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Abstract

Cholinergic circuits in the central nervous system are vulnerable to age-related functional decline, but it is not known if aging impacts
cholinergic signaling in the vestibular sensory organs, which are critically important to balance maintenance and visual gaze stability. We
have previously shown cholinergic neurotransmission between vestibular efferent terminals and type Il mechanosensory hair cells requires the
alpha9 (Chrna9) nicotinic receptor subunit. Homozygous knockout of the alpha9 subunit causes vestibulo-ocular reflex adaptation deficits
that mirror those observed in aged mice. This prompted examination of cholinergic signaling in the vestibular sensory organs of aged mice.
We confirmed older (>24 months) mice had impaired performance in a balance beam task compared to young (3—4 months) adult mice. While
there was no qualitative loss of cholinergic axon varicosities in the crista ampullaris of old mice, qQPCR analysis revealed reduced expression of
nicotinic receptor subunit genes Chrnal, Chrna9, and Chrnal0 in the cristae of old relative to young mice. Functionally, single-cell patch clamp
recordings taken from type II vestibular hair cells exposed to acetylcholine show reduced conductance through alpha9/10 subunit-containing
nicotinic receptors in older mice, despite preserved passive membrane properties and voltage-activated conductances. These findings suggest
that cholinergic signaling in the peripheral vestibular sensory organs is vulnerable to aging processes, manifesting in dynamic molecular and
functional age-related changes. Given the importance of these organs to our everyday activities, and the dramatic increase in fall incidence in
the older, further investigation into the mechanisms of altered peripheral vestibular function in older humans is warranted.
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Sensory systems functionally decline with age, and each sensory
system is believed to have a unique neuropathological trajectory.
Age-related vestibular dysfunction is a major health problem as-
sociated with life-threatening injuries and loss of independence in
older adults, but the range of mechanisms underlying these changes
is not well understood (1). In humans, the loss of mechanosensory
hair cells (HCs) (2,3), primary afferent somata (4), vestibular nerve
fibers (5), and central vestibular neurons (6) have all been linked
to aging. However, animal models of aging suggest that peripheral
deficits arise principally from altered mechanotransduction or syn-
aptic transmission as opposed to HC loss (7). On the other hand,
genetic models thought to recapitulate aspects of aging, that is, Bdnf
knockout mice, show loss of vestibular ganglion neurons and HCs
(8). Although expression of Bdnf and its receptors appear to be im-
portant for the survival of sensory afferents (9), it is not known if
Bdnf and/or Trk receptor expression changes drive vestibular func-
tional decline in normal aging.

A clinical measure of peripheral vestibular function, the
vestibulo-ocular reflex (VOR), is remarkably intact in humans up
to 89 years of age (10). However, after normalizing for VOR gain,
the amplitude of compensatory catch-up saccades correlates with
increasing age (11). Similarly, aged mice show normal VOR at base-
line, but VOR adaptation is significantly impaired in older mice com-
pared to young adult controls (12).

The efferent vestibular system (EVS) originates in the brain-
stem and projects to the peripheral vestibular sensory organs, con-
tacting both HCs and primary afferents (13,14). The precise role
of the primarily cholinergic EVS is still not well understood, but
it is a highly conserved circuit and is thought to be functionally
important (15,16). Acetylcholine (ACh) has a robust effect on the
activity of vestibular HCs (17-19) and primary afferent neurons
(20). ACh acts on vestibular type II HCs via nicotinic acetylcho-
line receptors containing a9 and al10 subunits (18,19). The a9
subunit (encoded by Chrna9) commonly associates with the a10

subunit (encoded by Chrnal0) to form functional heterodimeric
receptors (21). Like aged mice (12), homozygous Chrna9 knockout
mice showed deficits in VOR adaptation (22). This prompted us
to examine cholinergic efferent synapses in the vestibular sensory
organs of aging mice.

Expression of cholinergic receptors is known to be important for
the development of sensory networks (23,24). In addition, cholin-
ergic circuit changes are related to both aging and neurodegeneration
(25). While it has been shown in older adult gerbils that the number
of cholinergic vestibular efferent neurons in the brain does not de-
crease with age (26), peripheral efferent synapses have not been
examined. Based on observations of VOR adaptation in both homo-
zygous Chrna9 knockout and aged mice, we hypothesized that aging
impacts cholinergic signaling between efferent neurons and type II
vestibular HCs. We present an initial anatomical, molecular, and
electrophysiological assessment of the impacts of aging on periph-
eral EVS function in C57BL/6 mice.

Method and Materials

Animal Ethics

All procedures were conducted in accordance with the Australian
Code for the Care and Use of Animals for Scientific Purposes, 8th
Edition, 2013, the NSW Animal Research Act and Regulations,
and were approved by the University of Newcastle Animal
Care and Ethics Committee, protocol numbers A-2013-325 and
A-2011-117.

Aging Mouse Colony

Male C57BL/6 mice were group housed with controlled tempera-
ture and humidity, a standard 12-hour light/dark cycle, and ad lib-
itum access to normal chow and water. Unless otherwise stated, 3
age groups were used for this study: juvenile (21-28 days; mean age
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24.8 days); young adult (3-6 months; mean age 4.5 months); and
aged mice (>24 months of age; mean age 27.9 months).

Balance Beam Task

Male C57BL/6 mice from 3 age groups (young adult: 3 months,
adult: 12 months, and aged: >24 months) were filmed at 30 fps while
crossing a 1.8-m-long balance beam that was either 30 mm (wide) or
12 mm (narrow) in width, with a safety dark box at the end of the
beam (Figure 1A). The beam was elevated 60 cm above the ground
(27). Each mouse was given 3 trials at crossing each beam width.
Latency was measured from the time at which the mouse began to
advance across the beam to the time the mouse reached the dark
box at the end of the beam. Values were presented as the average
latency for each animal. Graphing and statistical testing were done
in GraphPad Prism (v. 9.4.0, GraphPad Software, San Diego, CA).

Immunofluorescence

Male C57BL/6 mice were anesthetized with intraperitoneal keta-
mine (100 mg/kg) and medetomidine (1 mg/kg), and transcardially
perfused with ice-cold phosphate-buffered saline (PBS) prior to
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Figure 1. Aging C57BL/6 mice show impaired performance on a balance
beam task. Schematic of balance beam task - each mouse made 3 attempts
at crossing a wide (30 mm) beam, and a narrow (12 mm) beam to enter a
dark box at the end of the beam (A). Beam cross latency of ~3-month young
adult (n = 24), ~12 month middle-aged adult (n = 20) and ~27-month aged
adult (n=21) C57BL/6 male mice across a wide beam (left bars) and a narrow
beam (right bars) (B). Two-way ANOVA with Sidak’s multiple comparisons
test. ANOVA = analysis of variance.

rapid temporal bone dissection. Bony labyrinths were drop-fixed
in 4% paraformaldehyde in 0.1 M PBS for 2 hours at room tem-
perature. Samples were rinsed in PBS, and then stored in PBS +
0.01% sodium azide at 4 °C for up to 1 week until dissection.
Dissected cristae were embedded in 4% agarose (Sigma, Darmstadt,
Germany) and sectioned at 40 pm (Leica CM 1950, Leica, Wetzlar,
Germany). Sections were blocked in 10% normal donkey serum
(Sigma) for 1 hour prior to incubation in primary antibodies at
room temperature for 2 nights (goat anti-ChAT, 1:100, Millipore,
Burlington, MA, USA; rabbit anti-myosin VIla, 1:200, Proteus,
Proteus BioSciences, Ramona, CA, USA; and chicken anti-
neurofilament H, 1:500, Merck, Darmstadt, Germany). Sections
were washed in PBS and incubated in secondary antibodies at
room temperature for 2 hours (donkey anti-goat Alexa-488 conju-
gate, 1:50, Abcam, Cambridge, UK; donkey anti-rabbit Alexa-594,
1:50, Jackson IR, West Grove, PA, USA; donkey anti-goat Alexa-
594, 1:50, Abcam; donkey anti-rabbit Alexa-405, 1:200, Abcam;
and donkey anti-chicken Alexa-488, 1:200, Jackson IR). Sections
were mounted onto slides in SlowFade Gold mounting media
(ThermoFisher, Waltham, MA) and imaged on a Nikon Eclipse
C1 (Nikon, Tokyo, Japan) or Zeiss LSM900 confocal microscope
using 60x and 100x oil immersion objective lenses. Images were
postprocessed in Image J.

Gene Expression

Male C57BL/6 mice were lethally anesthetized with Lethabarb
(1 mg/kg; Virbac, Carros, France) and transcardially perfused with
ice-cold DEPC-treated PBS. Cristae were dissected in ice-cold PBS
as described previously (28), snap frozen in RNA later, and stored
at —-80°C until processing. Cristae were thawed and homogenized
in RNA lysis buffer. RNA was extracted using a single-cell RNA
purification kit (Norgen, Norgen Biotek, Thorold, Canada). RNA
was then quantified using the NanoDrop 1000, DNAse 1 treated
(Invitrogen), and reverse transcribed using a Sensifast cDNA syn-
thesis kit (Bioline, Memphis, TN, USA). qPCR primers were designed
using Primer-BLAST and tested to ensure single-peak melt curves
and primer efficiencies of at least 80%. See Supplementary Table 1
for descriptions and aliases of genes assayed and primer sequences.
Primer efficiencies were determined using 10-fold dilution series with
4 different cDNA concentrations and the equation: 10”(-1/slope of
dilution curve) -1. qPCR reactions were carried out on an ABI 7500,
using 12 pL reaction volumes and the SensiFAST SYBR Lo-ROX Kit
(Bioline, Applied Biosystems, ThermoFisher, Waltham, MA, USA).
Average cycle threshold (Ct) values of each gene were calculated
using 7500 SDS software v2.0.6 and are shown in Supplementary
Table 1. For the reference Ct, the geometric mean of the Cts for
Actb, Gapdh, and 28srRNA was used (29). Relative expression for
each gene was determined by the comparative Ct method (30) and
for graphing, data were normalized to expression in the young adult
cohort.

Electrophysiology

Male C57BL/6 mice were overdosed with intraperitoneal ketamine
(100 mg/kg). Inner ears were dissected and vestibular neuroepithe-
lium prepared for recordings as described previously (28) (Figure
5A). Borosilicate micropipettes (3—5 MQ; King Precision Glass, Inc.,
Claremont, CA) were filled with KCl.gluconate internal solution
containing (in mM) 42 KCl, 98 K-gluconate, 4 HEPES, 0.5 EGTA,
1 MgCL, and 5 Na.ATP. Recordings were done in oxygenated L-15
medium (Gibco, Billings, MA, USA) at room temperature. Type Il HCs

€20z 1snBny €0 uo Jasn ajiseaomaN 1o Ausianiun Aq 622850./026/9/8./21011e/ABojojucieBpawolq/wod dno-olwapeoe//:sdny wodl papeojumoq


http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad067#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad067#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad067#supplementary-data

Journals of Gerontology: BIOLOGICAL SCIENCES, 2023, Vol. 78, No. 6 923

were identified by their cylindrical top-down morphology and signa-
ture current responses to a voltage ladder ranging from -124 to +16
mV (Figure 4A). The voltage ladder protocol (Figure 4A) provided the
following information: current—voltage (I/V) relationships, activation
curves, peak currents at +16 mV, tail currents at =34 mV, and evidence
of possible HCN (), and inward rectifier (I, ;) current, specifically
from the -124 mV hyperpolarizing step. I,; current amplitude was
measured within ~60 seconds of membrane breakthrough. Using al-
ternating steps of +6 mV and -14 mV, the series resistance (R ), mem-
brane resistance (R ), and membrane capacitance (C_) of each cell
were measured at the beginning and end of each recording. If R values
were >20 MQ or changed more than 20% during the recording ses-
sion, data were excluded from analysis. Acetylcholine (ACh; Sigma)
was dissolved in L-15 medium (300 pM) and applied exogenously via
a picospritzer for 100 milliseconds (18) (Figure SA). ACh-activated
currents were recorded at various potentials (V= -44 mV, -64 mV,
and -94 mV). Antagonists (strychnine; 1 pM; Sigma-Aldrich; and
apamin; 100 nM; Alomone, Jerusalem, Israel) were bath applied.
Voltages have been corrected for liquid junction potential (4 mV for
KCl.gluconate). Three repetitions of each response were averaged to
produce traces shown. Data were collected with Multiclamp 700B
and Axopatch 1D amplifiers (Molecular Devices, San Jose, CA, USA).
Signals were sampled at 20 kHz, filtered at 10 kHz, and digitized
using Instrutech ITC16/USB16 A-D boards (InstruTech, Lambrecht,
Rheinland-Pfalz, Germany). Acquisition and analysis were done in
AxographX (Axograph, Sydney, Australia). For each ACh response,
the peak amplitude, rise time (10%-90% of peak), width (at 50%
peak), decay (100%-50% of peak), and the absolute area under the
curve (charge; pA/s) were measured. At holding potentials of —-64 and
-44 mV, where there are both negative- and positive-going currents,
the area under the curve was measured as the sum of the absolute
area, that is, Inegative current areal + Ipositive current areal (see inset,
Figure 5D). Graphing and statistical analyses were done in GraphPad
Prism (GraphPad, San Diego, CA, USA). Some data from the juvenile
group have been published previously as a part of another study (18).

Results

Behavioral Assessment—Balance Beam Task

The latency of 3-month-old (3M; 7 = 24), 12-month-old (12M; 7 = 20),
and 27-month-old (27M; 7 = 21) mice crossing a wide and a narrow
balance beam across 3 trials was recorded (see schematic, Figure 1A).
There was no significant effect of age on the ability to navigate the wide
beam (Figure 1B; 3M vs 12M p = .9998, 12M vs 27M p = .7769), but
aging did have a significant effect on latency to cross the narrow beam
(Figure 1B; 3M vs 12M p = .005; 3M vs 27M p < .0001; 12M vs 27M
p <.0001). Although 3M mice navigated both beams with similar la-
tency (p > .05), 12M and 27M mice showed deficits in navigating the
narrow relative to the wide beam (p = .038, and p < .0001, respect-
ively). Data were statistically compared using 2-way analysis of vari-
ance (ANOVA) with Sidak’s multiple comparisons correction.

Molecular Assessment—Gene Expression

Assayed genes (Figure 2) were grouped into 3 functional categories
for ease of discussion: Ca?*-activated K* channels (Kcnn2, Kcnmal,
and Kcnmb4; Figure 2A), voltage gated-like (VGL) channels (Henl,
Hcn2, Kenj3, and Kenj6; Figure 2B), and cholinergic receptor sub-
units (Chrnal, Chrna4, Chrna9, and Chrnal0; Figure 2C). In the
Ca?*-activated K* channel group, aged mice (n = 8) showed a signifi-
cant decrease in expression of both Kenmal (p = .011) and Kenmb4

(p = .034), but no significant change in expression of Kcnn2 (p > .05)
compared to young adult mice (7 = 8). In addition, there was a de-
crease in Kenmb4 expression in the maturation period from juvenile
(n = 8) to young adult mice (p = .011). In the VGL channel group,
there were no significant changes (p > .05) in Henl, Hen2, Keny3, or
Kcnjé6. In the cholinergic receptor subunit group, there was a signifi-
cant reduction in the expression of Chrnal (p = .021), Chrna9 (p <
.001), and Chrnal0 (p = .004), but no change in Chrna4 with aging.
There was a significant increase in Chrna4 expression (p < .001), and
a significant increase in Chrna9 expression (p = .041) from juvenile to
young adult. Average Ct values are shown in Supplementary Table 1.

Neuroanatomical Assessment—Efferent Terminal
Immunofluorescence

We observed no gross qualitative anatomical differences in ChAT-
positive varicosities of juvenile (7 = 4), young adult (7 = 4), and aged
(n = 4) C57BL/6 cristae (Figure 3). ChAT-positive terminals were
present in the cristae of mice at all 3 ages, with similar distributions
and sizes.

Electrophysiological Assessment—\Voltage-

Activated Currents

The mean R (529.7 MQ) and mean C_ (5.8 pF) of aged type II
HCs were comparable to values reported previously in type I HCs
from young wild-type mice (18). Voltage-activated currents were un-
affected by aging, with similar peak voltage-activated currents be-
tween aged and young adult type II HCs (Figure 4B). Juvenile type II
HCs had larger peak current amplitudes on average (3.7 =+ 0.25 nA,
n = 14; Figure 4B and D) compared to type Il HCs from both young
adult (2.65 = 0.28, 7 = 15, p < .05) and aged animals (2.58 = 0.15,
n=25,p <.05). Tail currents measured at -34 mV (Figure 4C) were
similar across aged (7 = 25), young adult (7 = 15), and juvenile
(n=14) type L HCs (p > .05; nonlinear regression). Due to decreased
Kcnmal expression in aged cristae (Figure 2A), we measured rapidly
activating K* current at 1 millisecond after the onset of the depolar-
izing step which would capture mostly BK channels (31). Rapidly
activating I/V plots are shown in Figure 4E. There was no signifi-
cant difference in rapidly activating (likely BK) currents (p > .05;
nonlinear regression). We also examined I, and I, currents in type
II HCs (Figure 4F-I). I, was measured using the -124 mV voltage
step (Figure 4F). There was no significant change in I, amplitude
across the 2 age groups (Figure 4G). I, was measured using the -124
mV voltage step of 100 milliseconds duration (Figure 4F). A total of
3/14 juvenile (21%) type I HCs, 10/15 (67%) young adult type II
HCs, and 9/25 (36%) aged type II HCs exhibited a measurable I,
current at 100 milliseconds (Figure 4H). There were no significant
differences in I, amplitude across the 3 age groups (Figure 4I).

Electrophysiological Assessment—Acetylcholine-
Evoked Currents

ACh-evoked currents in type I HCs were significantly reduced in
aged compared to young adult mice (Figure SB-D). This included
A\ Tigure SC),
and the net charge at -64 mV (Figure 5D; aged 7 = 21 vs young adult
n =15; p <.05). At a membrane potential of ~44 mV, the outward
current was abolished by SK channel antagonist, apamin (100 nM;
Figure SE, top traces). The remaining inward current was blocked

both negative peak current amplitude at -64 mV (I

by addition of strychnine, a potent blocker of a.9-containing nico-
tinic receptors (Figure SE, purple trace). Similarly, at the near-resting
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Figure 2. Gene expression changes in the cristae of aging C57BL/6 male mice.
Relative gene expression in juvenile (P21, n = 8), young adult (3M, n = 8),
and aged (27M, n = 8) vestibular neuroepithelium as determined by RT-qPCR.
Genes were grouped into 3 functional categories: Ca%-activated potassium
channels (A), voltage-activated channels (B), and nicotinic acetylcholine
receptor subunits (C). t Tests with multiple comparison correction. Note:
Comparisons between aged and juvenile mice were not performed.
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Figure 3. Aging C57BL/6 mice do notshow marked loss of efferent varicosities
in the crista ampullaris. Representative confocal z-stack images of cholinergic
(ChAT) axon terminals in the cristae ampullares of juvenile (P21), young adult
(3M), and aged (24M) C57BL/6 male mice with respect to vestibular sensory
hair cells (Myo7a) (A). Representative images of crista ampullaris in juvenile
(P21), young adult (3M), and aged (24M) C57BL/6 mice labelling hair cells
(Myo7a, first column), afferent endings (NF-H, second column), and efferent
varicosities (ChAT, third column), with composite images (fourth column) (B).

membrane potential of ~64 mV, apamin blocked the outward cur-
rent, revealing a large inward current that was subsequently blocked
by strychnine (Figure SE, middle traces). At a membrane potential
of -94 mV, apamin partially blocked the inward current, whereas
the remaining inward current was blocked by strychnine (Figure SE,
lower traces).

Discussion

Aging in humans is associated with general vestibular decline par-
alleled by an increased risk of falls (32). Mechanisms of vestibular
decline are not well understood but the peripheral sensory organs
of the inner ear that detect and electrochemically encode head mo-
tion are implicated (33). Although balance decline has previously
been linked to neuroanatomical changes, such as HC loss and re-
ductions in the density of afferent neurons, a consensus on the im-
pacts of aging on HCs has been difficult to reach. For example, in
earlier human studies, HC loss was not evident until the sixth and
eighth decades in the cristae and otoliths, respectively (34). More
recent work suggested progressive loss of vestibular HCs from
birth, as opposed to later loss (35). In contrast with these 2 studies,
a stereological study of cristae found minimal HC loss until the
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Figure 4. Voltage-activated currents of type Il hair cells are not significantly
impacted by aging. Voltage command “ladder” protocol used to measure
voltage-activated currents. Voltages have been corrected for liquid junction
potentials (A). Representative type Il hair cell responses to voltage ladder.
Juvenile (left trace), young adult (middle trace), and aged (right trace) (B).
Normalized tail conductance curves for juvenile, young adult, and aged mice
(p > .05 nonlinear regression) (C). Peak voltage-activated currents relative to
membrane voltage (command). Inset shows peak current @ V= +16 mV (p
< .05 multiple t-tests) (D). -V curves for rapid voltage-activated current (/)
measured @ 1 ms current principally mediated by big conductance Ca?-
activated K* (BK) channels. Inset shows /_, amplitude measured at V, = +16
mV (p > .05; 2-way ANOVA) (E). Representative trace showing an aged type
Il HC response to the -124 mV hyperpolarizing step, where competing
conductances /, and /, were measured (F). /. amplitudes (p > .05; two-way
ANOVA) (G). Relative proportion of type Il hair cells recorded with (+) and
without (-) measurable I, current (H). Amplitudes of /, currents in type Il hair
cells measured @ 100 ms (p > .05; 2-way ANOVA) (l). ANOVA = analysis of

variance.

10th decade (2). Differences in sample preparation, sample size, and
counting methods likely explain these discordant results. Aging-
related impacts on peripheral vestibular function are similarly con-
flicted, with some measures indicating decline as early as the fifth
decade (36), whereas others suggest no (10), progressive (37), or late
functional decline (38,39). Clearly, more work is needed to resolve
the issue of age-related reductions in HC numbers, afferent and ef-
ferent pathway connectivity, and how that relates to peripheral ves-
tibular function.

Here, we used an aging colony of C57BL/6 mice that lacks the
variables that often confound studies of vestibular function in aging
humans, such as genetic variability, ototoxin exposure, inner ear in-
fection damage, and Méniere’s disease. Although C57BL/6 mice ex-
hibit age-related hearing loss due to a Cdh23 mutation, age-related
vestibular decline occurs at a much slower rate and is likely not af-
fected by the mutation (40). Consistent with this, baseline VOR has
been shown to be minimally affected in aged C57BL/6 mice from the
same colony as used in the present study (12).

Aged mice exhibited significantly more difficulty in navigating a
narrow balance beam in comparison to young adult mice. Aged mice
performed as well as young adult mice on a wider beam, indicating
motor and visual functions are intact. Impairments observed were
isolated to the narrow beam, which places greater demands on
balance function (Figure 1B). While this behavioral test does not
assess peripheral vestibular function in isolation, these results are
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Figure 5. Type Il vestibular hair cells in aged mice show reduced ACh-evoked
conductances via a9/10 nicotinic ACh receptors. Vestibular neuroepithelium
preparation for recordings (left). DIC image (right) showing hair cells of
the anterior crista with recording (R) and puff (P) electrodes in place (A).
Representative traces showing whole-cell voltage clamp recordings in
response to locally applied ACh (300 uM; 100 ms) in external media and
respective current-voltage relationships at -44 mV, -64 mV, and -94 mV. Each
trace shown is the average of 3 consecutive repetitions, with 60 s start-to-start
intervals (B). Group data (left) for peak ACh-induced current amplitudes (inset
schematic) at V. = -64 mV in juvenile (n = 16), young adult (n = 15), and aged
(n=21) type Il hair cells (Brown-Forsythe and Welch ANOVA, age group effect,
p=.0005; multiple t-tests, young vs. aged, p=.0121). Estimation plot (right) for
young vs. aged adult type Il hair cell peak amplitudes (C). Group data (left) for
total current area (inset schematic) of type Il hair cell responses at V= -64 mV
in juvenile (n = 15), young adult (n = 15), and aged (n = 21) (Brown-Forsythe
andWelch ANOVA, age group effect, p=.0067; multiple t-tests, young vs. aged,
p = .0418). Estimation plot (right) for current area of ACh responses in young
vs. aged adult type Il hair cells (D). Representative aged adult type Il hair cell
response to 300 pM ACh (n = 3) in control media, 100 nM apamin (SK channel
blocker), and 100 nM apamin +1 pM strychnine (09/10 nicotinic receptor
antagonist) held at -44 mV (top traces), -64 mV (middle traces), and -94 mV
(lower traces) (E). ACh = acetylcholine, ANOVA = analysis of variance.

consistent with a level of balance hypofunction for which the per-
ipheral vestibular system plays an important role. Gait analysis in
aged mice during both forced and natural balance behaviors could
expand upon these findings in future studies.

Our molecular assays indicate that Chrnal, Chrna9, and
ChrnalO expression changes in the aging peripheral vestibular
system. Nicotinic ACh receptor subunits a9 (Chrna9) and al0
(Chrnal0) are expressed by vestibular HCs (21,41-43). Given the
functional association between a9 and @10 subunits (21), it is not
surprising that Chrna9 and Chrnal0 followed similar expression
trends across the 3 age groups examined (Figure 2C). Chrna9 ex-
pression is required for fast cholinergic transmission in type II ves-
tibular HCs, as demonstrated in transgenic knockout mice (18,19).
The significant reduction in both Chrna9 and Chrnal0 expression
with aging (Figure 2C) is functionally reflected in whole-cell re-
cordings of type Il HCs where ACh exposure failed to elicit robust
responses in older mice compared to their younger counterparts
(Figure 5). Reduced density of 09/10 subunit-containing nicotinic
receptors at efferent synapses would result in decreased Ca?* influx
into type I HCs following ACh exposure (Figure 6). Due to the lack
of commercially available antibodies for the a9 and 010 subunits,
we were unable to confirm receptor loss at the protein level. The
analogous pharmacology of aged versus young type II vestibular
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HCs (Figure SE) was important to confirm, as altered expression
of Chrna9 and Chrnal0 may have coincided with upregulation of
other nicotinic receptor subunits. Despite reduced amplitude of ACh
responses (Figure 5C), subsequent blockade by apamin and strych-
nine (Figure SE) confirmed that aged murine type Il HCs still employ
the same “2-channel” mechanism for cholinergic modulation of their
activity (18).

Influx of Ca®* through the a9/10 subunit-containing nicotinic
receptors, potentially amplified by Ca?* from internal stores, is
thought to activate SK2 channels (Kcnn2) (18). Another group
has indicated a role for BK channels (Kcnmal; Kcnmb4) in the
ACh responses of HCs (44). Given the demonstrated functional
relationship between ACh exposure and BK channel conduct-
ance, we also measured gene expression levels of Kenmal and
Kcnmb4, in addition to Kcen2. There was no significant change
in mRNA expression for the small conductance channel Kenn2,
but Kcnmal expression was reduced in aged cristae (Figure 2A).
This is consistent with an immunohistochemistry study that im-
plies BK channel labeling intensity declines in adult rats (45). The
functional consequences of the observed age-related decrease in BK
channel expression (Kcnmal) were not examined in this study, as
brief (100 ms) applications of ACh do not trigger BK currents in
murine type II HCs (18).

Chrnal expression was significantly decreased in aged neuroepithelia,
though expression was stable between juvenile and young adult age
groups (Figure 2C). An ionotropic role for a1-containing nicotinic re-
ceptors has not been reported in vestibular HCs, so its function could
not be reliably tested using patch clamp electrophysiology. Knockout of
Chrnal does not lead to changes in the formation of efferent synapses
in the cochlea, nor does it affect the onset of cholinergic transmission
in cochlear HCs of the mouse (46), implying Chrnal is not essential for
efferent synapse formation. However, reduced Chrnal expression may
relate to dynamic postsynaptic changes occurring in advanced age and
may be important for HC function and viability.

Nicotinic a4 subunits (Chrna4) are expressed by vestibular
afferent cell bodies in Scarpa’s ganglion, and a4-containing nico-
tinic ACh receptors are associated with calyx-bearing afferents
(47), but not with type I or type II HCs (48-50). Type II HCs,
in contrast, express nicotinic 09 and a10 subunits (21,50). Since
Chrna4 expression appears to be unaffected by aging in the
crista—despite a parallel decline in Chrna9 and Chrnal0 expres-
sion—fast cholinergic signaling could be differentially impacted
by aging in primary afferents (mediated by a4p2 receptors) and
HCs (mediated by a9/10 receptors), that is, that cholinergic gene
expression changes with aging are HC autonomous. The expres-
sion of Chrna9, Chrnal0, and Chrna4 in type I and type II HCs
and primary afferents and the relative changes in expression
within each of these components present an interesting avenue
for future study.

The lack of age-related differences in I, currents, peak I, amp-
litude, and tail currents (Figure 4) in type II HCs, but significant
declines in mRNA expression of cholinergic receptor subunits and
evoked ACh responses support the notion of altered postsynaptic
cholinergic signaling, as opposed to a general degradation of HC
health and/or nonbiological changes (ie, different recording con-
ditions), or a general reduction in conductances across many
channel types. While we measured I, , currents in juvenile, young
adult, and aged type II HCs we cannot relate this directly to the
reported Kcnj3 and Kcnj6 expression (GIRK1 and GIRK2) be-
cause these are specialized G-protein activated inward rectifier K*
channels. Therefore, hyperpolarization alone does not reliably test

functional changes to these particular channels, if expressed in type
IT HCs. There is very little known about the distribution of GIRK1
and GIRK2 ion channels in the vestibular organs. According to a
RNAseq database, Kcnj3 and Kenmj6 are minimally expressed in
developing, FACS-sorted mouse utricular and cochlear HCs (51).
Kcnj3 and Kenj6 were detected in the present study using qPCR
which is more sensitive than RNAseq. The youngest age group as-
sayed in this study was the juvenile group with a mean age of P24.8,
and the oldest age group included in the SHIELD FACS-sorted
RNAseq database is P7 (51). Therefore, although Kcnj3 and Kenj6
were not detected at P7, this does not rule out expression by P21.
Despite the lack of changes across the 3 age groups, relative gene ex-
pression values for Kcnj3 and Kenj6, together with Henl and Hen2,
are shown in Figure 2B to emphasize the age-related changes to cho-
linergic postsynaptic signaling genes whereas expression of other ion
channel genes remains stable.

We found no gross qualitative changes to presynaptic efferent
anatomy in the crista with age (Figure 3). This is consistent with
the reported findings of no significant loss of vestibular efferent
cell bodies in the aged gerbil brainstem (26). Our anatomical data
also support an EM study that reported no changes to synaptic
structures in the vestibular organs of 29-month-old C57BL/6
mice (52). In a study that used a BAC transgenic GFP approach
to examine Chrna9 expression in the inner ear, it was shown that
efferent terminal structure was not affected by dynamic changes
to Chrna9 expression (43). We have previously shown that homo-
zygous knockout of the a9nAChR subunit did not grossly impact
efferent terminal morphology in the crista (18), despite functional
changes (22). The lack of overt changes in presynaptic morphology
does not rule out alterations in presynaptic neurotransmitter re-
lease or postsynaptic signaling with age. A limitation of the present
study was the lack of in situ immunolabeling or Western blot
analysis (due to the unavailability of a reliable and commercially
available antibody) to quantify nicotinic 09 subunit protein levels,
which would allow us to better relate mRNA expression changes
to in vitro physiological data. Nevertheless, our data point to dy-
namic changes to cholinergic signaling in mechanosensory HCs
that warrant further investigation, in particular given the early
synaptopathy in the aging cochlea, including for cholinergic effer-
ents (53-55).

Why vestibular efferent cholinergic signaling should decline with
age is not known. It is well established that neurotrophic factor
(NTF) signaling is essential for development of inner ear vestibular
organs (56). When brain-derived neurotrophic factor (BDNF) is
conditionally knocked out in the inner ear, a relatively long-term
(6 months) absence of this NTF was associated with a modest but
significant decline in HC number, and a marked drop in vestibular
ganglion neurons and afferent innervation to the vestibular organs
(8). To further assess the possibility for impaired NTF signaling as
a contributor to the aging-related cholinergic transmission decline,
we assessed expression of BDNF (Bdnf), neurotrophin 3 (N#f3), and
their cognate receptors TrkB (N#rk2) and TrkC (Ntrk3), respect-
ively, in a previous aging vestibular organs microarray study car-
ried out be our group (57). There were no significant aging-related
changes in expression of the NTFs nor their receptors (data not
shown). Brainstem cholinergic groups are relatively resilient to the
effects of aging, with no significant change in cell number (25,58).
However, functional impairments in brain cholinergic cells have
been reported, including with NTF signaling. Our findings of ana-
tomically unaltered cholinergic terminals and brainstem cholinergic
efferent neurons, and no age-related change in peripheral vestibular
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Figure 6. Hypothesis for altered nicotinic modulation of aging type Il
vestibular hair cells. In young adult type Il hair cells (A), mechanoelectrical
transduction (MET) currents can be shunted when coincided with
large basolateral conductances evoked by ACh. These large basolateral
conductances rely upon a9/10 nicotinic ACh receptors (nAChRs), small
conductance Ca?-sensitive K+ (SK) channels, and may be amplified via
Ca%-induced Ca* release from subsynaptic cisterns. Lowering of membrane
impedance allows for a shift in hair cell gain in response to MET currents.
This would impact CaV channel activation, and glutamate release onto
primary afferents, thereby modulating head motion signal encoding. In the
aged condition (B), where 09/10 nAChR conductance is reduced, there may
not be sufficient Ca? influx to trigger Ca? release from stores. This would
reduce SK current magnitude and duration and would not trigger the same
drastic reduction in membrane impedance seen in young type Il hair cells.
Consequently, hair cell gain in response to MET currents would be less
impacted by ACh. This alters the capacity for efferent modulation of hair cell
gain (sensitivity). ACh = acetylcholine.

NTF-related gene expression, are consistent with a model of reduced
cholinergic function without overt neurodegeneration.

Reduced ACh-evoked nicotinic responses in aging type II HCs
(Figure 5) impact multiple processes, illustrated in Figure 6. First, in
young adult type II HCs, ACh triggers a large basolateral conduct-
ance, shown electrophysiologically by a transient drop in membrane
impedance (18). This reduction in membrane impedance would shift
HC gain in response to mechanoelectrical transduction (MET) cur-
rents. This provides the EVS with the ability to tune HC sensitivity.
Second, in our aging mouse vestibular epithelial preparation, reduced
conductance through 09/10nAChRs, which are particularly perme-
able to Ca?, will lead to smaller SK channel conductances both dir-
ectly and indirectly. Ca?* influx via 9/10nAChRs serves to activate
nearby SK channels directly, but it is thought that the Ca®*-activated

K* conductances via SK channels are amplified via Ca**-induced
Ca?* release (CICR) from cisterns located near the efferent synapse
(Figure 6). Reduced Chrna9 and Chrnal0) mRNA expression, if re-
lated to reduced 09/10nAChR density at the efferent-HC synapse,
could result in insufficient Ca?* influx to trigger local CICR (Figure
6). These mechanisms, both efferent modulation of HC sensitivity
and Ca*-dependent mechanisms at efferent-type II HC synapses,
warrant further investigation.

Taken together, our findings support remodeling of cholinergic
postsynaptic signaling in type II vestibular HCs as a potential con-
tributing factor to altered peripheral encoding of head motion sig-
nals with age.
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