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Abstract

The C57BL/6J (B6) mouse strain carries a cadherin23 mutation (Cah2373A, also known as Ahl),
which affects inner ear structures and results in age-related hearing loss. The B6.CAST strain
harbors the wild type Cadh23 gene and hence the influence of AA/is absent. The purpose of the
present study was to characterize the effect of age and gender on gravity receptor function in B6
and B6.CAST strains and to compare functional aging between auditory and vestibular modalities.
Auditory sensitivity declined at significantly faster rates than gravity receptor sensitivity for both
strains. Indeed, vestibular functional aging was minimal for both strains. The comparatively
smaller loss of macular versus cochlear sensitivity in both the B6 and B6.CAST strains suggests
that the contribution of AA/to the aging of the vestibular system is minimal, and thus very
different than its influence on aging of the auditory system. Alternatively, there exist unidentified
genes or gene modifiers that serve to slow the degeneration of gravity receptor structures and
maintain gravity receptor sensitivity into advanced age.
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1.1 INTRODUCTION

The inner ear houses the sensory organs for hearing and balance. Dysfunction in any of the
inner ear end organs or their central pathways can cause hearing and or vestibular
impairment. Age-related hearing loss (ARHL) is the most common type of hearing
impairment in humans, affecting 50% of the population by age 80 (Gorlin, etal., 1995.
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Morton, 1991y The anatomical and physiological mechanisms of auditory aging have been
extensively studied in both humans and animal models. However, relatively little has been
done to investigate the role of age and predisposing factors (such as gender and genetic
background) on vestibular function in spite of evidence that 3.4% of the U.S. adult
population (6.2 million people) suffers from chronic dizziness and/or imbalance (Hoffman &
Sklare, 2003y 2494 of people older than 72 years in the U.S. have suffered an episode of
dizziness lasting for at least a month (Tinetti etal., 2000y 3004 of people older than 65 years
in the U.K. have dizziness (Colledge et al., 1994y 304 as many as 7 million people per year
seek care for disequilibrium and/or vertigo.

Studies of the effect of age on vestibular function have typically used indirect measures such
as the vestibulo-ocular reflex (VOR), optokinetic response (OKN), the otolith-ocular reflex,
visual-vestibular responses and tests of posture to infer peripheral vestibular status (Paige,
1992 1994. Baloh, et al., 1993. Goebel, 2001. Enrietto, et al., 1999. Shiga et al., 2005,
Furman & Redfern, 2001y Reported findings include decreased VOR gain, increased phase
lead, decreased ability to suppress VOR with vision, less shortening of the VOR time
constant by post-rotary head tilt, and lower OKN slow-phase velocity saturation.

Studies using a direct measure of peripheral vestibular function (vestibular sensory evoked
potentials (VSEPS)), in a variety of inbred mouse strains, highlight the importance of genetic
background for gravity receptor function (e.g., Jones etal., 2005 2006y ryrthermore, these
studies suggest that a genetic predisposition for a functional deficit in one inner ear sensory

modality does not obligate functional loss in the other modality (e.g., Jones etal., 2005
2006; Leeetal., 2013; Zhao et al., 2008).

The C57BL/6J (B6) mouse has been extensively studied and is a well-established model for
ARHL (Johnson et al., 1997. Spongr et al., 1997, Hequembourg and Liberman, 2001,

McFadden et al., 2001. Bartolome et al., 2002, Henry, 2002) T gate, at least 10 quantitative

trait loci that contribute to ARHL have been identified in mice (Latoche etal., 2011. Noben-
Trauth and Johnson, 2009) The AA/mutation (also known as Cah25753A) was the first
mutation discovered in association with ARHL and appears to be the most common ARHL
mutation (Johnson etal., 1997; Noben-Trauth et al., 2003)' Abhlis a recessive, single
nucleotide mutation at 753 (G=>A) on the Cah23gene on mouse chromosome 10 (Noben-
Trauth etal., 2003y ' cgp23encodes cadherin 23, a protein necessary for inner ear

development and maintenance of sensory cell structures such as stereociliary tip links
(Siemens et al., 2004. Séllner et al., 2004. Kazmierczak et al., 2007) kinocilial and transient

lateral links (Michel etal., 2005. Lagziel et al., 2005,

The effects of the AA/mutation on vestibular structure and function is not well understood.
The purpose of the present study was to evaluate whether the AA/mutation, which when
homozygous produces profound loss of hearing with age, has a similar effect on inner ear
vestibular function. We characterized the effect of age and gender on macular function in B6
mice harboring the A//mutation and an inbred congenic strain, B6.CAST-Cah23*/Kin
(B6.CAST), that is genetically identical to the B6 strain except for a small region of
Chromosome 10 inherited from the CAST/Ei strain that contains the A//locus (Johnson et
al.,, 1997. Keithley etal., 2004y Thys jn the B6.CAST strain the AA/locus is replaced by the
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normal dominant wild-type allele that is resistant to age-related hearing loss. In the resistant
B6.CAST strain the progression of ARHL is delayed by about 3 to 6 months and attenuated
compared to B6 (Kelthley etal., 2004)_

The main objectives of the present study were to address the following questions: 1) are
there differences in age-related decline of auditory and gravity receptor function and are
there gender differences in functional decline; and 2) will elimination of the Cah2373A
mutation confer protection and modify the vestibular aging profile? To answer these
questions we measured VSEPs to assess macular function and auditory brainstem responses
(ABRS) to characterize auditory function in female and male B6 and B6.CAST mice.
Confocal microscopic images of the utricle were quantitatively compared to determine if any
age related functional change in gravity receptor function might be explained by structural
changes, especially synaptic morphology of sensory neuroepithelium.

1.2 METHODS
1.2.1 Animals

Breeder pairs for C57BL/6J (stock # 000664) and B6.CAST-Cah23M*/Kin (stock # 002756)
were purchased from the Jackson Laboratory (Bar Harbor, ME) and colonies of both strains
were established at East Carolina University. Both sexes of B6 (n = 158, ages 1.02 to 23.8
months) and B6.CAST (h = 109, ages 2.1 to 24.5 months) were studied. Table 1 indicates
the number of animals measured for ABR and VSEPs. Animals were housed in standard
polyurethane cages grouped by gender within a temperature-regulated (21 +3/-4 °C) room
under routine 12-hour light/dark cycle with access to food and water ad /ibitum. Animal care
and all procedures were approved by the Institutional Animal Care and Use Committee and
met NIH guidelines for the care and use of laboratory animals.

Ambient noise levels in the animal housing area were monitored throughout the study to
assure that noise levels were below those which might result in noise induced hearing loss.
The ambient sound exposure levels for animals in laboratory housing areas was estimated
using a data logging dosimeter. Forty-eight noise samples, each comprised of 16-hour
periods were taken on randomly chosen days over a five-month period. Logged data were
discretized into mean sound pressure level (SPL) for each 10-minute period of recording.
The logger had a sound floor of 65 dB SPL, so all levels below that were given a value of 65
dB SPL. The mean ambient level across all logs was 66.8 dB SPL. One ten-minute period
registered 85 dB SPL and was the maximum level recorded. Six 10-minute periods were
between 75 and 80 dB SPL. Thirty-three periods were between 70 and 75 dB SPL whereas
the remaining 4,568 ten-minute periods were below 70 dB SPL.

1.2.2. Functional assessment of vestibular and auditory sensors

Animal preparation and functional testing for VSEPs and ABR followed procedures
described by Mock et al. (2011) g4nq Vijayakumar et al. (2015) Briefly, mice were

anesthetized with a ketamine (18mg/ml) and xylazine (2 mg/ml) solution (5-9 pl per gram
body weight injected intraperitoneally). Core body temperature was maintained at 37.0
+ 0.1°C. Linear acceleration pulses, 2 ms duration, were presented to the cranium via a non-
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invasive spring clip that encircled the head anterior to the pinna and secured the head to a
voltage-controlled mechanical shaker. Stimuli were presented along the naso-occipital axis
at a rate of 17 pulses/sec. Stimulus amplitude ranged from +6 dB to —18 dB re: 1.0g/ms
(where 1g = 9.8 m/s?) adjusted in 3 dB steps. Stainless steel wire was placed subcutaneously
at the nuchal crest to serve as the noninverting electrode. Needle electrodes were placed
posterior to the left pinna and at the hip for inverting and ground electrodes, respectively.
Traditional signal averaging was used to resolve responses in electrophysiological
recordings. Ongoing electroencephalographic activity was amplified (200,000X), filtered
(300 to 3000Hz) and digitized (100 kHz sampling rate). 256 primary responses were
averaged for each VSEP response waveform. All responses were replicated. A broad band
forward masker (50 to 50,000 Hz, 94 dB SPL) was presented during VSEP measurements to
verify absence of cochlear responses.

For ABR measurements, pure tone burst stimuli were generated and controlled using
National Instruments data acquisition system and custom software. Tone bursts at 8, 16, 32
kHz, 41.2 kHz had 1.0 ms rise and fall times with 1.0 ms plateau (3 ms total duration).
Stimuli for ABR testing were calibrated using a Bruel & Kjaar ¥ inch microphone and
Nexus amplifier. Stimuli were calibrated in dB peSPL and were presented via high
frequency transducers (ED1 driver, EC1 speakers, Tucker—Davis Technologies) coupled at
the left ear via a modified commercial ear tip (ER 10D-TO03, Etymotic Research, Inc.).
Auditory stimuli were presented at a rate of 17 stimuli/s. ABR intensity series were collected
by reducing the stimulus in 10 dB steps at higher stimulus levels and 5 dB steps closer to
threshold. At the end of functional testing, mice were euthanized and temporal bones were
dissected for immunohistochemistry and confocal microscopy.

1.2.3 Fluorescent immunostaining and image analysis

Temporal bones were dissected from mice representative of young (3—6 months), mid (10—
12 months), old (15-18 months), and very-old (22—24 months) age groups. In each age
group, samples from at least 3 animals were examined. Oval and round windows were
opened, and the apex of the cochlea was broken to allow permeation of the fixative (4%
paraformaldehyde in 0.1 M phosphate buffer pH 7.4) overnight at 4°C. The following day
fixed, non-decalcified temporal bones were transferred to a petri dish containing ice-cold
phosphate-buffered saline (PBS, pH 7.4). With the medial side facing up, the bony shelf of
the labyrinth was removed to expose the pigmented roof epithelium overlying the utricle.
The pigmented epithelium was then carefully removed and otoconia covering the utricle was
gently scraped off using a no.1 superfine eyelash brush (Ted Pella, Inc., Redding, CA). The
utricle along with anterior and horizontal cristae of the semicircular canals were pulled out
from the bony labyrinth and transferred to fresh PBS in a multiwell plate. Samples were
washed three times in PBS for 10 minutes each, and then incubated in PBS containing 0.3%
Triton X-100 and 10% normal goat serum (Vector Labs, Burlingame, CA) overnight at 4°C
to block non-specific background labeling. Following the block, samples were incubated
with primary antibodies at 4°C for 36 to 48 hours and subsequently washed in 0.3% PBS-
Triton-X (PBST) for 3x10 minutes. Samples were then incubated with secondary antibody
cocktail overnight at 4°C followed by three washes in PBST. The following primary
antibodies were used: polyclonal rabbit anti-SHANKZ (1:300; Neuromics, Minneapolis,
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MN), monoclonal mouse anti-CtBP2 (1:200; BD Biosciences, San Jose, CA), polyclonal
guinea pig anti-LHX3 (1:1000; gifted by Dr. Samuel L Pfaff, Salk Institute, La Jolla, CA).
The secondary antibodies used were Alexa Fluor 633 labeled goat anti-rabbit 1gG antibody,
Alexa Fluor 488 labeled goat anti-mouse IgG antibody and Alexa Fluor 546 labeled goat
anti-guinea pig (1:200; Invitrogen, Grand Island, NY). The samples were then washed 3
three times in PBS for 10 minutes each and mounted in ProLong Gold (Invitrogen, Grand
Island, NY) anti-fade mounting medium and coverslipped on Superfrost Plus slide (Fisher
Scientific, Pittsburgh, PA). Specificities of the antibodies were evaluated by pre-adsorption
of the antibodies with the specific blocking peptides.

Whole mounts of the utricles were viewed and images were acquired on a laser scanning
confocal microscope, LSM 510 (Carl Zeiss AG, Germany) using 100x oil-immersion
objective (N.A 1.3) at 2x digital zoom. zstacks were acquired at 1024x1024 raster (xand y
= 0.045um, z-step = 0.14pm). To minimize variation across samples, detector gain and
excitation thresholds were adjusted for the same level of pixel saturation. Each z-stack
contained the entire synaptic pole of the hair cell. Images were analyzed offline on Volocity
3D Image Analysis software (PerkinElmer, Waltham, MA). All images were analyzed by
three individuals blind to the age group. Hair cells and synaptic ribbons were counted
manually employing CtBP2 as the marker (Khimich etal., 2005, Liberman et al., 2011). Post
synaptic receptor patches were counted automatically using SHANK1 as the marker and
expressed in terms of puncta per z-stack volume (Mendus etal., 2014 Braude et al., 2015
CtBP2 labeled hair cell nuclei were followed through the z-stack and were spot marked in
the software to avoid double counting. Some samples were also immunolabeled for CtBP2
and LHX3, a transcription factor that is hair cell specific (Sage et al., 2005 Hume et al.,
2007). LHX3 labeling helped in differentiating hair cell nuclei from supporting cell nuclei.
CtBP2 and SHANK1a puncta counts were initially expressed as per z-stack volume and are
reported as per hair cell in the results. Several metrics were characterized as follows: Hair
cell density was calculated as the number of hair cells per scan field area of 2025 pm2.
Synaptic ribbon density was estimated as the number of CtBP2-immunolabeled puncta per
hair cell. Postsynaptic marker density was estimated as the number of SHANK1a-stained
puncta per hair cell. Synapses were identified as co-localized pre- and post- synaptic
markers of CtBP2 and SHANK 1a puncta respectively.

1.2.4 Data Analysis

The activity of the peripheral vestibular nerve has been shown to be reflected by the first two
response peaks of the VSEP (P1, N1, Nazareth and Jones 1998) Therefore, amplitude and
latency measures for the first response peaks (P1 and N1) of the waveform were quantified.
Threshold was defined as the intensity midway between the minimum stimulus intensity that
produced a discernible response and the maximum stimulus intensity that did not result in a
visible response. Response peak latency was defined as the time, in microseconds (us), from
onset of the stimulus to the appearance of P1. Peak-to-peak amplitude, (P1-N1) measured in
microvolts (uV), represented the difference between each positive peak and its respective
negative peak.
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In cases where animals evidenced no response to testing at any stimulus level, the animals
were scored as “no response” (“NR”). We characterized the percent of NR animals (% NR)
at any given age period by ordering the list of animals by age, noting the number of non-
responding animals in each possible contiguous group of 10 animals in the list, dividing
each by 10 to obtain the fraction and multiplying by 100 to obtain percent. Thus the first 10
animals of the list (1-10) generates the first % NR, the second group (animals 2-11) the
second % NR and so on until the end of the list is reached. The age representing each group
was taken to be the age of the oldest animal in the group of 10 animals. An animal that has
no response is distinguished from an animal where testing was not competed, in which case
no data were entered.

For comparing cochlear and gravity receptor sensitivity, ABR and VSsEP thresholds were
normalized to represent a percent change in the dynamic range (% deficit) as described
previously (Mock etal., 2011y e ypper limit for ABR dynamic range was set to 100 dB
peSPL, representing the highest level not producing temporary threshold shift as determined
previously (Mock 2008. Mock et.al., 2011y The jower limit for the dynamic range was set to
the lowest threshold obtained for each test frequency and strain. For B6 mice, the lowest
threshold obtained for 8, 16, 32 and 41.2 kHz was 18.9, 7.9, 4.9 and 27.3 dB peSPL
respectively. Whereas for the B6.CAST, the lowest thresholds obtained were 25.9, 21.1, 10.8
and 10.9 dB peSPL across the test frequencies. For VSEPs, the lowest thresholds measured
were —16.5 dB re: 1.0 g/ms for both B6 and B6.CAST mice. The maximum non-noxious
stimulus level presented for VSEPs was +6 dB re: 1.0 g/ms.

1.2.5 Statistics

Linear regression and univariate or multivariate analysis of variance (Regression, ANOVA,
MANOVA, respectively) [SPSS, v22, IL] were used to evaluate auditory and gravity
receptor function across age. For post hoc analysis, the least significant difference (LSD) test
was used. Linear regression was used to test relationships between response metrics (i.e.,
latency, amplitude, and threshold) and age, and to determine the corresponding regression
coefficients for rate of aging (slope) and intercept. A value of 110 dB peSPL was assigned
for ABR threshold when responses were absent. In the case where there were no responses
from any animal above a particular age, regression analysis (metric versus age) was
restricted to ages where responses were present. To compare linear regression slopes, a
macro (Dong, 2005, distributed by Infoclearinghouse.com) for MINITAB (v17, PA) based
on Zar’s student’s t test (Zar-¢, Zar 1984) was used. Unless stated specifically, data are
presented as mean + standard deviation (sample size). The criterion for statistical
significance was p < 0.05.

1.3 RESULTS
1.3.1 Effects of gender

For B6 mice, there were no significant differences in aging rates (rate of change per month)
between males and females for any metric used to analyze vestibular and auditory
measurements. Similarly, aging rates for vestibular latencies (P1) and thresholds as well as 8
kHz ABR thresholds indicated no gender difference in B6.CAST mice. However, gender
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differences were indicated for aging of VSEP amplitudes (P1-N1) and ABR thresholds for
frequencies above 8 kHz in B6.CAST mice. In cases where there were no differences
between genders, data for males and females were pooled for further analysis. In B6.CAST
where gender differences were observed, data for each gender were evaluated separately.
Figure 1 illustrates VSEP thresholds for males and females of both strains (B6 and
B6.CAST) and figure 2 summarizes findings for 8 kHz ABR thresholds for each gender.
Regression lines shown in figures 1 and 2 represent combined male and female data.
Interestingly, although the aging rates for B6 males and females were the same for 8 kHz
and 16 kHz ABR, thresholds were generally higher for females when age was taken into
consideration as a covariate (ANOVA, 8 kHz: F(1,98) = 5.190, p = 0.025; 16 kHz: F(1,80) =
4,108, p = 0.046). The generally higher thresholds for females are thus independent of age
and can be appreciated in figure 1.

1.3.2 Age-related changes in gravity receptor function

VSEP responses were obtained for 139 B6 mice and 104 B6.CAST mice. VSEP thresholds
were relatively stable across age for both strains, although both strains exhibited a shallow
increase in threshold with age such that threshold increased by 0.11 dB per month for B6
mice (figure 1A, intercept = —11.28 dB re:1.0 g/ms, F(1,137) = 14.46, p = 2.15 x 1074, R2 =
0.095) and 0.16 dB per month for B6.CAST (figure 1B, intercept = —12.355, F(1,102) =
7.94, p = 0.006, RZ = 0.072). The aging slopes for threshold were not significantly different
for the two strains and there were no significant differences in threshold between strains
when age was treated as a covariate. Age-related threshold changes corresponded on average
to an increase in threshold of about 2.6 dB (B6) to 3.8 dB (B6.CAST) over the course of a
lifetime (e.g., 24 months). Thus, the effect size (R?) of age on vestibular threshold was quite
small for both B6 and B6.CAST mice.

VSEP onset latencies for P1 increased slightly and progressively with age for the B6 strain
as can be seen in figure 3A (slope = 9.84 ps per month, intercept = 1270 ps, F(1,137) =
55.77, p = 2.46 x 1078, R2 = 0.204). In contrast there was no significant increase in onset
latency with age in B6.CAST animals (slope = 1.524 us per month, intercept = 1371 ps,
F(1,102) = 0.945, p =0.333, RZ = 0.009). Although aging latency slopes were significantly
different between strains (Zar-£ p < 0.05), there was no general effect of strain on latency
when age was taken into consideration (ANOVA, age as covariate). The age-related changes
in latency for B6 mice represented very modest increases on average leading to response
delays of about 240 ps over the period of a lifetime.

VsEP amplitudes (P1-N1) tended to decrease with age for both strains although the rate of
decrease was relatively modest (figure 3B). There were no gender differences in age-related
amplitude decline for B6 animals and the slope for the combined data was —0.010 pV per
month (figure 3B, intercept = 0.78 uV, F(1,137) = 13.159, p = 4.03 x 10~%; RZ = 0.088). For
B6.CAST mice, there was no general effect of gender on P1-N1 amplitudes when age was
taken into consideration (ANOVA, age as covariate). However, the VSEP amplitude decline
with age for B6.CAST females was more pronounced than that for males (figure 3B, females
=-0.034 pV per month, males = —0.010 pV per month; Zar-£ p < 0.05). Although there was
no difference in the rate of decline between B6 mice and male B6.CAST mice (figure 3B,
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B6.CAST slope = —0.010 pV per month, intercept = 0.9 pV, F(1,53)= 1.777, p = 0.188, R2 =
0.032), female B6.CAST mice evidenced a steeper age-related decline than B6 animals (Zar-
£ p <0.05). These represent notable lifetime age-related amplitude losses on the order of
0.24 uV (B6 animals and B6.CAST males) to 0.8 uV (B6.CAST females).

1.3.3. Age-related changes in auditory function

Out of the 150 B6 animals that were successfully tested over the ages of 1 to 24 months,
30% (n = 49) showed absent ABRs for 8 kHz stimulation. In the case of B6.CAST, 73
animals were tested over a similar age range (2 to 24 months-old) and only 5 animals
evidenced absent ABRs for 8 kHz stimulation. Moreover, 8 kHz ABRs were absent in some
B6 animals as early as 10 months, whereas absent responses appeared for the first time at
about 17 months in B6.CAST mice. Figure 4 illustrates the time course of acquiring absent
ABRs in B6 animals compared to the time profile of B6.CAST animals. For B6, responses
to the highest frequencies (32 and 41.2 kHz) were affected first (within 4 to 6 months) and
by about 11 months all animals failed to respond to high frequency stimuli. Loss of
responses to 8 and 16 kHz appeared later (~10 months) with all animals failing to respond to
16 kHz stimuli at about 16 months and older. Eighty to ninety percent of animals had no
responses to 8 kHz stimuli at ages above 18 months-old. These observations can be
contrasted with results from B6.CAST animals (Figure 4B). In this case, responses were
present in all animals at all frequencies up to at least 18 months of age. At older ages the
fraction of animals with absent ABR increased but at most rose to about 50%.

Both strains evidenced progressive increases in ABR thresholds with increasing age (figure
2). However, the aging rates for 8 kHz ABR thresholds (regression slopes) were significantly
steeper for B6 (slope = 4.22 dB per month, intercept = 23.387 dB peSPL, F(1, 139) =
391.694; p = 2.867 x 10742, R? = 0.762) than for B6.CAST (slope = 2.789 dB per month,
intercept = 26.793 dB peSPL, F (1,71) =109.622, p = 4.83 x 10716, R? = 0.607) mice (Zar-t
p < 0.05). Similar findings were observed for threshold aging rates at 16, 32 and 41.2 kHz,
where rates were considerably steeper for B6 mice (Zar-£ p < 0.05). These findings confirm
earlier reports (Keithley etal., 2004y ‘extend findings to 41.2 kHz and provide additional
detail regarding the progressive nature of age-related hearing loss in the two strains.

1.3.4 Comparisons between gravity receptor and auditory functional aging

Although the sensitivity of gravity receptors decreased somewhat with age, the rate of
decline in auditory function was substantially greater than that for vestibular function in both
mouse strains (Zar-£ p < 0.05) and the difference between auditory and macular decline was
more pronounced in the B6 strain. Functional deficit (fraction of normal dynamic range in
%) ranged from 0% (no deficit) to 100% (complete loss of function as indicated by absent
responses). On average, the loss in dynamic range for 8 kHz ABR increased at a rate of

4.61 % per month for B6 mice and 3.44 % per month for B6.CAST (figure 5A & B; Zar-£. p
< 0.05), whereas the loss in VSEP dynamic range was only 0.50% per month and 0.71% per
month for the B6 and B6.CAST, respectively (Figure 5).
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1.3.5 Morphological changes in utricle

Morphometric data are shown in figures 6 and 7. There was no relationship between age and
hair cell density, post synaptic patch density or synaptic density (figure 7A, C & D). The
only significant relationship found with age was a small increase in CtBP2 puncta density in
B6 animals (Slope = 0.21 puncta per hair cell per month; p - = 0.033; R2 = 0.22, figure 7B)
However, these changes were small inasmuch as there was no significant difference in
ribbon density between strains and there was no age-related change in ribbon density for
B6.CAST animals. On average across ages, B6 epithelia had somewhat higher hair cell
densities but lower synaptic densities per hair cell (Figure 7A & B, Kruskal-Wallis, p <
0.001). There were no physiological correlates of these differences.

1.4 DISCUSSION

The findings of the present study show that: 1) there is a very low rate of decline in
vestibular sensitivity over the lifetime of B6 and B6.CAST mouse strains; 2) the vestibular
functional aging profiles for the two strains were comparable, thus the AA/mutation had
little or no substantial impact on gravity receptor aging; 3) vestibular and auditory receptor
function declined at markedly different rates with age, both strains evidenced a substantially
higher rate of decline in auditory function compared to vestibular; 4) auditory functional
losses with age in B6 mice occurred earlier and were more severe than those expressed by
B6.CAST mice, thus confirming earlier work (Keithley etal., 2004y. 4nq 5y there were no
age-related changes in macular hair cell or synaptic densities for either strain. Although
auditory and vestibular end organs are similar and linked physiologically in many important
ways, the results of the present study clearly demonstrate that aging processes and rates of
decline in the two sensory systems can be quite distinct and independent.

Virtually nothing is known about genes controlling normal vestibular aging. The present
findings indicate that there may be some genetic basis for the long-lived vestibular stability
in the B6 genome, (the genome common to both strains studied here). This is interesting
given the fact that both auditory and vestibular epithelia depend critically on Ca23 (BOIZ et
al., 2001; Bork et al., 2001; Di Palma et al., 2001a; Michel et al., 2005; Lagziel et al., 2005;
Wilson et al., 2001y yet as shown here, changes in the gene product or available isoforms
that are not complete functional nulls may favor one end organ over the other.

Null mutations of Cah23 produce striking developmental defects in vestibular and auditory

stereociliary bundles, leading to profound hearing loss and to waltzer behaviors (i.e.,
circling, head bobbing etc; Di Palmaet al., 2001a’ 2001b; Lefevre et al., 2008; Yonezawa et

al., 2006; Wada et al., 2001; Wilson et al., 2001). These null mutations of Cah23are

accompanied by profound vestibular functional loss (Jones et al., 2005 cqn23v-23) and serve
as models of human USH1 syndrome. In contrast, recently described non-null Cah23
missense mutations in mice such as safsa (Schwander etal., 2009y i, (Manji et al., 2011y
and erfong (Han etal., 2012y ‘nresent with profound hearing loss and normal behaviors and
thus were offered as models of human DFNB12. Evidence from the salsa and jera strains
showed that hearing loss was accompanied by the loss of stereociliary tip links after the
onset of hearing, presumably due to the reduced ligand binding adhesion strength shown by
the altered Cah23 protein (SChwander et al., 2009. Manji et al., 2011y |, the presence of
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Ca?*, the proteins CDH23 and protocadherin 15 (PCDH15) are normally tightly bound
together to form stereociliary tip link filaments which are required to gate stereociliary
mechanotransduction channels (e.g., Muller 2008)_ Schwander et al., (2009) 5nq Manji et
al., (2011) argued that the weakened adhesive bonding strength of Ca/h23in these mutants
rendered tip links susceptible to mechanical damage during sound stimulation, and this led
to profound hearing loss. Although vestibular function was not measured directly in any of
these missense mouse strains, Schwander and colleagues speculated that low frequency
vestibular mechanoreceptors had some unspecified different mechanical properties and these
were responsible for preserving vestibular sensors. Although vestibular tip links were
reportedly present in sa/saand jera strains, the actual extent to which vestibular function was
spared in salsa, feraand erlong strains remains to be determined. Our findings provide
definitive direct evidence that vestibular function is spared throughout the lifespan of the B6
strain despite harboring the Cdh23753A mutation.

The hypomorphic AA/mutation (Cdh23753A) studied here also results in altered Ca2*
binding regions in extracellular domains of the CDH23 protein, thus the mutation also
weakens adhesion and decreases the strength of CDH23 ligand binding (Noben-Trauth etal,,
2003). One expects that the weak ligand bonds affect tip links and this may contribute to
ARHL and to the well-known predisposition for noise-induced hearing loss in AA/mutant
mice (NIHL; e.g., Willott etal., 1998. Davis et al., 2001y Tys, there is general agreement
among investigators that hypomorphic mutations in Cadh23lead to increased susceptibility to
auditory damage during stimulation (e.g., NIHL) and this may include mechanical
disruption and loss of tip links.

What mechanism is responsible for sparing vestibular but not cochlear function in Ah/
mutants? The answer is not entirely clear. If we consider the forces operating at the
stereociliary bundle during natural stimulation, we can argue a priorithat peak forces driving
bundle motion are proportional to peak acceleration (f = ma). For any given displacement,
peak acceleration and hence peak force will be proportional to the square of the frequency.
This suggests the possibility that bundles subjected to the highest frequencies would
experience the highest forces and suffer the most damage. Such would produce a pattern of
pathology like that found in ARHL and NIHL. This putative mechanism requires no special
mechanical properties for vestibular mechanoreceptors. Gravity receptors in mice may be
subject to stimulus frequencies at least up to about 300 Hz (Jones etal., 2015) \yhereas the
cochlea experiences frequencies well above 50 kHz (Ehret 1976). Forces associated with
vestibular sensory stimulation therefore may be far less likely to produce damage to tip links
and other bundle filaments containing the altered Cadh23 product. This is true when the
larger displacements anticipated for vestibular HC bundles (e.g., Geleoc et al., 1997) are
taken into consideration. The loss of tip links may be exacerbated in cells prone to damage
due to a potential reduction in the rate of tip link regeneration (Lelli etal., 2010y cgn23
levels in the “readily available pool” (LeIIi etal., 2010) could be significantly reduced owing

to cellular targeting and destruction of abnormally folded Cdh23753A (Noben-Trauth et al.,
2003. Maniji et al., 2011).

The differential loss of tip links would clearly explain a profound hearing loss accompanied
by normal vestibular function, however, alone it does not immediately explain the induction
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of apoptosis and massive loss of cochlear hair cells associated with ARHL and NIHL (Ba0
etal., 2010; Park et al., 2010; Someya et al., 2009, 2010; Tadros et al., 2008; Wang et al.,
2012, Xiong et al., 2015y The |oss of reflex activation of olivocochlear inhibition, which
would accompany loss of tip links, is an additional mechanism likely contributing to
differential effects of the AA/mutation on auditory and vestibular sensors. Evidence suggests
that olivocochlear efferent inhibition of OHC motility and reduction of primary afferent
activity provides protection against NIHL (Maison etal., 2002; Darrow et al., 2007; Taranda
etal, 2009). Loss of cochlear HC tip links would uncouple the afferent leg of the
olivocochlear reflexes and lead to greater susceptibility to bundle, HC and primary afferent
damage. Owing to the postsynaptic action and pattern of cochlear efferent innervation, loss
of the reflex would also promote a basal to midcochlear progression of injury. No similar
consequences would be anticipated for the vestibular system. Although vestibular efferents
are present, when activated, the action of vestibular efferents on vestibular afferent activity
in mammals is largely excitatory (HOIt etal, 2011) and to our knowledge, no protective role
is recognized.

There may be otherwise unknown molecular mechanism available to protect vestibular
sensors. Elucidating the mechanisms underlying these differential functional effects of
mutation is of considerable interest and is the target of future research.

Vestibular functional aging has now been studied in some detail in four inbred mouse strains
including B6, B6.CAST, CBA/CaJ (MOCk etal., 2011) and A/J (Vijayakumar etal., 2015)_
Among the four strains, B6 and B6.CAST show the lowest rates of decline in macular
threshold with age corresponding to an increase in threshold of less than 3 dB over 24
months. The rate of vestibular aging in CBA mice is three times higher than that of
B6.CAST and over four times higher than B6. The A/J inbred mouse evidences vestibular
threshold aging rates lower than CBA but greater than B6 and B6.CAST. These findings
clearly suggest that vestibular aging in inbred mice depends on gene variation across strains.
It will be important to begin identifying and exploring genes mediating age-related
vestibular loss and this will likely be facilitated with the use of well characterized inbred
mouse strains.

The effect of gender on the vestibular system is poorly understood. A search of the literature
reveals no reports of gender differences in vestibular structures or function in relation to
aging in mice. Results from the current study suggest that there are no gender differences in
macular sensitivity or in the rate of change in macular sensitivity for either strain across age.
Gender differences in auditory function have been reported in B6 mice (Heny, 2004y
wherein male B6 mice reportedly had more sensitive hearing and lost hearing later than
females. Results of the present study confirm higher thresholds for females generally across
age for 8 and 16 kHz ABRs. We did not find different aging rates for males and females as
one might anticipate based on Henry’s report. Nonetheless, the generally higher thresholds
observed for females may be seen to contribute to an earlier appearance of profound hearing
loss.

The findings of Johnson et al. (2010) 45 yye|| as the present results indicate minimal changes
in vestibular hair cell density with age whereas Shiga et al. (2005) 4nq Park et al. (1987)
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reported mild decreases in hair cell density in vestibular end organs of B6 mice. Park and
colleagues showed that between the ages of 1-month to about 30-months of age, hair cell
density declined by 14 % in the utricle 19 % in the saccule and 19 to 24 % in ampullar
cristae. The present study showed no changes in hair cell or synaptic density out to 24
months. Clearly, the vestibular epithelium failed to show the major changes evidenced by
cochlear sensory elements in ARHL. Our findings are consistent with a small progressive
decline in the vestibular epithelium of B6 and B6.CAST mice that is not accompanied by
substantial structural loss. From the present results it is clear that the modest decline in
vestibular function is unrelated to the AA/mutation.

Differences in the aging profiles for VSEP latencies and amplitudes were noted for B6 and
B6.CAST animals. B6.CAST animals showed little or no appreciable increase in latency
with age whereas B6 latencies increased at a slow rate of about 10 ps per month with
lifetime increases on the order of 240 ps, thus representing modest latency shifts only in old-
age. VSEP amplitudes decreased with age for both strains although the B6.CAST rate of
decline was greater than B6 mice, but only for B6.CAST females. Although we cannot rule
out a role for AA/in these observed minor differences between strains we can in any case
underscore the fact that the scale of effects in the vestibular organs is negligible compared to
those in the cochlea.

Establishing aging profiles for many different inbred mouse strains is one strategy for
identifying new gene variants that influence age—related declines in vestibular function
inasmuch as differences found among strains may suggest a genetic basis. Examining many
new strains will improve the context available for making such comparisons and facilitate
the identification of candidate gene variants.
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Highlights

C57BL/6J and B6.CAST mouse strains show minimal vestibular aging.

Cah23753A is not predictive for vestibular aging.
Auditory functional aging does not predict vestibular functional aging.

Aging in the two sensory modalities likely depends on gene variation.
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V/sEP thresholds as a function of age for male and female B6 (A) and B6.CAST (B) strains.
Threshold increased with age for both strains. Linear regression lines (one for each strain)
reflect threshold aging rates for combined male and female data. No significant gender
differences were found for slope or intercept for either strain. Regression lines: B6: y =
0.11x -11.3 (dB re:1.0 g/ms); B6.CAST: y = 0.16x —12.4 (dB re:1.0 g/ms). There was no
significant difference in aging rates between strains.
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Figure 2.
ABR thresholds for 8 kHz stimuli as a function of age. Data for both male and female B6

and B6.CAST mice are shown. Linear regression equations reflect ABR 8 kHz threshold
aging rates and are based on combined male and female data. There were no significant
gender differences. Regression line equations: B6: y = 4.22x +23.4 (dB SPL) and B6.CAST:
y = 2.79x +26.8 (dB SPL). The rate of increase in threshold with age for the B6 strain was
significantly higher than the B6.CAST strain. NR = no response.
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Figure 3.
VsSEP latency and amplitude as a function of age for B6 and B6.CAST strains. A. Combined

male and female data for B6 (closed circles) and B6.CAST (open circles) strains. VSEP
onset latency (P1) increased progressively as a function of age for B6. The rate of increase
was quite modest. Regression equation for line shown: B6: y = 9.84x + 1270
(microseconds). The regression slope for B6.CAST data was not significant (p = 0.33); Line
shown (dashed) for B6.CAST: y = 1.52x + 1371 (microseconds). B. P1-N1 amplitudes
decreased with age for B6 mice. There was no difference between males (filled circles) and
females (open circles). Aging rate is based on combined male and female data: linear
regression line shown: y = —=0.010x + 0.775 (microvolts). C. P1-N1 amplitudes decreased
with age also for B6.CAST animals. Based on linear regression analysis however, male
(filled circles) and females (open circles) B6.CAST appeared to age at different rates.
Amplitudes decreased at a greater rate for female B6.CAST mice compared to both
B6.CAST males and B6 mice. B6.CAST linear regression lines shown: Males: y = —0.010x
+ 0.90 (microvolts); Females: y = —0.034x +1.08 (microvolts).
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Figure 4.
Hearing loss profiles for B6 (A) and B6.CAST (B) mice based on ABR thresholds for 8, 16,

32 and 41.2 kHz stimuli. Graphs represent the % of animals having no response at the
highest possible stimulus level for each frequency. Note that profound loss in B6 (A) begins
as early as 3 months for 41.2 kHz, 6 months for 32 kHz and 10 months for 16 and 8 kHz.
Complete loss (no response in any animal tested, 100 %) appears in the highest frequencies
(32 and 41.2 kHz) beginning at about 12 months and at 17 months for 16 kHz. Losses of 80
to 90 % for 8 kHz appear at about 19 months-of age. In contrast, profound hearing loss does
not begin to appear until approximately 18 months-of-age for B6.CAST and maximum
deficits approach only 50 % at the oldest ages.
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Figure 5.
Normalized thresholds showing percentage deficit of VSEP and 8 kHz ABR dynamic ranges

as a function of age. % deficit reflects the loss in sensory dynamic range due to elevated
thresholds. 100% indicates complete loss in dynamic range i.e. no response at any stimulus
level. Combined male and female data for both strains are represented. A. B6: Percent deficit
for VVSEP thresholds (open circles) increased slightly with age. The average rate of decline is
indicated by the regression line shown (solid): y = 0.50x + 23.2 %. In contrast, ABR percent
deficit increased at a steep rate for B6 (dashed line): y = 4.61x + 8.0 %. B. B6.CAST:
Percent deficit increased slightly with age similar to B6 at an average rate shown by the
regression line shown (solid): y = 0.71 + 18.4 %. Percent deficit for ABR in B6.CAST
increased at a significantly higher rate than VSEP but at a significantly lower rate than B6
ABR. Regression line (dashed): y = 3.44 + 3.3 %.
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.

Figure 6.
Representative maximum intensity projections of z-stack images showing immunolabeled

postsynaptic patches and the synaptic ribbon marker, CtBP2 in the utricular neuroepithelium
of B6 (top row) and B6.CAST (middle row) mice of different age groups: B6 (A, B, C, D),
B6.CAST (E, F, G, H). I. Hair cell specific LHX3 immunolabeling (blue) co-localized with
CtBP2 nuclear staining (red). Inset in 6J shows the co-localization of pre-synaptic ribbons
(red) with post-synaptic patches (green). Pre-adsorption of SHANK1a and CtBP2 antibodies
with their respective blocking peptides showed no immunolabeling (K & L). (Red-CtBP2 -
C-terminal Binding Protein 2; Green - SHANK1a - SH3 And Multiple Ankyrin Repeat
Domains 1a; Blue- LHX3- LIM Homeobox 3), Scale bar = 5um).
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Figure 7.
Hair cells and synaptic elements in the utricular sensory epithelium of B6 and B6.CAST

mice across age. Represented are counts of puncta from macular epithelial samples in B6
(filled symbols) and B6.CAST mice (open symbols). Regression lines for each metric are
shown, dashed for B6, solid for B6.CAST. Only one metric indicated a relationship to age.
B6 CtBP2 density (B) evidenced a shallow but significant increase with age (slope = 0.208
puncta/month, intercept = 7.51, R2 = 0.219, p = 0.033). No other slopes were significant. A.
Hair cell density: hair cell count per scan area of 2025 square microns. B. Synaptic ribbon
density: CtBP2 puncta per hair cell. C. Postsynaptic patch density: SHANK1a puncta per

Neurobiol Aging. Author manuscript; available in PMC 2017 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mock et al.

Page 25

hair cell. D. Synaptic density: number of co-localized CtBP2 & SHANK1a puncta per hair
cell.
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