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Age-related and noise-induced hearing loss disorders are among the most common pathologies affect-
ing Americans across their lifespans. Loss of auditory feedback due to hearing disorders is correlated
with changes in voice and speech-motor control in humans. Although rodents are increasingly used to
model human age- and noise-induced hearing loss, few studies have assessed vocal changes after acoustic
trauma. Northern grasshopper mice (Onychomys leucogaster) represent a candidate model because their
hearing sensitivity is matched to the frequencies of long-distance vocalizations that are produced using
vocal fold vibrations similar to human speech. In this study, we quantified changes in auditory brainstem
responses (ABRs) and vocalizations related to aging and noise-induced acoustic trauma. Mice showed a
progressive decrease in hearing sensitivity across 4-32 kHz, with males losing hearing more rapidly than
females. In addition, noise-exposed mice had a 61.55 dB SPL decrease in ABR sensitivity following a noise
exposure, with some individuals exhibiting a 21.25 dB recovery 300-330 days after noise exposure. We
also found that older grasshopper mice produced calls with lower fundamental frequency. Sex differences
were measured in duration of calls with females producing longer calls with age. Our findings indicate
that grasshopper mice experience age- and noise- induced hearing loss and concomitant changes in vocal

output, making them a promising model for hearing and communication disorders.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Acoustic communication relies on the dual ability to produce
and hear vocalizations of oneself and others. Humans and other
animals can monitor and alter vocal production by relying on au-
ditory and somatosensory feedback (Brainard and Doupe, 2000;
Smotherman, 2007; Tschida and Mooney, 2012). In vocal learn-
ing species, auditory feedback is critical for learning and altering
communication signals (Brainard and Doupe, 2000; Lane et al.,
2007; Nordeen and Nordeen, 1992; Osmanski and Dooling, 2009;
Tschida and Mooney, 2012), although some evidence suggests that
non-vocal learning species may similarly rely on auditory feed-
back for vocal production (Arriaga and Jarvis 2013; Arriaga et al.,
2012; Eliades and Wang, 2008; Hubka et al., 2015; Shipley et al.,
1988). Age-related, noise-induced, and neurodegenerative changes
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to hearing can disrupt the auditory feedback loop to affect voice
and communication ability, decreasing quality of life in humans
(Dalton et al., 2003; Harel et al., 2004; Homans et al., 2017; Li-
Korotky, 2012; Roy et al., 2007). Although rodents are emerging
models of age-related hearing loss (ARHL) and noise-induced hear-
ing loss (NIHL), few studies have assessed if vocal production disor-
ders correlate with impaired hearing (but see Arriaga et al., 2012).
Examining interactions between ARHL, NIHL, and changes in voice
production in a mouse model using longitudinal studies can im-
prove our understanding of this process in humans.

Laboratory mice are popular animal models for human hear-
ing loss disorders due to similarities in physiology, ease of ge-
netic manipulation, and tractability (reviewed by Dent et al.,
2018; Ohlemiller, 2018). For example, various genetically engi-
neered mouse strains exhibit different levels of hearing deficits and
variable susceptibility to noise (Davis et al, 2001; Erway et al,
1996; Kane et al, 2012; Ohlemiller et al., 2016). In general,
mice lose hearing similarly to humans starting with high fre-
quencies and progressing to lower frequencies (Henry, 2004;
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Huang and Tang, 2010), with the greatest degree of ARHL occur-
ring in the last third of their lifespan (Kobrina and Dent, 2019).
ARHL effects exist for detection of pure tones (Henry, 2004;
Kobrina and Dent, 2019; Zheng et al., 1999) and ultrasonic vocal-
izations (USVs; Kobrina and Dent, 2016), though both mice and hu-
mans retain their ability to hear communication signals longer into
their lifespan than pure tones (Huang and Tang, 2010; Kobrina and
Dent, 2016; Kobrina et al., 2020).

In addition to ARHL, most humans and other animals are ex-
posed to various levels of noise in their environment. In humans,
noise exposure often leads to hearing loss and deficits in speech
comprehension (Liberman, 2017; Liberman et al., 2016; reviewed
by Moore, 2016). Similarly, mice experience decreased hearing abil-
ities, increased hair cell loss, and cell death in the auditory brain-
stem and auditory cortex after high-level noise exposure (reviewed
by Ohlemiller, 2006; Frohlich et al., 2017). As in humans, mice may
partially recover from hearing loss depending on the level of noise
exposure (Amanipour et al., 2018; Lin et al., 2009).

In contrast to the large body of literature on ARHL and NIHL
in humans and rodents, few studies have assessed the impacts
of hearing loss on vocal production. In humans, voice quality is
linked to auditory feedback; individuals who are congenitally deaf
or have severe hearing loss exhibit altered speech (Coelho et al.,
2015; Higgins et al., 2003, 2005; Nicholas and Geers, 2006). In ad-
dition, age-related sensorineural hearing loss and deafness are as-
sociated with increased fundamental frequency (F, hereafter), de-
creased voice clarity (as measured through harmonic-to-noise ra-
tio; HNR), and lack of intensity control (Baken, 2005; Benjamin,
1982; Binnie et al., 1982; Blamey et al., 2001; Coelho et al., 2015;
dos Santos Baraldi et al., 2007; Ferrand, 2002; Mora et al., 2012;
Waldstein, 1990). Such speech deficiencies may arise via audi-
tory feedback-related effects that impact laryngeal function or vo-
cal tract-related effects that alter coordinated oral and pharyn-
geal movements (Lane and Perkell, 2005; Perkell et al., 2000).
Hearing loss and deafness may similarly impact vocal production
in non-vocal learning mammals (Basken et al., 2012). For exam-
ple, deafened cats produced louder calls of variable fundamen-
tal frequency and longer duration compared to littermate controls
(Hubka et al., 2015; Shipley et al.,, 1988). While the necessity of
auditory feedback for learning and production of USVs in mice
is controversial (Hammerschmidt et al., 2012), physiological evi-
dence indicates that the laryngeal motor cortex receives inputs
from the thalamus and the secondary auditory cortex, a network
similar to the auditory feedback loop in vocal-learning species
(Arriaga and Jarvis, 2013). Deafened mice produce spectrally dis-
torted and noisy USVs compared to controls, with congenitally deaf
mice having a simpler repertoire than animals with acoustic ex-
perience (Arriaga and Jarvis, 2013; Arriaga et al., 2012). Together,
these findings suggest that the use of auditory feedback may be a
generalized mammalian process for vocal control.

The main constraint of modeling human vocal production
in laboratory rodents is the highly diverse USV repertoire with
no standard categorization method (Johnson et al., 2015) and
the physiologically unique aerodynamic whistle mechanism of
USV production compared to human speech (Riede et al., 2017).
Exploring non-model organisms may help researchers under-
stand complex biomedical questions in species with unique traits
(Christie and Eberl, 2014; Peter et al, 2017). Grasshopper mice
(genus Onychomys) represent a unique model for human voice
production and hearing loss. These mice inhabit arid environ-
ments throughout the western United States and northern Mexico
(Egoscue, 1960) and are known for their aggression, predatory
lifestyle, and large solitary home ranges (Bailey and Sperry, 1929;
Ruffer, 1968; Stapp, 1999). Grasshopper mice produce both USVs
and loud, audible, stereotyped advertisement calls (Egoscue, 1960;
Hafner and Hafner, 1979; Miller and Engstrom, 2012;
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Fig. 1. Spectrogram of a long-distance advertisement vocalization of a northern
grasshopper mouse.

Pasch et al, 2016; Pasch et al, 2017). Advertisement vocaliza-
tions are characterized by a peak Fy of 10-12 kHz with several
harmonic overtones that are produced by an airflow-induced
tissue vibration mechanism, a mechanism similar to production of
human speech (Pasch et al.,, 2017) (Fig. 1). These findings indicate
that the laryngeal and vocal tract physiology in grasshopper mice
is more relevant to humans than the physiology of laboratory ro-
dents that produce ultrasonic vocalizations using an aerodynamic
whistle mechanism (Riede, 2013; Riede et al., 2017). In addition,
grasshopper mice have a broad peripheral auditory sensitivity with
increased sensitivity for their advertisement calls (Green et al.,
2019), making them a potential model for studying changes in
vocal production in the context of age- and noise-induced hearing
loss.

In this study, we used a longitudinal design to measure audi-
tory brainstem responses and vocalizations of control and noise-
exposed grasshopper mice across the lifespan. We hypothesized
that, similar to other rodents, grasshopper mice would lose hear-
ing gradually, starting with high frequencies and progressing to
lower frequencies. We predicted that noise-exposed mice would
show decreased ABR sensitivity compared to controls after ac-
counting for age. We also recorded vocalizations of mice at vari-
ous ages before and after noise exposure to examine changes in
voice. Although changes in voice during adulthood have not yet
been measured in rodents, we hypothesized that peak fundamental
frequency, duration, amplitude (dB SPL), and HNR of a call would
change with age and noise-exposure as previously demonstrated in
humans and other mammals.

2. Materials and methods
2.1. Subjects

Subjects used in the study were adult (80 - 1231 days old, d.o.
hereafter) F1 and F2 offspring of wild-captured northern grasshop-
per mice (Onychomys leucogaster) near Animas, NM and Deadman
Flat, 28 km north of Flagstaff, AZ. Animals were maintained on a
14:10 light:dark cycle and fed rodent chow and water ad libitum
in animal facilities at Northern Arizona University, Flagstaff, AZ. All
procedures were approved by the Northern Arizona University’s In-
stitutional Animal Care and Use Committee.

2.2. Auditory Brainstem Response (ABR)

ABRs were recorded to evaluate the status of the auditory nerve
and brainstem response to sounds in control and noise-exposed
mice of various ages. Baseline ABRs were collected from 14 female
(F) and 12 male (M) mice. The mice were then randomly assigned
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1) Baseline Vocal Recording
F =17, age: 80 — 660 d.o.
M = 13, age: 93 - 930 d.o.

2) Baseline ABR Recording

F =14, age: 87

1184 d.o.

M =12, age: 94 - 940 d.o.

3) Noise exposure
Control (no noise): F=9, M =35
Noise-exposed: F =5, M =7

&

4) ABR Recording (1 day after
noise exposure)
F control = 7, age: 124 - 947 d.o.
M control = 5, age: 132 - 981 d.o.
F exposed = 4, age: 132 - 947 d.o.
M exposed = 7, age: 132 - 981 d.o.

l

6) ABR Recording (300-330 days
after noise exposure)

F control = 3, age: 408 — 713 d.o.

M control = 5, age: 440 - 677 d.o.

F exposed = 3, age: 402 - 1228 d.o.

N
R

5) Vocal Recording (14-100 days

after noise exposure)

F control = 3, age: 135 — 954 d.o.
M control = 5, age: 204 - 1001 d.o.
F exposed = 4, age: 132 - 957 d.o.

M exposed = 7, age: 248 — 1003 d.o.
7) Vocal Recording (300-300 days
after noise exposure)

F control = 2, age: 361- 947 d.o.
M control = 6, age: 406 — 666 d.o.
F exposed = 4, age: 372 - 701 d.o.

M exposed = 3, age: 405 - 702 d.o. M exposed = 6, age: 409 — 1231 d.o.

Fig. 2. Experimental design employed in this study. Steps are shown consecutively
with all mice partaking in both vocal recording and ABR recording steps of this
experiment.

to control (no noise exposure, F = 9, age: 87 - 1184 d.o.; M = 5,
age: 94 - 940 d.o.) or noise-exposure conditions (F = 5, age: 94
- 910 d.o.; M = 7, age: 94 - 940 d.o.). In noise-exposed mice,
ABRs were collected one day after noise exposure (F control = 7,
age: 124 - 947 d.o.; M control = 5, age: 132 - 981 d.o.; F noise-
exposed = 4, age: 132 - 947 d.o; M noise-exposed = 7, age: 132
- 981 d.o.), and again 300 - 330 days after baseline ABR record-
ings (F control = 3, age: 408 - 713 d.o.; M control = 5, age: 440
- 677 d.o.; F noise-exposed = 3, age: 402 - 1228 d.o.; M noise-
exposed = 3, age: 405 - 702 d.o.) (Fig. 2). For a subset of ani-
mals, one day after noise exposure thresholds could not be calcu-
lated for some stimuli because the sensitivity was above the max-
imum amplitude that we presented in this experiment. This effect
has been previously observed in laboratory mice and may occur
due to permanent damage to hair cells, pre-existing hearing-health
conditions, and genetic and biological factors (Amanipour et al.,
2018; Davis et al., 2001; Guthrie and Xu, 2012; Guthrie, 2017;
Kujawa and Liberman, 2009). Attrition due to age also occurred
in the control group across the ABR recordings. Following mea-
surement of mass, we administered ketamine/dexmedetomidine
(75/0.5 mg/kg) intraperitoneally to anesthetize mice. Anesthetized
animals were transferred to a 7 x 15” surgical table with built-in
temperature control (VWR International LLC, Visalia, CA., USA) in a
double-walled sound-isolation chamber (Industrial Acoustics Com-
pany, Inc., Bronx, NY).

Monaural (right ear) ABR measurements were obtained by plac-
ing three subdermal needle electrodes (VIASYS NeuroCare, Madi-
son, WI) on the mastoid of right ear receiving the stimulus (ac-
tive channel), the vertex (reference), and in the dorsum close
to the base of the tail (ground). A transducer probe assembly
was physically and acoustically coupled to the external auditory
meatus of each mouse. Acoustic delays introduced by the trans-
ducer probe assembly were corrected for during each record-
ing (Guthrie, 2016). During these neurophysiologic recordings, the
transducer diaphragm was driven with alternating polarity.
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2.2.1. Acoustic stimuli presentation

Intelligent Hearing Systems hardware and software (SmartEP
Windows USB, version 3.94b, Intelligent Hearing Systems, Miami,
FL) were used for presentation of calibrated stimuli, signal ac-
quisition and manipulation, equipment control, and data manage-
ment. Acoustic stimuli were digitally synthesized and consisted of
512 presentations of pure tones (1.56-ms Blackman envelope) and
clicks (100-us rectangular voltage pulse). In each trial, click stim-
uli (100-3000 Hz) were presented first, followed by pure tones in
ascending order (4, 8, 12, 16, 24, and 32 kHz). All stimuli were
presented at a rate of 19.3/s at decreasing amplitudes from 100 to
0 dB SPL in 5 dB steps. A Sound Booster Box with high pass filter
was used to drive a high-frequency transducer (Intelligent Hear-
ing Systems) for pure-tone stimulation of the right ear. The elec-
troencephalographic responses to the pure tones were amplified
(100,000 times), and bandpass filtered (Frequencies: 100-1500 Hz/
Clicks: 100-3000 Hz). Presentation of a high amplitude (e.g. 100-
60 dB) stimulus was terminated when noise-exposed mice exhib-
ited no ABR responses. All trials lasted approximately 50 min. After
each trial, animals were placed on a flat, clean surface within their
home cage over a heating pad and monitored until fully recovered.

2.3. Noise exposure

Mice (M = 7, age range: 94 - 940 d.o.; F = 5, age range: 94 -
910 d.o.) were exposed to noise after the baseline ABR measure-
ments for 4 h at 105 dB SPL using a noise stimulus consisting
of a 7000 Hz white-noise band (9-16 kHz) centered at 12.5 kHz.
This noise exposure reliably produces permanent loss of function
and dead hair cells in laboratory mice as measured by distor-
tion product otoacoustic emissions, ABRs, whole-nerve compound
action potentials, and cytocochleograms (Guthrie and Xu, 2012;
Guthrie, 2017, 2011). The exposure paradigm has been described
in detail previously (Guthrie et al., 2011; Guthrie, 2017). Briefly,
awake and alert animals were placed in a 15 x 13 x 11 cm wire-
cloth enclosure placed inside a reverberant 40 L chamber. To avoid
audiogenic seizures, noise was initially broadcast at 60 dB SPL.
Noise loudness was then increased in 5 dB steps every 5 min until
105 dB was attained. Animals were visually monitored for physi-
cal signs of stress (e.g., hyperactivity, excessive grooming) through-
out the entire procedure. The noise was produced by a function
generator (Stanford Research Systems Model DS335, Menlo Park,
CA) coupled to a frequency device (Frequency Devices Model 9002,
Haverhill, MA). An amplifier (Denon Model DRA-295) was used to
deliver the noise via a speaker (ScanSpeak D2606/922000, Vide-
baek, Denmark) located approximately 5 cm above the wire-cloth
enclosure. A sound pressure meter (OB-300 Quest Type-1) with 1/3
octave filter set (Quest Electronics, Oconomowoc, WI, USA- Weight-
ing: lin; Response: slo; Mode: SPL; dB: 60-120; Time mode: 1/3)
was used to verify the sound pressure level and noise frequency
spectrum.

2.4. Acoustic recordings

Long-distance vocalizations were recorded from 20 mice (F = 7,
M = 13) prior to collection of baseline ABRs, after noise expo-
sure (F control = 3, age: 135 - 954 d.o.; M control = 5, age:
204 - 1001 d.o.; F noise-exposed = 4, age: 132 - 957 d.o.; M noise-
exposed = 7, age: 248 - 1003 d.o.), and again 300 - 330 days
after noise-exposure (F control = 2, age: 361 - 947 d.o.; M con-
trol = 6, age: 406 - 666 d.o.; F noise-exposed = 4, age: 372 -
701 d.o.; M noise-exposed = 6, age: 409 - 1231 d.o.) (Fig. 2).
High frequency USVs were not recorded nor investigated in this
study. Individually-housed animals in their home cage were placed
within a semi-anechoic sound cubicle for overnight (10 h) record-
ing for 3 nights, or until the mouse produced at least one call. If
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a mouse did not produce a vocalization after 21 days, they were
removed from the recording experiment, or re-recorded at a later
date. We used a 1/4” microphone (Type 40BE, G.R.A.S.) connected
to preamplifiers (Type 26 CB, G.R.A.S.) to record spontaneous vo-
calizations. The microphone response was flat within +1.5 dB from
10 Hz to 50 kHz, and the pre-amplifier response was flat within +
0.2 dB from 2 Hz to 200 kHz. Microphones were connected to a
National Instruments DAQ (USB 4431) sampling at 102.4 kHz to a
laptop computer running a custom MATLAB (v. 2018a) script . Play-
back of a 13 kHz pure tone from different areas of the cage within
the cubicle showed that recordings vary by ca. 1 dB.

2.5. Data analysis

2.5.1. ABR experiment and statistical analyses

We used the visual detection method (Chen et al., 2016; Gall
et al., 2011; Jacobson, 1985) to determine the lowest stimulus level
(dB) per stimulus that evoked an ABR response. Thresholds were
operationally defined as the dB level halfway (2.5 dB) between the
last detectable ABR response and next lowest stimulus level.

Given the longitudinal design of this study, our data set con-
tained an unequal number of observations from every mouse
per age category due to differences in lifespan and responses to
noise-exposure. In other words, each condition contained a differ-
ent number of observations per individual, with some mice con-
tributing multiple points per stimulus, while others did not evoke
ABRs following noise-exposure or due to ARHL. Thus, we devel-
oped an exploratory linear mixed effects model examining main
effects of age, sex, stimulus, and noise-exposure condition (Sup-
plementary Table 1). Overall, identity accounted for 37% of vari-
ability in our data. Then, exploratory regression analyses were
performed to determine if aging variables (age, age2, age3) ex-
plained the increase in ABR thresholds in control and noise-
exposed groups across the lifespan differently. Such polynomial
variables have been previously used to model hearing loss in hu-
mans and in mice (Kobrina and Dent, 2019; Kobrina et al., 2020;
Lin et al, 2011; Ohlemiller et al., 2010; Pearson et al., 1995).
The polynomial variable has been linked to age-related cochlear
degeneration as reflected by endocochlear potential decline, and
loss of hair cells, strial marginal cells, outer sulcus cells, and loss
of auditory nerve fibers in CBA/CaJ mice (Kobrina et al., 2020;
Ohlemiller et al., 2010). The goodness of fit for different functions
per noise-exposure condition and sex was assessed using a cor-
relation coefficient comparison tool in R (cocor.dep.groups.() in the
cocor R package) (Diedenhofen and Musch, 2015). In the control
condition, both first (threshold (dB) = y0 + a*x) and second order
functions (threshold (dB) = y0 + a*x + bx?) explained the great-
est amount of variability in the threshold data across stimuli for
females (32 - 46%), and these functions were not significantly dif-
ferent (p = 0.109). For males, a second order polynomial function
explained the greatest amount of variability in hearing across stim-
uli (45%). The second order polynomial was a better data fit than
the first order polynomial (p = 0.032). For both sexes in the con-
trol condition, there were no significant differences between sec-
ond and third order polynomials (p > 0.05). In the noise-exposed
condition, a first order polynomial was the only function that pre-
dicted variability in threshold data for females (7%, p = 0.046). For
males, second and third order polynomial functions served as sig-
nificant predictors of variability in threshold data (6-8%, p > 0.05)
and were not significantly different (p = 0.417). Thus, our final
models incorporated both linear (age) and polynomial (age?) vari-
ables for further analyses.

We used linear mixed-effects models to examine whether
changes in age and age? predicted changes in ABRs between the
sexes in control and noise-exposed groups separately (LMM, Imer
in the Ime4 R package; Bates et al,, 2014; R Core Team, 2014). In
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the control group, we examined if thresholds (dB SPL) were af-
fected by fixed factors of sex (female vs. male), stimulus (click,
4, 8, 12, 16, 24, and 32 kHz tones), and random factors of age
and age?, as well as by interactions between age, age?, and sex.
Planned post-hoc comparisons using Tukey’s method were per-
formed to assess the relationship between age, age-2, sex, and stim-
ulus type in mice for three age categories (350, 700, and 1000 d.o.)
using the emmeans package in R (Lenth, 2020). The age categories
were pre-determined as ages of interest due to their significance
in behavioral, anatomical, and electrophysiological changes in hear-
ing in laboratory mice (Henry, 2004; Kobrina and Dent, 2019;
Kobrina et al., 2020; Ohlemiller et al., 2010; Zheng et al., 1999).
In the noise-exposed group, we examined if thresholds (dB SPL)
were affected by fixed factors of sex (female vs. male), stimulus
(click, 4, 8, 12, 16, 24, and 32 kHz tones), and random factors of
age, age2, and age at noise exposure, as well as by interactions be-
tween age, age? and sex. To control for dependencies from sam-
pling each mouse repeatedly, we included a random intercept for
mouse identity across age. Planned post-hoc comparisons using
Tukey’s method were performed to assess the relationship between
age, sex, and stimulus type in mice before and after noise expo-
sures (emmeans R package; Lenth, 2020). We then calculated the
mean threshold shift across stimuli between baseline, one day af-
ter noise exposure, and 300 - 330 days later. Significance levels
were adjusted to account for multiple comparisons based on the
number of models (n = 3, p = 0.016).

2.5.2. Acoustic recording and analyses

Previous analyses of grasshopper mouse vocalizations indicate
that calls are sexually monomorphic (Pasch et al., 2016, 2017;
Green et al, 2019). Nevertheless, sex is an important factor in
the progression of ARHL (Henry, 2004; Kobrina and Dent, 2019;
Ohlemiller, 2018), thus we considered sex as a factor in age-related
changes to the voice. Band-pass filtered (7-15 kHz) calls were de-
tected using an automated algorithm in Avisoft SASLab Pro (version
4.2.27, Avisoft Bioacoustics, Germany; 256-point Fast Fourier Trans-
form [FFT]; Hann window with 50% overlap; frequency resolution
750 Hz, temporal resolution 0.67 ms). We extracted peak Fy (kHz),
duration (s), call amplitude (dB SPL), and HNR. HNR is the param-
eter that quantifies noise in animal vocalizations or speech result-
ing from turbulent airflow due to inadequate vocal fold closure or
aperiodic vocal fold vibration (Ferrand, 2002). HNR is calculated as
a ratio of harmonic to nonharmonic noise floor. First, the nonhar-
monic noise floor of the spectrum is estimated by calculating the
moving average of the spectrum. Then, the maximum distance be-
tween the original spectrum and the filtered spectrum is calculated
as the HNR measure (Avisoft-SASLab Pro, v. 5.2). Sound pressure
levels (dB SPL re: 20 uPa) of each vocalization were calculated in
MATLAB (2018a) from calibrated microphones.

Similar to the ABR analyses, our call data set contained an un-
equal number of observations from every mouse per age category
due to differences in calling rate, lifespan, and noise-exposure con-
dition. Separate mixed-effects linear models were used to examine
whether changes in age predicted changes in Fy, duration, call am-
plitude, and HNR in mice across stimuli (LMM, Imer in the Ime4
R package; Bates et al., 2014; R Core Team, 2014). In these four
models, we examined if the predictor variables were affected by
fixed factors of sex (male vs. female), noise-exposure (control vs.
noise-exposed), and random factors of age and mass, as well as
by interactions between sex, condition, and age. To control for de-
pendencies from sampling each mouse repeatedly, we included a
random intercept for mouse identity across age. Post-hoc compar-
isons using Tukey’s method were performed to assess the relation-
ship between sex, condition, and age at three age categories (350,
700, and 1000 d.o.) (emmeans R package; Lenth, 2020). Significance
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Fig. 3. Age- and noise-exposure related deterioration of the auditory brainstem response (ABR) for the click stimulus collapsed across sex in grasshopper mice. This plot
depicts ABR thresholds from multiple mice across their lifespans (control condition = open circles (baseline (pre noise exposure): N = 12, control: N = 14, age: 94-1184
d.o.), noise-exposed = filled circles (N = 6, age: 132-800 d.o.). Note, 12 noise-exposed mice were tested, only 4 of them contributed data one day after noise exposure, and
4 contributed data 300-330 days after noise exposure. Black lines represent the best data fit for control (dashed) and noise-exposed mice (solid). The amount of variability
in data explained by aging for each exposure condition is expressed in the form of r? for control (C) and noise-exposed (NE) mice. Mice that lacked ABR responses for the
click stimulus post-exposure are represented by gray triangles (N = 8, age: 447-1265 d.o.).

levels were adjusted to account for multiple comparisons based on
the number of models (n = 4, p = 0.0125).

Lastly, we examined whether changes in hearing sensitivity due
to age-related and noise-induced hearing loss were correlated with
changes in call properties. We used Spearman’s correlation to as-
sess these relationships due to the non-normal distribution of data.

3. Results

Aging explained changes in ABR thresholds for all stimulus fre-
quencies in the control condition (collapsed across sex, p < 0.002).
Second order polynomial functions explained the greatest amount
of variability in ABR data across stimuli in the control mice (lin-
ear: 14 - 46% vs. polynomial: 22 - 59%). Aging did not account for
changes in hearing sensitivity in noise-exposed mice (p > 0.083).
Linear and polynomial functions explained similar amounts of vari-
ability in noise exposed data (0 - 21%) (Figs. 3 and 4).

3.1. ABR results for control group

Age, age?, sex, and stimulus type were significant predictors of
the increase in ABR thresholds in grasshopper mice (Table 1). In
addition, we found a significant age * sex interaction. In general,
mice exhibited peak sensitivity (i.e. lowest ABR thresholds) in the
8 - 24 kHz region of the audiograms, with higher thresholds for
other stimuli (Fig. 5). Female mice had significantly higher thresh-
olds for a click stimulus than for 8 (p < 0.001), 12 (p < 0.001),
16 (p < 0.002), and 24 kHz (p = 0.002). In addition, females had
less sensitive hearing for 4 kHz than for 24 kHz (p = 0.021), and
for 32 kHz than for 8 (p = 0.014), 12 (p = 0.021), and 24 kHz
tones (p < 0.001). Males showed a similar pattern, with signifi-
cantly higher thresholds for a click stimulus than for 8 (p < 0.001),
12 (p < 0.001), 16 (p < 0.002), and 24 kHz (p = 0.002). In addi-
tion, male mice exhibited higher thresholds for 32 kHz than for 8

Table 1

Mixed-effects model analysis and significance testing com-
paring the ABR changes due to age in female (N = 14,
Nobservations = 111) and male (N 12, Nobservations = 119)
grasshopper mice in the control group across the lifespan for
click stimulus and six pure tone pips.®.

Fixed Effects B SE t-value p
Intercept (Id) 42.52 2.66 15.95 <0.001
Age 82.39 22.73 3.62 0.001
Age? 107.86 21.65 498 <0.001
Sex 6.27 3.36 1.87 0.067
4 kHz —6.59 2.25 -2.94 0.004
8 kHz -12.20 225 -5.43 <0.001
12 kHz -11.90 2.25 -5.30 <0.001
16 kHz -9.01 2.25 —4.02 <0.001
24 kHz -13.87 2.25 —6.18 <0.001
32 kHz —-4.63 2.25 -2.06 0.041
Age * Sex 142.00 51.67 2.75 0.007
Age? * Sex 68.60 48.61 1.41 0.160
Random Effects o2

Mouse Id 6.43

Residual 9.05

2 Significant values are bolded. LMM formula in R was
Imer (threshold ~ sex * poly (age, 2) + stimulus + (1| Id)).
B = model estimate, SE = standard error, 0% = standard devi-
ation. Fixed effects for 4, 8, 12, 16, 24, and 32 kHz stimuli are
compared to the click stimulus. Fixed effects for the age * sex
interaction are compared to age * female interaction.

(p = 0.014), 12 (p = 0.021), and 24 kHz tones (p < 0.001). Male
mice experienced a 53.4 dB threshold shift due to aging across all
stimuli, while females experienced an average of 24.6 dB threshold
shift (Fig. 5). Female mice retained normal hearing abilities across
stimuli into middle adulthood (700 d.o., p = 0.017), losing hear-
ing between 700 and 1000 d.o. (p < 0.001). In contrast, male mice
lost hearing progressively across the lifespan (p < 0.001; Fig. 5).
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Fig. 4. Age- and noise-exposure related deterioration of the auditory brainstem response (ABR) for 4, 8, 12, 16, 24, and 32 kHz stimuli collapsed across sex (baseline pre
noise exposure: N = 12, control: N = 14, age: 94 - 1184 d.o.; noise-exposed N = 11, age: 132 - 1228 d.o.) (a-f) in grasshopper mice. Note, 12 noise-exposed mice were
tested, only 11 mice contributed data one day after noise exposure, and 6 mice contributed data 300 - 330 days after noise exposure These plots depict ABR thresholds
from multiple mice across their lifespans (control condition = open circles, noise-exposed = filled circles). Black lines represent the best data fit for control (dashed) and
noise-exposed mice (solid). The amount of variability in data explained by aging for each exposure condition is expressed in the form of r2 for control (C) and noise-exposed
(NE) mice. Mice that lacked ABR responses for tones post-exposure are represented by grey triangles (N = 6, age: 447 - 1265 d.o.).
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Fig. 5. Estimated marginal mean audiograms for male (a) and female (b) grasshopper mice in the control condition at 350 d.o. (350 = white squares), 351-700 d.o

(700 = gray circles), and 701-1000 d.o (1000 = black stars) with standard error bars.

Table 2

Mixed-effects model analysis and significance testing comparing the
ABR changes due to age in female (N = 5, Ngpservations = 58) and male
(N = 8, Ngpservations = 103) grasshopper mice in the noise-exposed
group across the lifespan for click stimulus and six pure tone pips.®.

Fixed Effects B SE t-value p
Intercept (Id) 86.20 12.73 6.77 <0.001
Age 428.28 96.71 443 <0.001
Age? -50.23 4251 -1.18 0.240
Sex 8.35 7.52 1.10 0.337
4 kHz 5.92 8.61 0.69 0.493
8 kHz 11.31 8.54 1.32 0.188
12 kHz 8.63 8.60 1.00 0317
16 kHz 6.03 8.87 0.68 0.498
24 kHz 3.49 8.70 0.40 0.689
32 kHz 7.42 8.76 0.85 0.399
Age at noise exposure —-0.09 0.02 —3.72 0.001
Age * Sex -11.71 88.85 -0.13 0.900
Age? * Sex 55.00 7750 0.71 0.484
Random Effects o?

Mouse Id 9.21

Residual 26.91

2 Significant values are bolded. The LMM formula in R was Imer
(threshold ~ sex * age + stimulus + age at noise exposure + (1] Id)).
B = model estimate, SE = standard error, 0 = standard deviation.

For both sexes, the greatest decrease in sensitivity occurred after
700 d o. (threshold increase by 19.5 dB for females and 38.1 dB
for males, p < 0.001), although males had significantly higher ABR
thresholds than females by 1000 d.o. (p = 0.011).

3.2. ABR results for noise-exposed group

Age and age at noise exposure were the only significant predic-
tors of the increase in ABR thresholds in noise-exposed grasshop-
per mice (Table 2). There were no sex or stimulus differences
after noise exposure, therefore all post-hoc analyses were com-
bined across sex and stimulus type. Mice of all ages experienced

a 61.55 dB threshold increase after noise exposure (p < 0.001),
and a 21.25 dB recovery 300 - 330 days after the noise exposure
(p < 0.001). Eight out of 12 mice did not recover after noise expo-
sure and no ABRs could be collected from these subjects 300 - 330
days after noise exposure, however the age at which these sub-
jects were noise-exposed was not related to recovery (p = 0.451).
Furthermore, post hoc analysis revealed no significant differences
between young and old male and female mice that were noise-
exposed (p > 0.05).

3.3. Call recording results

We obtained acoustic recordings from 10 individual control (3
F - 161 calls, age: 80 - 954 d.o.; 7 M - 107 calls, age: 93 -
1001 d.o.) and 11 noise-exposed mice (4 F - 349 calls, age: 83
- 957 d.o.; 7 M - 288 calls, age: 83 - 1231 d.o.). Baseline mea-
sures for all acoustic variables did not differ between control and
noise-exposed groups (all p > 0.0125). Age and mass were signif-
icant predictors of call Fy (Table 3). In addition, condition * age
and age * sex interactions were significant predictors of changes
in Fy (Table 3). Post-hoc comparisons indicated that mass was not
related to Fy across conditions (t = 2.77, p = 0.029). In general,
Fo decreased with age in control female (350 d.o. M = 10.49 dB,
SE = 0.52; 700 d.o. M = 9.78 dB, SE = 0.53; 1000 d.o. M = 9.18 dB,
SE = 0.58; t = 4.00, p < 0.001) and male mice across the lifespan
(350 d.o. M = 9.86 dB, SE = 0.29; 700 d.o. M = 8.51 dB, SE = 0.34;
1000 d.o. M = 7.35 dB, SE = 0.45; t = 6.66, p < 0.001). Female
mice had significantly higher Fy at 1000 d.o. than males (t = 2.59,
p = 0.012). Male mice in the control condition produced signif-
icantly lower Fy calls than noise-exposed males at 350 (control:
M = 9.86 dB, SE = 0.29; noise-exposed: M = 10.84 dB, SE = 0.30;
t = —3.08, p = 0.003), 700 (control: M = 8.51 dB, SE = 0.34; noise-
exposed: M = 10.67 dB, SE = 0.48; t = —6.36, p < 0.001), and 1000
d.o. (control: M = 7.35 dB, SE = 0.45; noise-exposed: M = 10.52 dB,
SE = 0.38; t = —6.98, p < 0.001). Mice of both sexes in the noise-
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Table 3

Mixed-effects model analysis and significance testing comparing changes in
the peak frequency (kHz) of a grasshopper mouse call due to age and noise-
exposure condition in female (N = 7, Nypservations = 510) and male (N = 13,
Nobservations = 394) mice across the lifespan.?.
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Table 4

Mixed-effects model analysis and significance testing comparing changes in the
duration of a grasshopper mouse call due to age and noise-exposure condition
in female (N = 7, Nopservations = 510) and male (N = 13, Nopservations = 394) mice
across the lifespan.?.

Fixed Effects B SE t-value p Fixed Effects B SE t-value p
Intercept (Id) 1.01 * 10! 597 * 10!  16.93 <0.001 Intercept (Id) 1.01 132+ 107"  7.68 <0.001
Age -2.00 * 10> 495+ 10°%  -4.05 <0.001 Age 4.80 * 104 1.07 * 1074 4.49 <0.001
Condition -7.78*10°'  6.63* 10" -1.17 0.252 Condition 1.09 * 107! 147 * 107" 0.74 0.466
Sex 2.18 * 1072 6.23* 10!  0.04 0.972 Sex 3.09 * 10! 138+ 107" 224 0.032
Mass 2.87 * 1072 1.02 1072 281 0.005 Mass -122+1072 221*103  -550 <0.001
Condition * Age 1.76 * 10-3 5.64*107%  3.12 0.002 Condition * Age -2.87*10% 122*10% -235 0.019

-1.86* 107> 6.99* 104  -2.66 0.008
5.82 * 107! 7.82 % 107! 0.74 0.461

Age * Sex
Condition * Sex

Condition * Age * Sex  1.61 * 1073 865*10* 1.86 0.064
Random Effects o?

Mouse Id 0.80

Residual 0.58

Age * Sex -297*10% 151*10% -1.96 0.050

Condition * Sex 7.51 * 1073 1.73 * 10! 0.04 0.966
Condition * Age * Sex  1.60 * 10~* 1.87 * 10*  0.86 0.392
Random Effects o?

Mouse Id 0.18

Residual 0.13

2 Significant values are bolded. The LMM formula in R was Imer (peak fre-
quency ~ age * noise-exposure condition (i.e. condition) * sex + mass + + (1]
Id)). B = model estimate, SE = standard error, 02 = standard deviation. Fixed
effects for the condition * age are compared to the control condition * age inter-
action. Fixed effects for the age * sex interaction are compared to age * female.
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Fig. 6. Estimated marginal means for age-related changes of the peak fundamental
frequency (kHz) of a grasshopper mouse’s advertisement call with standard error
bars in female (open circles and squares) and male (black circles and squares) mice,
in control (circles) and noise-exposed conditions (squares) for three ages of interest
(350, 700, 1000 d.o.).

exposed group did not experience changes in Fy across the lifespan
(p > 0.05) (Fig. 6).

Age, sex, and mass were significant predictors of call dura-
tion. In addition, condition * age and age * sex interactions were
significant predictors of changes in call duration (Table 4). Mass
was a significant predictor of call duration with mice of lower
mass producing longer calls (t = —5.43, p < 0.001). In general,
female mice in the control (350 d.o. M = 0.72 s, SE = 0.12; 700
do. M = 0.89 s, SE = 0.12; 1000 d.o. M = 1.03 s, SE = 0.13;
t = - 443, p < 0.001) and the noise-exposed groups (350 d.o.
M = 0.92 s, SE = 0.07; 700 d.o. M = 0.99 s, SE = 0.07; 1000 d.o.
M = 1.04 s, SE = 0.09; t = - 2.96, p = 0.009) exhibited an increase
in call duration with age, whereas males in both groups showed
no changes (p > 0.05) (Fig. 7). There were no significant differences
between sexes across conditions (p > 0.05). The condition and con-
dition * sex interaction were significant predictors of HNR of a call
(Table 5). However, post-hoc tests indicated no differences between
noise-exposed and control groups for HNR across the lifespan (con-
trol: M = 23.6, SE = 0.18, noise-exposed: M = 23.4, SE = 0.13;

2 Significant values are bolded. The LMM formula in R was Imer (duration ~
age * noise-exposure condition (i.e. condition) * sex + mass + session* noise-
exposure condition (i.e. condition) + (1] Id)). B = model estimate, SE = standard
error, 02 = standard deviation. Fixed effects for sex are compared to female.
Fixed effects for the noise-exposure condition * age interaction are compared to
control condition * age. Fixed effects for age * sex interaction are compared to
age * female.
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Fig. 7. Estimated marginal means for age-related changes of the duration (s) of a
grasshopper mouse’s advertisement call with standard error bars in female (open
circles and squares) and male (black circles and squares) mice in control (circles)
and noise-exposed conditions (squares) for three ages of interest (350, 700, 1000
d.o.).

Table 5

Mixed-effects model analysis and significance testing comparing changes in the
harmonic-to-noise ratio (HNR) of a grasshopper mouse call due to age and noise-
exposure condition in female (N = 7, Ngpservaions = 510) and male (N = 13,
Nobservations = 394) mice across the lifespan.?.

Fixed Effects B SE t-value p
Intercept (Id) 24.22 3.45* 107! 70.23 <0.001
Age 6.80 * 10> 472+10%  0.14 0.8863
Condition -6.39 * 10! 2.83* 10! -2.26 0.039
Sex —2.34* 10! 3.07 * 1071 -0.76 0.457
Mass -1.69* 102 105*102 -1.61 0.110
Condition * Age 3.04* 104 5.66* 1074  0.54 0.594
Age * Sex 2.26 * 104 6.42*10* 035 0.726
Condition * Sex 8.54 * 107! 3.94 * 10! 2.17 0.043

Condition * Age * Sex ~ —6.69 * 104  8.10 * 10~* -0.83 0413

Random Effects o?
Mouse Id 0.19
Residual 0.76

2 The LMM formula in R was Imer (HNR ~ age * noise-exposure condition (i.e.
condition) * sex + (1| Id)). B = model estimate, SE = standard error, 02 = stan-
dard deviation. Fixed effects for the noise-exposure condition are compared to
control condition. Fixed effects for the noise-exposure condition * sex interac-
tion are compared to control condition * female.
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Table 6

Mixed-effects model analysis and significance testing comparing changes in the
sound pressure level (SPL) of a grasshopper mouse call due to age and noise-
exposure condition in female (N = 7, Nypservations = 510) and male (N = 13,
Nobservations = 394) mice across the lifespan.?.

Fixed Effects B SE t-value P
Intercept (Id) 9.33 * 10! 1.65 56.78 <0.000
Age -221*103 198104 -1.05 0.298
Condition -2.55 2.41 -1.81 0.081
Sex -1.79 1.51 -1.19 0.243
Mass —6.68 * 1072 4,53 * 102 —-1.47 0.142
Condition * Age 3.69 * 103 2.49 * 103 1.48 0.141
Age * Sex —5.25* 1073 2.89 * 1073 -0.02 0.986
Condition * Sex 3.11 1.92 1.62 0.114
Condition * Age * Sex  —7.90 * 104 362 * 103  -0.21 0.827
Random Effects o?

Mouse Id 1.16

Residual 2.99

@ The LMM formula in R was Imer (SPL ~ age * noise-exposure condition (i.e.
condition) * sex + mass + (1| Id)). B = model estimate, SE = standard error,
0? = standard deviation.

t = 1.14, p = 0.26). Lastly, there were no significant predictors of
change in SPL (Table 6).

Finally, to further explore relationships between hearing and
voice, we examined if the magnitude of hearing loss due to ag-
ing and noise-exposure across all stimuli was correlated to changes
in Fy and duration of grasshopper mouse calls. These analyses
were performed only on call qualities that changed significantly
with age (Tables 3 and 4). In control animals, we found that
hearing loss was correlated with an increase in Fy in females
(r = 0.21, p = 0.03), but not in males (r = 0.05, p = 0.65). Hear-
ing loss was not correlated with changes in duration in female
(r = —0.06, p = 0.52) and male (r = —0.07, p = 0.47) mice. In
noise-exposed animals, F, decrease correlated with hearing loss
in males (r = —0.57, p < 0.001). However, Fy was not correlated
with hearing loss in noise-exposed females (r = —0.25, p = 0.06).
Lastly, duration increase was correlated with hearing loss in noise-
exposed males (r = 0.35, p < 0.001), but not in females (r = 0.01,
p = 0.92).

4. Discussion

The goal of this experiment was to assess the association be-
tween ARHL, NIHL, and vocal production in grasshopper mice. We
found that mice exhibited age- and noise-induced hearing loss
that correlated with changes in vocal production. Similar to hu-
mans and other rodents, grasshopper mice progressively lost hear-
ing across the lifespan, with hearing loss occurring more rapidly
in males than females. Mice also experienced severe hearing loss
across all frequencies after exposure to noise. Lastly, we found that
the frequency and duration of advertisement calls were affected by
hearing loss similar to findings in other mammals. We discuss our
results in relation to modeling human hearing and voice disorders.

Hearing sensitivity in young grasshopper mice was consistent
with previously established measures of hearing in this species
(Green et al., 2019; Heffner and Heffner, 1985). However, mice
experienced progressive ARHL and showed sexual dimorphism in
hearing loss rates across the lifespan similar to humans (Gates and
Cooper, 1991; Tambs et al., 2003) and various laboratory mouse
strains (Henry, 2004; Kobrina and Dent, 2019; Zheng et al., 1999).
Accelerated hearing loss in the last third of grasshopper mouse’s
lifespan (Fig. 3 and 4) is consistent with cochlear degeneration
in laboratory mice (Kobrina et al., 2020; Ohlemiller et al., 2010).
The degree of ARHL in grasshopper mice (25 - 53 dB) falls
into the mild to moderate hearing loss categories for humans
(Homan et al., 2017; Huang and Tang, 2010), although human hear-
ing is commonly assessed using behavioral rather than electro-
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physiological techniques. Audiograms obtained using ABRs are of-
ten less sensitive than those obtained using behavioral methods
(Radziwon et al., 2009). In addition, age-related changes in ABRs
occur earlier than measurable behavioral changes in laboratory
mice (Kobrina et al., 2020). Thus, our results provide a conserva-
tive estimate of hearing abilities and ARHL onset.

Rates of hearing loss differed between sexes after one year
of life. While males showed early onset of ARHL and progressive
hearing loss across frequencies, females exhibited a more abrupt
hearing loss onset similar to humans (Gates and Cooper, 1991;
Tambs et al., 2003). Consequently, males had lower hearing sensi-
tivity than females after 350 d.o., similar to findings in laboratory
mice (Henry, 2004; Kobrina and Dent, 2019; Kobrina et al., 2020).
We did not observe severe hearing loss in females, suggesting that
females may be a unique model for studying protective effects of
feminization on the aging auditory system (Hultcrantz et al., 2006).

In addition to ARHL, grasshopper mice were highly suscepti-
ble to NIHL. Mice of all ages experienced a deterioration in hear-
ing abilities one day after noise exposure. Similar to the CBA/CaJ
mice, grasshopper mice experience elevated temporary threshold
shifts shortly after noise exposure and improved sensitivity later
in life (Amanipour et al., 2018). We found no relationship between
age at noise-exposure and hearing recovery, although low sam-
ple size resulting from high attrition rates dampen our strength
of inference. Alternative explanations exist to explain why mice
may recover their hearing abilities. First, rodents may have an
over-representation of outer hair cells sensitive to lower frequen-
cies in their cochleae that enables compensation after noise ex-
posure (Campo et al., 2003). Second, unique genetic backgrounds
may act as protective factors in mice of various ages resulting in
less detrimental effects after noise exposure (Davis et al., 2001;
Hulterantz and Li, 1993; Lin et al., 2009). In laboratory mice, sus-
ceptibility to permanent hearing loss is due to the interaction
between genetic factors associated with ARHL and NIHL. Specifi-
cally, mouse strains that express two recessive Ahl genes associ-
ated with hearing loss (Ahl/Ahl) were more susceptible to noise
trauma than mouse strains with only one (+/Ahl) or no Ahl alleles
(+/+; Davis et al., 2001). In addition, a variety of gene clusters as-
sociated with NIHL susceptibility and resistance have recently been
identified (Myint et al., 2016). Although the genetic background of
grasshopper mouse hearing is presently unknown, further investi-
gation will help clarify the role of genes as hearing protective fac-
tors (Christie and Eberl, 2014; Hilliard et al., 2012).

Grasshopper mouse vocalizations exhibited diverse and variable
responses to aging and noise exposure, sometimes in a sex-specific
manner. Such variation is typical in studies of human vocal ag-
ing (Coelho et al., 2015) and in the absence of auditory feedback
(Higgins et al., 2003, 2005). While some acoustic characteristics
remained static (e.g. call amplitude and HNR), others exhibited
complex patterns of change. In particular, call Fy progressively de-
creased with age in control mice, with older females producing
calls with higher Fy than males. A similar decrease in Fy was found
in adult male rat 50 kHz USVs, although the mechanisms mediat-
ing sex differences are unclear (Basken et al., 2012; Peterson et al.,
2013). Because female mice experienced a lesser degree of ARHL
than males, which was correlated with changes in F,, we spec-
ulate that estrogen may play an important role in auditory-
vocal interactions. For example, decreased estrogen in menopausal
women results in increased hearing loss (Hederstierna et al., 2010)
and lower Fy via mucosal edema of vocal folds (Emerich et al.,
1996). In contrast, Fy of noise-exposed mice did not exhibit
an age-related decrease but instead remained high, similar to
findings in hearing-compromised humans (Binnie et al., 1982;
Mora et al., 2012), cats (Shipley et al., 1988), and laboratory mice
(Arriaga et al.,, 2012). Control and noise-exposed females also pro-
duced longer calls in agreement with findings in deafened cats
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(Hubka et al., 2015). Together our findings suggest that age- and
noise-induced hearing loss contribute to the observed changes
in vocal production. The physiological mechanisms underlying
changes in both Fy and duration may be due to changes in
subglottal pressure, oral pressure, vocal fold composition and
biomechanics, decreased motor control, and/or respiratory func-
tion (Higgins et al., 2003, 2005; Johnson et al., 2015; Perkell et al.,
2000; Riede et al., 2017; Shipley et al.,, 1988). Disentangling the
role of aging, use, hormones, and loss of auditory feedback on such
diverse mechanisms will require further experimentation that con-
siders interactions among mechanisms over time.

In conclusion, our data indicate that grasshopper mice exhib-
ited age- and noise-induced hearing deficits that correlate with
changes in call production. Grasshopper mice develop sexually di-
morphic ARHL patterns, with male mice losing hearing progres-
sively and having worse sensitivity than females. Some grasshop-
per mice were able to partially recover hearing abilities one year
after noise exposure, although further research is necessary to
understand the factors contributing to hearing loss and recovery.
Grasshopper mice under natural and noise-exposed aging condi-
tions produced calls differing in Fy and duration, suggesting that
hearing loss and other physiological processes may be responsible
for vocal control in this species. Our findings highlight the impor-
tance of further study of hearing and vocal production mechanisms
in a unique rodent model to better understand hearing and com-
munication disorders.
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