 8, 1336.02 4793 x 1075 0.67723
Sex 3.3860 1, 16.01 0.08437 0.067 53
Genotype:Frequency 0.9521 8, 1336.02 0.47221 0.15193
Genotype 0.4816 1,16 0.4976 0.007 5
ASR FD PPI Frequency 6.1751 8,128 9.905 x 1077 0.7689
Sex 0.0035 1,16 0.9539 0.000 1
Genotype:Frequency 1.7948 8,128 0.0838 0.2235
Genotype 6.8083 1, 16.04 0.01895* 0.21448
ASR ID raw dB 3.0099 5,1231.06 0.010 46* 0.474 10
Sex 5.2541 1,16.04 0.03575% 0.16552
Genotype:dB 0.9261 5,1231.06 0.46299 0.145 88
ASR ID PPI dB 3.1389 5, 80 0.01225% 1

“Boldface numbers indicate statistically significant p-values (<0.05).

threshold shift for each subject and stimulus (dB
Masking = ABR Thresholdy,;s,—ABR Thresholdg,;.,). Since
the addition of masking noise elevates ABR thresholds, dB
masking values across genotypes and stimuli were greater
than 0dB SPL. 09¢10KO mice exhibited less masking (i.e.,
smaller dB masking values) than WTs (Table II). Linear
mixed-effects models comparing dB masking values across
genotype, stimulus, and sex revealed significant main effects
of genotype and stimulus, with a significant three-way inter-
action of genotype, stimulus, and sex (Table I). Post hoc
analyses indicated significant genotype differences in dB
masking values for males at 4kHz (p=0.0038) and 8 kHz
(p=0.0050) and for females at 16kHz (p=0.0187).
Overall, these results suggest that «9¢10KO mouse ABRs
were less susceptible to masking noise than WTs.

ABR Wave I amplitudes and latencies to 90, 80, and
70dB SPL clicks were quantified for both genotypes.
29010KO mice tended to have larger Wave I amplitudes in
both quiet and in noise compared to WTs [Fig. 1(C)] and
minimal differences in Wave I latency [Fig. 1(D)]. For
clicks in quiet, linear mixed-effects, models comparing
ABR Wave I amplitudes across genotype, sex, and click
level revealed significant main effects of genotype and click
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TABLE II. Descriptive statistics of ABR masking (dB SPL) by genotype,
sex, and stimulus.

Genotype Sex n Stimulus Mean SD
WT F 3 4 20 0
WT F 3 8 30 0
WT F 3 12 41.66667 2.886751
WT F 3 16 45 7.071 068
WT F 3 Click 16.66667 5.773 503
WT M 4 4 22.5 9.574271
WT M 4 8 40 0
WT M 4 12 42.5 5
WT M 4 16 38.75 6.291529
WT M 4 Click 25 5.773 503
290 10KO F 4 4 20 14.142 14
09210KO F 4 8 28.75 6.291529
09210KO F 4 12 37.5 5
290.10KO F 4 16 25 7.071 068
290.10KO F 4 Click 22.5 8.660254
290 10KO M 5 4 6 18.1659
290 10KO M 5 8 24 8.944272
09010KO M 5 12 35.2 6.906519
09010KO M 5 16 45 7.071 068
29010KO M 5 Click 22 4.472 136
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level, and significant interactions between genotype/sex,
genotype/click level, and genotype/sex/click level (Table I).
Post hoc analyses revealed a significant difference in quiet
Wave I amplitudes between male WTs and male a9x10KOs
for 70, 80, and 90dB SPL clicks (p=10.0018, 0.0008, and
0.0006, respectively). Linear mixed-effects models compar-
ing ABR Wave I latencies across genotype, sex, and click
level revealed a significant main effect of click level and a
significant three-way interaction. Post hoc analyses identi-
fied a significant difference in Wave I latency between
female WTs and female ¢9210KOs for 90dB SPL clicks
only (p = 0.0475).

For clicks in noise, linear mixed-effects models com-
paring ABR Wave I amplitudes across genotype, sex, and
click level revealed significant main effects of genotype and
click level, and significant interactions between genotype/
click level and genotype/sex/click level (Table I). Post hoc
analyses revealed a significant difference in masked Wave I
amplitudes between male WTs and male «9210KOs for 80
and 90dB SPL clicks only (p =0.0063 and 0.0006, respec-
tively). Linear mixed-effects models comparing ABR Wave
I latencies across genotype, sex, and click level revealed a
significant main effect of click level, and significant interac-
tions between genotype/sex and genotype/click level. Post
hoc analyses of ABR Wave I latencies identified a signifi-
cant genotype difference for males (p=0.0024) and a sig-
nificant genotype difference for 70dB SPL clicks
(p=0.0440). Overall, the ABR Wave I data for clicks in
quiet and in noise suggest that «9«10KO mice had more
robust responses compared to WTs.

To further evaluate the effects of masking noise on supra-
threshold ¢9010KO ABRs, we derived a ratio comparing
Wave I amplitude in quiet and in noise for a given stimulus,
level, and subject (Wave I Amplitude Ratio = Amplitudey,;s./
Amplitudep,;.,;). The addition of masking noise is expected to
reduce Wave I amplitudes, so amplitude ratio values should be
less than 1. Wave I amplitude ratios were similar for WT and
290 10KO mice across most stimulus conditions (Fig. 2). Since
our masking noise had a constant intensity, the masking noise
generally had a greater effect on Wave I amplitudes to lower
intensity stimuli [e.g., for the click, Fig. 2(A)].

Linear mixed-effects models were used to compare
Wave I amplitude ratios for each stimulus across genotype,
stimulus level, and sex. For Wave I amplitude ratios to
clicks, this analysis revealed a significant main effect of
click level and no significant interactions (Table I). Post hoc
analyses indicated significant differences in Wave I ampli-
tude ratios for 70, 80, and 90 dB SPL clicks (p < 0.0001 for
all). For 8kHz tone bursts, there were significant main
effects of genotype, sex, and stimulus level, and a significant
interaction between genotype/stimulus level. Interestingly,
post hoc analyses revealed a significant genotype difference
at 70dB SPL [p=0.0008; Fig. 2(C)]. For 16kHz tone
bursts, there was a significant main effect of stimulus level
and a significant interaction between genotype/stimulus
level. Post hoc analyses revealed no significant genotype
differences at any stimulus level, although there was a trend
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FIG. 2. (Color online) ABR Wave I amplitude ratios (Amplitudey,;s./
Amplitudep,;.,) to suprathreshold clicks (A) and tone bursts (B: 4kHz; C:
8kHz; D: 12kHz; E: 16kHz) for a9o10KO (squares) and WT mice
(circles). *indicates a statistically significant difference across genotypes
(p-value <0.05).

toward a significant genotype difference at 70dB SPL
(p=0.0857). LMEs for 4 and 12kHz tone burst Wave I
amplitude ratios revealed no significant main effects or
interactions. Overall, the Wave I amplitude ratio data sug-
gested that suprathreshold #9010KO ABRs were more sus-
ceptible to masking noise at 8 kHz than WTs.

B. ASRs in quiet and in noise

ASRs were measured to noise bursts of varying inten-
sity in quiet and in 60dB SPL masking noise. Figure 3
shows mean ASR amplitudes for each genotype as a func-
tion of pulse level in quiet (A) and noise (B). Individual data
(thin lines) are shown to illustrate the extensive variability
in ASR amplitudes across individual animals of both geno-
types, as is common for mice. For clarity, only the mean and
standard deviation are shown for subsequent figures. As
expected, ASR amplitude increased with pulse level across
masking conditions and genotypes. ASR amplitudes were
similar for WT and «92¢10KO mice in both quiet and in
noise. For both genotypes, the addition of masking noise
increased ASR amplitudes for high-intensity pulses,
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FIG. 3. (Color online) ASR ampli-
tudes (V) as a function of pulse level

ns (dB SPL) in quiet (open; A) and in
noise (filled; B) for a9x10KO
(squares) and WT mice (circles).
Thin lines indicate individual subject
data.
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consistent with previous reports (Carlson and Willott, 2001;
Ison, 2001; Kim et al., 2022; McGuire et al., 2015).

Linear mixed-effects models comparing ASR ampli-
tudes in quiet across genotype, sex, and pulse level revealed
a significant main effect of pulse level (Table I). Post hoc
analyses revealed significant differences in ASR amplitude
between pulse levels of 70/90, 70/100, 70/105, 80/90, 80/
100, 80/105, 90/100 (p<0.0001 for all), and 90/105
(p=0.239). Similarly, linear mixed-effects models compar-
ing ASR amplitudes in noise revealed a significant main
effect of pulse level, with post hoc analyses showing signifi-
cant differences in ASR amplitude between pulse levels of
70/80 (p=0.0433), 70/90, 70/100, 70/105, 70/105, 80/90,
80/100, 80/105 (p<0.0001 for all), 90/100 (p=0.0464),
and 90/105 (p=0.0100). These results suggest that ASR
amplitudes peaked at 100 and 105dB SPL and that there
were no differences in ASR amplitudes between WT and
90.10KO mice in quiet or in noise.

C. PPI of the ASR: FD sensitivity

PPI of the ASR was used to probe sensitivity to FDs. In
this task, startle-inducing noise bursts presented in a 70 dB
SPL 10kHz tone background were preceded by a change in
background tone frequency. If the mouse is able to perceive
this prepulse cue, they should inhibit their startle to the

80 90
Pulse Level (dB SPL)

100105

oncoming noise burst. Startle amplitudes are plotted as a
function of prepulse frequency in Fig. 4(A). Startle ampli-
tudes were variable across and within genotypes, but gener-
ally decreased as the prepulse frequency deviated farther
from 10kHz. 09010KO mice had larger startle amplitudes
across all FD conditions compared to WTs. Linear mixed-
effects models comparing startle amplitudes as a function of
genotype, sex, and prepulse frequency revealed significant
main effects of genotype and frequency. Post hoc analyses
revealed a trend toward a significant difference in startle
amplitude across genotype (p=0.0538) and significant dif-
ferences in startle amplitude between prepulse frequencies
of 7/10 (p=0.0001), 7/10.5 (p =0.0049), 8/10 (p =0.0046),
and 10/13 (p =0.0175). These results suggest that «9010KO
mice may be hyperreactive to certain acoustic startle condi-
tions compared to WTs.

PPI of the ASR was calculated according to: Percent
Inhibition = (Startle,, change—Startle pange/Startle,, cpange)
x 100. When an animal inhibits its ASR, the PPI value
should be greater than 0. In Fig. 4(B), PPI is plotted as a
function of prepulse frequency. Despite the «9x10KO mice
having larger raw ASR values in the FD task, they showed
similar PPI to the WTs [Fig. 4(B)]. Linear mixed-effects
models comparing PPI as a function of genotype, sex,
and prepulse frequency revealed a significant main effect

- a9a10KO (n=9)

FIG. 4. (Color online) FD sensitivity
estimated from PPI of the ASR for
29210KO (squares) and WT mice
(circles). (A) ASR amplitudes (V) as
a function of prepulse cue frequency
(kHz). (B) Percent inhibition of the
ASR as a function of prepulse cue
frequency. *indicates a statistically
significant difference across geno-
types (p-value <0.05).
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FIG. 5. (Color online) ID sensitivity
estimated from PPI of the ASR for
29010KO (squares) and WT mice
(circles). (A) ASR amplitudes (V) as
a function of prepulse cue level (dB
SPL). (B) Percent inhibition of the
ASR as a function of prepulse cue
level. *indicates a statistically signif-
icant difference across genotypes
(p-value <0.05).
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of frequency (Table I). Post hoc analyses revealed signifi-
cant differences in PPI between prepulse frequencies of
7/9.5 (p=0.0022), 7/10 (p <0.0001), 7/10.5 (p=0.0076),
9/10 (p=0.0174), 10/11 (p=0.0256), 10/12 (p=0.0076),
and 10/13kHz (p=0.0019). These results suggest that WT
and «9x10KO mice have similar FD sensitivity.

D. PPI of the ASR: ID sensitivity

PPI of the ASR was also used to probe sensitivity to
IDs. In this task, startle-inducing noise bursts presented in a
70dB SPL 10kHz tone background were preceded by a
change in background tone level. Startle amplitudes are
plotted as a function of prepulse level in Fig. 5(A). As with
the FD task, startle amplitudes in the ID task were variable
across and within genotypes, but generally decreased as the
prepulse level deviated farther from 70 dB SPL. 29«10KO
mice had larger startle amplitudes than WT mice across all
ID conditions. Linear mixed-effects models comparing star-
tle amplitudes as a function of genotype, sex, and prepulse
level revealed significant main effects of genotype, sex, and
level, but no significant interactions (Table I). Post hoc anal-
yses revealed significant differences in startle amplitude
across genotype (p =0.0292) and between prepulse levels of
70/80 (p=10.0347) and 72/80 (p =0.0498). Consistent with
the FD testing, these results again suggest that «9x10KO
mice may have exaggerated startle responses to some acous-
tic stimuli compared to WTs.

In Fig. 5(B), PPI is plotted as a function of prepulse
level. Despite the «9210KO mice having larger raw ASR
values in the ID task, they showed similar PPI to the WTs
[Fig. 5(B)]. Linear mixed-effects models comparing PPI as
a function of genotype, sex, and prepulse level revealed a
significant main effect of prepulse level. However, no post
hoc comparisons were significant. These results suggest that
WT and 29210KO mice have similar ID sensitivity.

IV. DISCUSSION

We further characterized auditory function in the
290.10KO mouse model with deficient MOC inhibition of
outer hair cells by probing hearing-in-noise and
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suprathreshold processing abilities. We combined physio-
logical (ABRs in quiet and in noise) and reflex-based behav-
ioral measures (ASRs in quiet and in noise, PPI measures of
frequency and ID sensitivity) that are commonly used in
hearing studies and have been examined in other MOC
mutants. Consistent with previous findings in o9KOs,
09010KO mice showed normal ABR thresholds in quiet,
normal ID sensitivity, and hyperreactivity to sounds under
some ASR and PPI stimulus conditions (Clause et al., 2017,
Lauer, 2017; Lauer and May, 2011; Vetter et al., 1999).
However, in contrast to predictions about impaired MOC
function, ®«9%10KO mice showed normal ABR thresholds in
noise, enhanced ABR amplitudes in quiet and in noise, and
grossly normal FD sensitivity compared to WTs. We infer
that 90 10KO mice may develop compensatory mechanisms
that support auditory function in the absence of normal
MOC function, as has been suggested for «9KO mice (May
et al., 2002). This study contributes to the growing, but con-
flicting, literature on the role of the MOC system in hearing
in noise (Lauer et al., 2022).

A. Physiological responses to signals in quiet
and noise

We used ABRs in quiet and in noise as physiological
estimates of hearing sensitivity and hearing-in-noise func-
tion. ABR thresholds in quiet and in noise suggested compa-
rable hearing sensitivity for «9«¢10KOs and WTs, consistent
with previous reports in «9KOs (Lauer, 2017; Lauer and
May, 2011; Morley et al., 2017). ABR wave amplitudes and
latencies were also examined to evaluate whether morpho-
logical differences were apparent across genotypes. Wave
morphology was highly variable, especially for central
waves, so we focused our analyses on ABR Wave I only.
The larger Wave I amplitudes observed for «9¢10KO mice
than WTs may be due to the lack of efferent suppression of
transient tone stimuli or developmental compensatory pro-
cesses in the 090 10KOs.

Conflicting results were observed across ABR metrics
of hearing-in-noise function. Some comparisons indicated
that «9210KOs were more resistant to masking effects than
WTs (dB masking), whereas other measures suggested that
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29010KOs were more susceptible to masking noise than
WTs (Wave I amplitude ratio), consistent with weaker
MOC-mediated noise suppression. Although these metrics
were statistically different across genotypes, group sizes
were small and the differences were specific to interactions
among stimulus frequency, level, and/or sex that were not
consistent across the two ABR metrics (Table I). Therefore,
it is difficult to identify a biologically relevant interpretation
for these seemingly spurious findings. Since C57BL/6J mice
lose their MOC responses as early as 8 weeks, despite intact
responses at 6 weeks (Zhu et al., 2007), it is possible that
genotype differences in the ABR would be more apparent or
consistent in slightly younger animals (Morley et al., 2017).

B. Behavioral responses to signals in quiet and noise

We measured behavioral responses to sounds in quiet
and in noise using ASR and PPI techniques to probe hear-
ing-in-noise function. We utilized these measures to avoid
repeated exposure to sounds and practice effects that occur
with traditional rodent psychoacoustic tasks out of a concern
for potential behavioral compensation (Lauer et al., 2017;
May et al., 2002). Previous experiments in «9KO mice on a
range of background strains have shown abnormally large
prepulse facilitation in response to short gaps in noise
(Lauer and May, 2011), reduced PPI in quiet but not noise
(Allen and Luebke, 2017), and reduced PPI to changes in
frequency, but not intensity (Clause et al., 2017). In con-
trast, we found no differences in PPI to frequency or inten-
sity changes in «9010KO mice. Although PPI methodology
is limited in its ability to assess acuity (Lauer et al., 2017),
we were surprised to find no gross differences here. One
possible contribution to these discrepancies is variations in
the onset of age-related hearing loss and MOC decline
across mice from different background strains (e.g., CBA/
CaJ vs C57BL/6J) (Ohlemiller, 2019; Zhu et al., 2007).
Differing phenotypes across studies of MOC mutants point
to the need for experiments to clarify how MOC function
may interact with genes that vary across background strains
and breeding strategies.

However, «9010KO mice showed larger than normal
ASR amplitudes in the presence of constant background
tones, indicating increased salience of the startle-eliciting
stimuli under these conditions. Animal weights were similar
across genotypes, as were the ASR amplitudes in quiet and
broadband noise backgrounds. Thus, we cannot attribute the
effect to differences in mass reactivity on the ASR appara-
tus. Although o9 and 10 subunits are expressed in other tis-
sues, including vestibular organs (Poppi et al., 2020), there
is no verified functional expression in the brain. However,
central ASR circuitry may have developed abnormally in
the 09010KO mice, regardless of receptor expression. The
hyperreactivity to abrupt, loud sounds could indicate a form
of loudness hyperacusis experienced in the presence of
background sounds with starkly different spectral content.
Prior studies have shown ASR potentiation in the presence
of background sounds (Basavaraj and Yan, 2012; Carlson
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and Willott, 2001; Gerrard and Ison, 1990; Hoffman and
Fleshler, 1963). The background tone might normally trig-
ger efferent suppression of the response to the broadband
startle-eliciting stimulus, an effect which is absent in the
o910KO mice. Interestingly, hyperreactivity was not
apparent for ASRs in the presence of constant background
noise, despite similar levels for the noise and tone (60 and
65dB SPL, respectively). This discrepancy may be due to
the energy of the noise being dispersed across a broad fre-
quency range, rather than concentrated at a single frequency
for the tone, similar to reports of hyperacusis for specific
sounds (Tyler et al., 2014).

C. Sex differences in MOC mutant mice

Sex differences in auditory system structure and func-
tion are poorly understood, partially due to sex bias and
omission in basic science research (Villavisanis et al.,
2020). In the present study, mice of both sexes were
included, but modest group sizes limit our ability to draw
clear conclusions about these differences. Sex effects may
have contributed to the physiological differences between
«9210KOs and WTs (Dondzillo et al., 2021), as male mice
exhibited a greater number of differences across genotypes
than females. However, the sporadic statistically significant
findings across our full test battery (Table I) did not support
a systematic sex difference in MOC dysfunction. Similar
spurious findings have been reported in physiological and
behavioral studies of ®9KO mice (Lauer, 2017; Lauer and
May, 2011), with little consistency across stimulus fre-
quency or sex. While these results should not be ignored,
they should also not be overemphasized in the absence of
specific hypotheses. Research investigating sex- and
frequency-specific differences in olivocochlear function and
hearing-in-noise abilities should be conducted in large
cohorts of normal hearing mouse models to explore the ori-
gins of the differences reported here.

D. Potential compensatory mechanisms in MOC
mutant mice

Overall, «9010KO mice exhibited variable responses to
signals in noise, so it is unclear whether they are more or
less susceptible to masking effects. The larger ABR Wave |
amplitudes and larger ASR amplitudes suggest compensa-
tion and/or hyperreactivity in «9¢10KO mice. One potential
mechanism for preserving hearing function in «9x10KO
mice is activity-dependent plasticity in the lateral olivoco-
chlear efferents (Frank et al., 2023; Niu and Canlon, 2002;
Wu et al., 2020). A previous study reported qualitatively
normal ChAT staining of lateral olivocochlear synapses in
09210KO mice (Morley et al., 2017; not quantified), but
changes in other neurotransmitter systems have not been
investigated. It is feasible that, amidst diminished MOC
feedback, neurotransmitter expression in the lateral efferent
neurons adjusts to compensate for the lack of medial
efferent-mediated cochlear gain control. This could result in
preserved ABR thresholds in quiet and noise via direct
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modulation of auditory nerve activity. The role of the lateral
olivocochlear neurons on more complex aspects of hearing
behavior is entirely unknown, since specific manipulations
of this pathway have not been applied in psychoacoustic
experiments (but see Allen and Luebke, 2017, for some
potential lateral efferent-mediated effects involving calcito-
nin gene-related peptide).

Other compensation mechanisms contributing to
29a10KO phenotypes may include plasticity of the central
auditory pathway. The absence of MOC gain control in
o9010KO mice is like having a chronic noise exposure,
since background noises will not be attenuated. This also
results in an increase in afferent activity. Enhanced auditory
input is known to broadly and significantly impact physiol-
ogy in the brainstem and auditory cortex (Ngodup et al.,
2015; Occelli et al., 2022; Oliver et al., 2011; Willott et al.,
2005; Zhang et al., 2001). Specific contributions from
peripheral and central compensatory mechanisms to hear-
ing-in-noise phenotypes in MOC mutants are unknown and
should be explored in future studies.

V. CONCLUSION

The persistent difficulty in identifying clear and consis-
tent hearing deficits in genetically mutated mice with
impaired MOC activity, as well as in behaviorally trained
animals with surgical lesions of the MOC system (e.g.,
Dewson, 1967; Igarashi et al., 1972; May and McQuone,
1995; Trahiotis and Elliott, 1970), underscores the need for
more specific, controlled, acute manipulations to elucidate
the effects on hearing. It is perhaps unsurprising that differ-
ent functional outcomes have been reported in «9KO,
«10KO, and 09210KO mice, given differences in genetic
background, development, age at testing, environmental
housing conditions, ambient sound exposure histories, and
test measurements across studies. Future studies should
make direct phenotype comparisons across single and dou-
ble KO mutants to better understand which effects are due
to the absence of 9 vs «10 receptor subunits while control-
ling for extraneous factors. Additionally, genetically engi-
neered genotypes (e.g., ®9010KOs mutants) inherently
develop with diminished or enhanced MOC activity. To
overcome this limitation, future experiments could make
use of virally introduced genetic gain-of-function mutations
(Zhang et al., 2023), inducible gene KOs, DREADDS, or
optogenetic stimulation or silencing of MOC neurons in
adult animals. Finally, potential compensatory mechanisms,
such as lateral olivocochlear plasticity, should be further
investigated, as these mechanisms have important implica-
tions for listeners with degenerating MOC systems due to
age, noise, and other damaging circumstances (Lauer, 2017,
Lauer et al., 2022; Vicencio-Jimenez et al., 2021).

ACKNOWLEDGMENTS

Portions of this manuscript were presented in a poster
by the same title at the Association for Research in
Otolaryngology 46th Annual Midwinter Meeting, Orlando,

J. Acoust. Soc. Am. 155 (5), May 2024

FL, February 2023. A preprint of this manuscript was posted
on bioRxiv on November 21, 2023. This research was
supported by National Institutes of Health National Institute
on Deafness & other Communication Disorders RO1
DCO017620 (PI: A.M.L.); National Institutes of Health T32
DC000023 (to J.A.M.; PIs: Cullen, Fridman); National
Institutes of Health National Institute on Deafness & other
Communication Disorders F32 DC020346 (PI: K.B.);
Nebraska Tobacco Settlement Biomedical Research
Foundation (to B.M.); and the David M. Rubenstein Fund
for Hearing Research (to A.M.L.). The cloning and initial
generation of the mutant mice were conducted by Genoway,
Inc. (Lyon, France).

AUTHOR DECLARATIONS
Conflict of Interest

The authors do not have any conflicts of interest to dis-
close. All procedures were approved by the Johns Hopkins
University Animal Care and Use Committee and follow the
National Institutes of Health ARRIVE Guidelines.

DATA AVAILABILITY

The data that support the findings of this study will be
publicly available on the Johns Hopkins University data
repository following publication of the manuscript.
Interested parties may contact the authors for additional data
inquiries.

Allen, P. D., and Luebke, A. E. (2017). “Reflex modification audiometry
reveals dual roles for olivocochlear neurotransmission,” Front. Cell.
Neurosci. 11, 361.

Basavaraj, S., and Yan, J. (2012). “Prepulse inhibition of acoustic startle
reflex as a function of the frequency difference between prepulse and
background sounds in mice,” PLoS One 7(9), e45123.

Behrens, D., and Klump, G. M. (2016). “Comparison of mouse minimum
audible angle determined in prepulse inhibition and operant conditioning
procedures,” Hear. Res. 333, 167-178.

Boero, L. E., Castagna, V. C., Di Guilmi, M. N., Goutman, J. D., Elgoyhen,
A. B., and Gomez-Casati, M. E. (2018). “Enhancement of the medial oli-
vocochlear system prevents hidden hearing loss,” J. Neurosci. 38(34),
7440-7451.

Burke, K., Burke, M., and Lauer, A. M. (2023). “Auditory brainstem
response (ABR) waveform analysis program,” MethodsX 11, 102414.

Capshaw, G., Vicencio-Jimenez, S., Screven, L. A., Burke, K., Weinberg,
M. M., and Lauer, A. M. (2022). “Physiological evidence for delayed
age-related hearing loss in two long-lived rodent species (Peromyscus leu-
copus and P. californicus),” J. Assoc. Res. Otolaryngol. 23(5), 617-631.

Carlson, S., and Willott, J. F. (2001). “Modulation of the acoustic startle
response by background sound in C57BL/6J mice,” in Handbook of
Mouse Auditory Research, edited by J. F. Willott (CRC, Boca Raton, FL),
pp. 83-90.

Chambers, A. R., Hancock, K. E., Maison, S. F., Liberman, M. C., and
Polley, D. B. (2012). “Sound-evoked olivocochlear activation in unanes-
thetized mice,” J. Assoc. Res. Otolaryngol. 13(2), 209-217.

Clause, A., Kim, G., Sonntag, M., Weisz, C. J., Vetter, D. E., Riibsamen,
R., and Kandler, K. (2014). “The precise temporal pattern of prehearing
spontaneous activity is necessary for tonotopic map refinement,” Neuron
82(4), 822-835.

Clause, A., Lauer, A. M., and Kandler, K. (2017). “Mice lacking the
Alpha9 subunit of the nicotinic acetylcholine receptor exhibit deficits in
frequency difference limens and sound localization,” Front. Cell.
Neurosci. 11, 167.

Mondul etal. 3193


https://doi.org/10.3389/fncel.2017.00361
https://doi.org/10.3389/fncel.2017.00361
https://doi.org/10.1371/journal.pone.0045123
https://doi.org/10.1016/j.heares.2016.01.011
https://doi.org/10.1523/JNEUROSCI.0363-18.2018
https://doi.org/10.1016/j.mex.2023.102414
https://doi.org/10.1007/s10162-022-00860-4
https://doi.org/10.1007/s10162-011-0306-z
https://doi.org/10.1016/j.neuron.2014.04.001
https://doi.org/10.3389/fncel.2017.00167
https://doi.org/10.3389/fncel.2017.00167
https://doi.org/10.1121/10.0025985

Dewson, J. H., III (1967). “Efferent olivocochlear bundle: Some relation-
ships to noise masking and to stimulus attenuation,” J. Neurophysiol.
30(4), 817-832.

Dondzillo, A., Takeda, H., and Gubbels, S. P. (2021). “Sex difference in the
efferent inner hair cell synapses of the aging murine cochlea,” Hear. Res.
404, 108215.

Elgoyhen, A. B. (2020). “Cochlear efferent innervation: Function, develop-
ment and plasticity,” Curr. Opin. Physiol. 18, 42-48.

Elgoyhen, A. B., Johnson, D. S., Boulter, J., Vetter, D. E., and Heinemann,
S. (1994). “Alpha 9: An acetylcholine receptor with novel pharmacologi-
cal properties expressed in rat cochlear hair cells,” Cell 79(4), 705-715.

Elgoyhen, A. B., Vetter, D. E., Katz, E., Rothlin, C. V., Heinemann, S. F.,
and Boulter, J. (2001). “alphalO: A determinant of nicotinic cholinergic
receptor function in mammalian vestibular and cochlear mechanosensory
hair cells,” Proc. Natl. Acad. Sci. U.S.A. 98(6), 3501-3506.

Frank, M. M., Sitko, A. A., Suthakar, K., Torres Cadenas, L., Hunt, M.,
Yuk, M. C., Weisz, C. J. C., and Goodrich, L. V. (2023). “Experience-
dependent flexibility in a molecularly diverse central-to-peripheral audi-
tory feedback system,” Elife 12, e83855.

Fuchs, P. A. (2014). “A ‘calcium capacitor’ shapes cholinergic inhibition of
cochlear hair cells,” J. Physiol. 592(16), 3393-3401.

Fuchs, P. A., and Lauer, A. M. (2019). “Efferent inhibition of the cochlea,”
Cold Spring Harb. Perspect. Med. 9(5), a033530.

Gerrard, R. L., and Ison, J. R. (1990). “Spectral frequency and the modula-
tion of the acoustic startle reflex by background noise,” J. Exp. Psychol.
Anim. Behav. Process. 16(1), 106—112.

Guinan, J. J., Jr. (2006). “Olivocochlear efferents: Anatomy, physiology,
function, and the measurement of efferent effects in humans,” Ear Hear.
27(6), 589-607.

Heffner, R. S., Koay, G., and Heffner, H. E. (2001). “Focus: Sound-
localization acuity changes with age in C57BL/6J mice,” in Handbook of
Mouse Auditory Research: From Behavior to Molecular Biology, edited
by J. F. Willott (CRC, Boca Raton, FL), pp. 31-35.

Hoffman, H. S., and Fleshler, M. (1963). “Startle reaction: Modification by
background acoustic stimulation,” Science 141(3584), 928-930.

Igarashi, M., Alford, B. R., Nakai, Y., and Gordon, W. P. (1972).
“Behavioral auditory function after transection of crossed olivo-cochlear
bundle in the cat. I. Pure-tone threshold and perceptual signal-to-noise
ratio,” Acta Otolaryngol. 73(6), 455-466.

Ison, J. R. (2001). “The acoustic startle response: Reflex elicitation and
reflex modification by preliminary stimuli,” in Handbook of Mouse
Auditory Research: From Behavior to Molecular Biology, edited by J. F.
Willott (CRC, Boca Raton, FL), pp. 59-82.

Kawase, T., and Liberman, M. C. (1993). “Antimasking effects of the olivo-
cochlear reflex. I. Enhancement of compound action potentials to masked
tones,” J. Neurophysiol. 70(6), 2519-2532.

Kim, Y. H., Schrode, K. M., Engel, J., Vicencio-Jimenez, S., Rodriguez, G.,
Lee, H. K., and Lauer, A. M. (2022). “Auditory behavior in adult-blinded
mice,” J. Assoc. Res. Otolaryngol. 23(2), 225-239.

Lauer, A. M. (2017). “Minimal effects of age and exposure to a noisy envi-
ronment on hearing in Alpha9 nicotinic receptor knockout mice,” Front.
Neurosci. 11, 304.

Lauer, A. M., Behrens, D., and Klump, G. (2017). “Acoustic startle modifi-
cation as a tool for evaluating auditory function of the mouse: Progress,
pitfalls, and potential,” Neurosci. Biobehav. Rev. 77, 194-208.

Lauer, A. M., Jimenez, S. V., and Delano, P. H. (2022). “Olivocochlear
efferent effects on perception and behavior,” Hear. Res. 419, 108207.

Lauer, A. M., and May, B. J. (2011). “The medial olivocochlear system
attenuates the developmental impact of early noise exposure,” J. Assoc.
Res. Otolaryngol. 12(3), 329-343.

Lauer, A. M., Slee, S. J., and May, B. J. (2011). “Acoustic basis of direc-
tional acuity in laboratory mice,” J. Assoc. Res. Otolaryngol. 12(5),
633-645.

Liberman, M. C., and Guinan, J. J., Jr. (1998). “Feedback control of the
auditory periphery: Anti-masking effects of middle ear muscles vs. olivo-
cochlear efferents,” J. Commun. Disord. 31(6), 471-483.

Lopez-Poveda, E. A. (2018). “Olivocochlear efferents in animals and
humans: From anatomy to clinical relevance,” Front. Neurol. 9, 197.

Maison, S. F., Usubuchi, H., and Liberman, M. C. (2013). “Efferent feed-
back minimizes cochlear neuropathy from moderate noise exposure,”
J. Neurosci. 33(13), 5542-5552.

3194  J. Acoust. Soc. Am. 155 (5), May 2024

May, B. J., and McQuone, S. J. (1995). “Effects of bilateral olivocochlear
lesions on pure-tone intensity discrimination in cats,” Audit Neurosci.
1(4), 385-400.

May, B. J., Prosen, C. A., Weiss, D., and Vetter, D. (2002). “Behavioral
investigation of some possible effects of the central olivocochlear path-
ways in transgenic mice,” Hear. Res. 171(1), 142-157.

McGuire, B., Fiorillo, B., Ryugo, D. K., and Lauer, A. M. (2015).
“Auditory nerve synapses persist in ventral cochlear nucleus long after
loss of acoustic input in mice with early-onset progressive hearing loss,”
Brain Res. 1605, 22-30.

Morley, B. J., Dolan, D. F., Ohlemiller, K. K., and Simmons, D. D. (2017).
“Generation and characterization of alpha9 and alphalO nicotinic acetyl-
choline receptor subunit knockout mice on a C57BL/6J background,”
Front. Neurosci. 11, 516.

Ngodup, T., Goetz, J. A., McGuire, B. C., Sun, W., Lauer, A. M., and Xu-
Friedman, M. A. (2015). “Activity-dependent, homeostatic regulation of
neurotransmitter release from auditory nerve fibers,” Proc. Natl. Acad.
Sci. U.S.A. 112(20), 6479-6484.

Niu, X., and Canlon, B. (2002). “Activation of tyrosine hydroxylase in the
lateral efferent terminals by sound conditioning,” Hear. Res. 174(1),
124-132.

Occelli, F., Hasselmann, F., Bourien, J., Puel, J. L., Desvignes, N.,
Wiszniowski, B., Edeline, J. M., and Gourevitch, B. (2022). “Temporal
alterations to central auditory processing without synaptopathy after life-
time exposure to environmental noise,” Cereb. Cortex 32(8), 1737-1754.

Ohlemiller, K. K. (2019). “Mouse methods and models for studies in
hearing,” J. Acoust. Soc. Am. 146(5), 3668-3680.

Oliver, D. L., Izquierdo, M. A., and Malmierca, M. S. (2011). “Persistent
effects of early augmented acoustic environment on the auditory
brainstem,” Neuroscience 184, 75-87.

Poppi, L. A, Holt, J. C,, Lim, R., and Brichta, A. M. (2020). “A review of
efferent cholinergic synaptic transmission in the vestibular periphery and
its functional implications,” J. Neurophysiol. 123(2), 608—629.

Prosen, C. A., Bath, K. G., Vetter, D. E., and May, B. J. (2000).
“Behavioral assessments of auditory sensitivity in transgenic mice,”
J. Neurosci. Methods 97(1), 59-67.

Trahiotis, C., and Elliott, D. N. (1970). “Behavioral investigation of some
possible effects of sectioning the crossed olivocochlear bundle,”
J. Acoust. Soc. Am. 47(2), 592-596.

Tyler, R. S., Pienkowski, M., Roncancio, E. R., Jun, H. J., Brozoski, T.,
Dauman, N., Dauman, N., Andersson, G., Keiner, A. J., Cacace, A. T.,
Martin, N., and Moore, B. C. (2014). “A review of hyperacusis and future
directions: 1. Definitions and manifestations,” Am. J. Audiol. 23(4), 402-419.

Vetter, D. E., Liberman, M. C., Mann, J., Barhanin, J., Boulter, J., Brown, M.
C., Saffiote-Kolman, J., Heinemann, S. F., and Elgoyhen, A. B. (1999).
“Role of alpha9 nicotinic ACh receptor subunits in the development and
function of cochlear efferent innervation,” Neuron 23(1), 93-103.

Vicencio-Jimenez, S., Weinberg, M. M., Bucci-Mansilla, G., and Lauer, A.
M. (2021). “Olivocochlear changes associated with aging predominantly
affect the medial olivocochlear system,” Front. Neurosci. 15, 704805.

Villavisanis, D. F., Berson, E. R., Lauer, A. M., Cosetti, M. K., and
Schrode, K. M. (2020). “Sex-based differences in hearing loss:
Perspectives from non-clinical research to clinical outcomes,” Otol.
Neurotol. 41(3), 290-298.

Willott, J. F., Bross, L. S., and McFadden, S. (2005). “Ameliorative effects
of exposing DBA/2J mice to an augmented acoustic environment on his-
tological changes in the cochlea and anteroventral cochlear nucleus,”
J. Assoc. Res. Otolaryngol. 6(3), 234-243.

Wu, J. S., Yi, E., Manca, M., Javaid, H., Lauer, A. M., and Glowatzki, E.
(2020). “Sound exposure dynamically induces dopamine synthesis in cholin-
ergic LOC efferents for feedback to auditory nerve fibers,” Elife 9, €52419.

Zhang, L. 1., Bao, S., and Merzenich, M. M. (2001). “Persistent and specific
influences of early acoustic environments on primary auditory cortex,”
Nat. Neurosci. 4(11), 1123-1130.

Zhang, Y., Hiel, H., Vincent, P. F. Y., Wood, M. B., Elgoyhen, A. B.,
Chien, W., Lauer, A., and Fuchs, P. A. (2023). “Engineering olivoco-
chlear inhibition to reduce acoustic trauma,” Mol. Ther. Methods Clin.
Dev. 29, 17-31.

Zhu, X., Vasilyeva, O. N., Kim, S., Jacobson, M., Romney, J., Waterman,
M. S., Tuttle, D., and Frisina, R. D. (2007). “Auditory efferent feedback
system deficits precede age-related hearing loss: Contralateral suppression
of otoacoustic emissions in mice,” J. Comp. Neurol. 503(5), 593-604.

Mondul et al.


https://doi.org/10.1152/jn.1967.30.4.817
https://doi.org/10.1016/j.heares.2021.108215
https://doi.org/10.1016/j.cophys.2020.07.020
https://doi.org/10.1016/0092-8674(94)90555-X
https://doi.org/10.1073/pnas.051622798
https://doi.org/10.7554/eLife.83855
https://doi.org/10.1113/jphysiol.2013.267914
https://doi.org/10.1101/cshperspect.a033530
https://doi.org/10.1037/0097-7403.16.1.106
https://doi.org/10.1037/0097-7403.16.1.106
https://doi.org/10.1097/01.aud.0000240507.83072.e7
https://doi.org/10.1126/science.141.3584.928
https://doi.org/10.3109/00016487209138966
https://doi.org/10.1152/jn.1993.70.6.2519
https://doi.org/10.1007/s10162-022-00835-5
https://doi.org/10.3389/fnins.2017.00304
https://doi.org/10.3389/fnins.2017.00304
https://doi.org/10.1016/j.neubiorev.2017.03.009
https://doi.org/10.1016/j.heares.2021.108207
https://doi.org/10.1007/s10162-011-0262-7
https://doi.org/10.1007/s10162-011-0262-7
https://doi.org/10.1007/s10162-011-0279-y
https://doi.org/10.1016/S0021-9924(98)00019-7
https://doi.org/10.3389/fneur.2018.00197
https://doi.org/10.1523/JNEUROSCI.5027-12.2013
https://doi.org/10.1016/S0378-5955(02)00495-1
https://doi.org/10.1016/j.brainres.2015.02.012
https://doi.org/10.3389/fnins.2017.00516
https://doi.org/10.1073/pnas.1420885112
https://doi.org/10.1073/pnas.1420885112
https://doi.org/10.1016/S0378-5955(02)00646-9
https://doi.org/10.1093/cercor/bhab310
https://doi.org/10.1121/1.5132550
https://doi.org/10.1016/j.neuroscience.2011.04.001
https://doi.org/10.1152/jn.00053.2019
https://doi.org/10.1016/S0165-0270(00)00169-2
https://doi.org/10.1121/1.1911934
https://doi.org/10.1044/2014_AJA-14-0010
https://doi.org/10.1016/S0896-6273(00)80756-4
https://doi.org/10.3389/fnins.2021.704805
https://doi.org/10.1097/MAO.0000000000002507
https://doi.org/10.1097/MAO.0000000000002507
https://doi.org/10.1007/s10162-005-0004-9
https://doi.org/10.7554/eLife.52419
https://doi.org/10.1038/nn745
https://doi.org/10.1016/j.omtm.2023.02.011
https://doi.org/10.1016/j.omtm.2023.02.011
https://doi.org/10.1002/cne.21402
https://doi.org/10.1121/10.0025985

	s1
	l
	n1
	s2
	s2A
	s2B
	s2B1
	s2B2
	s2B3
	s2B4
	s2C
	s3
	s3A
	f1
	t1
	t1n1
	t2
	s3B
	f2
	s3C
	s3D
	s4
	s4A
	s4B
	s4C
	s4D
	s5
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54
	c55

