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ABSTRAI

Hearing imgairmei without threshold elevations can occur when there is damage to high-threshold

request.

auditory nerve fiber synapses with cochlear inner hair cells. Instead, cochlear synaptopathy produces
suprathreshold des:its, especially in older patients, which affect conversational speech. Since

listening in noise atgsuprathreshold levels presents significant challenges to the ageing population,

we exa e effects of synaptopathy on tone-in-noise coding on the central recipients of

auditory nerv s —the cochlear nucleus neurons.
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To induce synaptopathy, guinea pigs received a unilateral sound overexposure to the left ears. A
separate group received sham exposures. At 4 weeks post-exposure, thresholds had recovered but

reducedm amplitudes and auditory nerve synapse loss remained on the left side. Single
unit respo e recorded from several cell types in the ventral cochlear nucleus to puretone
and noise ptive fields and rate-level functions in the presence of continuous broadband

noise wereexamined.

The synap ducing noise exposure did not affect mean unit tone-in-noise thresholds, nor

the tone-i resholds in each animal, demonstrating equivalent tone-in-noise detection
thresholds to s animals. However, synaptopathy reduced single-unit responses to
suprathresfol s in the presence of background noise, particularly in the cochlear nucleus small

cells.

U

These data trate that suprathreshold tone-in-noise deficits following cochlear synaptopathy

are evidenfiin the first neural station of the auditory brain, the cochlear nucleus neurons, and

n

provide a arget for assessing and treating listening-in-noise deficits in humans.

KEY PO

Ma

e Recording from multiple central auditory neurons can determine any tone-in-noise deficits

[

in ith quantified cochlear synapse damage.

e Us chnique, we found that tone-in-noise thresholds are not altered by cochlear

0

syn y, whereas coding of suprathreshold tones-in-noise is disrupted.

Su old deficits occur in small cells and primary-like neurons of the cochlear nucleus.

.

provide important insights into the mechanisms underlying difficulties associated

{

g in noisy environments.

AU
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INTRODUCTION

Hearing defj occur in the absence of auditory threshold shifts when preferential injury occurs
to the syn pontaneous rate (SR), high threshold auditory nerve fibers (ANFs) with
cochleaminmemh@imcells (IHCs) (Furman et al., 2013). High threshold ANFs can be identified by their

contacts owiolar side of IHCs and are calretnin-rich (Sharma et al., 2018). Cochlear

synaptopati#¥ is tentially widespread health issue, as human temporal bones demonstrate broad
synaptic da

Viana et al SWVu et al., 2019). Furthermore, age negatively correlates with the ability to
understan e®H in noisy environments, even in subjects with clinically normal auditory thresholds

(Pichora—Fu!!er ESuza, 2003; Rajan & Cainer, 2008; Robert Frisina & Frisina, 1997).

ross an ageing population, even before hair cell damage (Makary et al., 2011;

Aged patie ormal audiometric thresholds, but presumptive more cochlear synaptopathy,

have worsmnoise (TIN) thresholds than young healthy hearing patients (Ralli et al., 2019).

Therefore,

advant eing able to determine frequency-specific deficits without requiring complex higher-
level proces as attention and it can be globally standardised across different languages. The

alterna

have been considered as viable tests for synaptopathy. Using a TIN test has the

“in-noise tests, use stimuli most often described as difficult by likely cochlear
synaptopathy patients; however they have had limited success as a synaptopathy test in human

studies, pohe to the attention required (Couth et al., 2020; Guest et al., 2018).

AnimaLstuEseful to determine perceptual consequences of cochlear synaptopathy, as the
periph an be carefully titrated and measured, allowing correlations with changes to
auditorVH (as in Parthasarathy & Kujawa, 2018). Mice with ouabain-induced neural

degeneratis cochlea have shown increased behavioural TIN detection thresholds, despite no
changes to quiet thresholds (Resnik & Polley, 2021). In contrast, in a budgerigar model using

kainate{uditory-nerve synapse loss, no changes to behavioural TIN thresholds were seen
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(Henry & Abrams, 2021). These studies leave open the question of how a noise-induced cochlear

synaptopathy may affect TIN coding.

T

Here, we r@ﬁ cochlear nucleus (CN) neurons in guinea pigs with cochlear synaptopathy

and dempnsimatesthat the peripheral cochlear neural damage does not produce TIN threshold shifts.
Furthermomcordings show that suprathreshold TIN is impaired, providing a potential target
n

for cochle pathy detection in humans. These data provide important insights into
mechanis ying perceptual difficulties accompanying synaptopathy.

METHODS s

Ethical app

All animal erimental procedures were performed under protocols established by the National

(Publication 80-23) and were approved by the Institutional Animal Care & Use

niversity of Michigan. Male and female (n = 8 and 6, respectively) pigmented

guinea pi ighing 280-500g were obtained from Elm Hill Labs. No differences in unit responses
between ani x were found. Guinea pigs were housed in pairs on a 12/12 h light-dark cycle,
with fo r available ad libitum. Using a unilateral noise exposure on the left side, 10

guinea pigs (6 male, 4 female) were noise-exposed to produce cochlear synaptopathy. A further 4

animals (2 Sale, 2 female) underwent a sham exposure to act as a control group.

@,

Noise exposure and auditory brainstem responses

Auditorc responses (ABRs, the volume-conducted synchronous activity of ANFs and their

brainste“s in response to short tone bursts) were recorded from guinea pigs anesthetised
with a mi:Stamine (50 mg kg™%; s.c., Hospira Inc., Lake Forrest, IL, USA) and xylazine (5 mg

kg'l; s.C., ’; Lake Forrest, IL, USA). Anaesthetic depth was monitored using the rear paw
withdrawal nd maintained using 10 mg kg-1 ketamine and 1 mg kg-1 xylazine supplements.
Atropin g kg™*) was administered to reduce bronchial secretions. Animals were placed in a
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stereotaxic frame (Kopf; Tuijunga, U.S.A.) within a sound-attenuating and electrically shielded
double-walled chamber. Three needle electrodes were placed into the skin, one at the dorsal
midlineW neural crest, one behind the left pinna, and one behind the right pinna. ABRs
were recor sponse to tone bursts (8, 12, 16 and 20 kHz; 5 ms duration, 1 ms rise/fall times,
21 Hz pres&, 512 repetitions in 10 dB steps from 0—90 dB SPL; Tucker-Davis Technologies
RZ6). ABR wawesimamplitudes were analysed with TDT BioSigRZ. ABRs were recorded pre- (baseline)
and immeMst— noise exposure and at 2- and 4-weeks post-exposure. For noise trauma,
anesthetis@ls were unilaterally exposed (left ear) with narrow-band noise (centered at 7 kHz,

half-octave dth) at 102 dB SPL for 2 h. Sham-exposed animals underwent the same

procedure

Single-uni; & sound presentation

At the 4-w timepoint, immediately following ABR recordings, single-unit recordings were made in

t turning on the noise.

the cochleainueleds. Guinea pigs were anaesthetised with ketamine (50 mg kg™; Hospira Inc., Lake

Forrest, IL, I xylazine (5 mg kg‘l; Akorn Inc.; Lake Forrest, IL, USA). Anaesthetic depth was

monito i rear paw withdrawal reflex and maintained using 10 mg kg™ ketamine and 1 mg
kg™ xylazine ments. Atropine (0.05 mg kg™) was administered during the initial surgery to
reduce i cretions. Animals were placed in a stereotaxic frame (Kopf; Tuijunga, U.S.A.)

within a sound-attenuating and electrically shielded double-walled chamber. A midline incision was
made to e!ose the skull, temporalis muscle removed, and a craniotomy performed to allow access

to the left ce lum. The dura mater was removed, and the exposed brain surface was kept moist

by regular bns of saline. Auditory stimuli were delivered monaurally via a closed-field,

calibrated system (modified DT770 drivers; Beyerdynamic Heilbronn, Germany) coupled to hollow

ear bars. TRe speakers were driven by a Tucker-Davis Technologies (TDT; Alachua, FL, USA) System 3

(Rz6, PAS aHB7), .ontrolled by TDT Synapse and custom MATLAB (Mathworks; Natick, U.S.A)
software.

-

Neural 4
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Multi-channel recording probes (NeuroNexus; Ann Arbor, MI, USA) were advanced stereotaxically
through the cerebellum towards the left CN using an MP-285 microdrive (Sutter Instruments;
Novato,Wgnals were amplified by a TDT PZ5 preamp connected to a TDT RZ2 processor for
filtering (O. 7), and data was collected using TDT Synapse software. Spikes were detected on-
line with t&at 4 standard deviations from mean background noise, then spike-sorted

post-homu simgaREAuclustering of spike waveforms. Electrodes were positioned so that shanks passed

3

through th ochlear nucleus (DCN) to reach the small cell cap (SCC) and ventral cochlear

nucleus (VGW¥. were typed by their temporal responses (peristimulus time histograms/PSTHs)

G

to tone-bu roadband noise (BBN), receptive fields (RFs) - and rate-level functions (RLFs)

(Ghoshal 7; Palmer, 1987; Stabler et al., 1996; Winter & Palmer, 1995). Units were further

S

characteris si®g a machine learning model described previously (Hockley et al., 2022) which

divided units into § broad categories; PL (bushy cells), Ch (T-stellates), SC (small cells), B (buildups)

U

and On (o “Receptive-field stimuli consisted of randomised tone bursts (50 ms duration, 200

ms ISI, 2-2 z, 0.1 octave spacing, 5 dB steps, 5 ms cosine on/off ramp, 15 repeats, randomised).

§

From these, Ids and characteristic-frequencies (CF) were obtained from the lowest sound

level and fé€q to produce spikes >2 standard deviations above spontaneous firing rates. RLFs at

dl

CF were theffu or further analyses. RFs were collected in silence, or in the presence of a
continu - or 60-dB SPL broadband background noise. After neurophysiological recordings,

animals we nised (1 ml Euthatal) and cochleae were collected.

\]

[

Cochlear | aining for synaptic counts

Four weekSslp ise exposure, after the final ABRs and neural recordings, guinea pigs were

0

perfused with 500 ml PBS followed by 500 ml 4 % paraformaldehyde. After perfusion, inner ear

tissues weng dissected and post-fixed in 4 % paraformaldehyde in 0.01 M phosphate-buffered saline

q

(PBS) for 2 kg at rogen temperature, followed by decalcification in 5 % EDTA at 4 °C for 3 weeks. Fresh

g

5 % EDTA was provided weekly. Cochlear tissues were microdissected and permeabilised by freeze—

thawing in 30 % su@rose. The microdissected tissues were incubated in blocking buffer containing 5

-

% normal horse m and 0.3 % Triton X-100 in PBS for 1 h. Tissues were then incubated in primary

antibodi ed in 1 % normal horse serum and 0.3 % Triton X-100 in PBS) at 37 °C overnight. The

primary antib sed in this study were as follows: anti-Ctbp2 (BD Biosciences, San Jose, CA;
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1:200; catalog no. 612044), anti-GluR2 (Millipore, Billerica, MA; 1:1000; catalog no. MAB397), and
anti-MyoVlla (Proteus Biosciences, Ramona, CA; 1:100; catalog no. 25-6790). Tissues were then
incubatWopriate Alexa Fluor-conjugated fluorescent secondary antibodies (Invitrogen,
Carlsbad, C 0 diluted in 1 % normal horse serum and 0.3 % Triton X-100 in PBS; AF488 IgG2a
catalog no&SGS IgG1 catalog no. A-21124; AF647 IgG catalog no. A-21244) for 1 h at

room temn penatemes The tissues were mounted on microscope slides in ProLong Diamond Antifade

[

Mountant Fisher Scientific). Cochleae were imaged at low power (10X magnification) to

convert co a ation into frequency (tonotopic mapping) using a custom plug-in to Image)

G

(1.53c NIH, chlear tissues from 12, 16 and 20 kHz regions were used for further analyses.

Confocal z cochlear tissues were taken using a Leica SP8 confocal microscope. For inner

S

hair cell sy e ®unts, z-stacks (0.3 um step size) were taken under 63X (+2.4X optical zoom)

magnification spafning the entire IHC height to ensure all synapses were imaged. Imaging and

Ul

analyses o es were performed as previously described in (Wan et al., 2014). Briefly,

imagel/Fiji§oftware (version 1.53c, NIH, MD) was used for image processing and quantification. One

§

cochlea fr nimal was imaged for each experiment, with three images acquired at each

cochlear regio synapse counts, CtBP2 and GIuR2 puncta in each image stacks were captured

d

and counte lly using Imagel/Fiji software multi-point counter tool. Synaptic counts of each z-

stack w ided by the number of IHCs, which could be visualised by staining of MyoVlla

antibody. E idual image usually contained 8-10 IHCs. For figures, one representative image

M

was sel mongst the 24-30 images from the specific frequency shown.

Experimen and statistical analysis

or

Graphics and statistical tests for ABR and synapse-count data were performed using GraphPad Prism

version 9.3 for Windows (GraphPad Software, www.graphpad.com). Data sets with normal

g

distributions weregnalysed with parametric tests while non-parametric tests were used for sets that

t

did not conform to normality criteria. Two-way ANOVAs, followed by Tukey's multiple comparisons

test were used to gdmpare ABR thresholds and ABR wave 1 amplitudes at each time point (baseline,

U

post exposure/s , 2 weeks and 4 weeks post exposure/sham). Quantification of confocal

es for IHC synapse density at an individual frequency were analysed by unpaired t-

test (Mann- test). Single-unit data analysis and statistics were conducted in MATLAB.

This article is protected by copyright. All rights reserved.

8


http://www.graphpad.com/

Statistical tests, including t-test, Kruskal-Wallis test and Pearson correlation coefficient were used to

compare between groups (o = 0.05). All average data are presented as mean +/- SD.

{

|
RESULTS

rip

Evidence off€oc r Synaptopathy

G

ABR’s immeédgi post acoustic trauma revealed large threshold shifts for frequencies above the

noise expo, trum which returned to baseline in most frequencies within 2 weeks, with a mild

5

permanent #fesiold elevation at the noise-exposure frequency (Fig 1A). At 12 kHz, noise exposure

increased mean thresholds from 7.5 (SD 4.926) to 74 (SD 8.433) dB SPL. After 2 and 4 weeks

U

these thre vered to 9.286 (SD 6.075) & 11 (SD 6.583) dB SPL, respectively. ABR wave 1

amplitude frepresenting synchronised ANF activity, was measured as a potential indicator of

n

cochlear s hy (Lobarinas et al., 2017). In contrast to the temporary nature of the threshold

shifts, largé@nadlseMnduced decreases in ABR wave 1 amplitudes which did not fully recover 4-weeks

a

post-exposUfe W@pe observed (Fig 1B). At 12 kHz, noise exposure reduced the mean normalised ABR
P1amp rom 100 (SD 15.241) to 12.205 (SD 12.568). After 2 and 4 weeks these thresholds
revered to 7 D 23.063) & 74.796 (SD 23.921), respectively. Sham-exposed animals showed no

M

signific o ABR thresholds or wave 1 amplitudes at any timepoint (Fig 1A and B). Four

weeks post-noise exposure, CN recordings were performed, and cochleae processed for histological

[

analysis. C with the observed reduction in ABR wave 1 amplitudes in the exposed animals,

IHC synaps ies were decreased compared to the sham group (Fig 1C and D), demonstrating

&

that the no sure was sufficient to produce IHC synaptopathy.

th

Cochlear Nucleus Recordings

U

Four weeks ng noise exposure, 32-channel electrodes were used to isolate 699 single units

from th e-exposed animals and 379 units from the 4 sham-exposed animals. Electrodes were

A
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positioned to simultaneously record units from the SCC and VCN. As previously described (Hockley et
al., 2022) unit types were classified using a machine learning model based on their temporal and
frequenM patterns, which was authenticated by manual unit typing (Ghoshal & Kim, 1997;
Stabler et a : Winter & Palmer, 1995; E D Young et al., 1988). Onset and weakly-driven units
were exclu@alyses due to their low numbers. Responses of typical small cell (SC), primary-

like (PL)m@nenehepper (Ch) neurons are shown in Fig 2. For each cell type, the RLF, PSTH and RF from

[

a single ex it are shown (Fig 2A-C), and the mean RLFs for that cell type for the noise- and

sham-expo@ps (Fig 2D). No differences in the mean RLFs were observed in the synaptopathy

animals co

suprathresm coding in the CN, thus challenging the hypothesis that reduced suprathreshold
C

input follo

o the sham group. This result was unexpected, as it indicates no impairment of

lear synaptopathy results in lower spike rates in the CN. Further, no significant
differencesmnd between thresholds of small cells from sham and noise exposed animals
(Sham 32.2 (SD 15.65) dB SPL, NE 32.84 (SD 14.95) dB SPL, n’s = 125 & 169, p=0.947). Likewise, for
primary-lik@w not significant difference in thresholds were observed (Sham 34.8 (SD 15.17)
dB SPL, NE 36.54 (SD 14.5) dB SPL, p=0.353). And for chopper cells a significant increase in threshold

|
was seen (Sham 16.38 (SD 11.65) dB SPL, NE 27.41 (SD 13.74) dB SPL, p<0.0001).

Primarygli eous firing rates were significantly reduced by noise exposure, from 9.02 Hz to
6.55 Hz (SD IT® 10.12, p = 0.000572), however no significant changes were seen in small cells
or cho

Cochlear Nouprathreshold TIN coding is impaired after Synaptopathy

While synagtopathy does not affect TIN threshold shifts in the VCN cells, we hypothesised that
synaptopathy coul@ impair coding of suprathreshold tones to a greater degree because
synaptoM exposure affects primarily high-threshold/low SR ANFs (Furman et al., 2013),
which project preE;entially to CN SCs (Liberman, 1991; Ryugo, 2008). We therefore plotted the

suprathreshold Tlhsresponse functions for each neuron, and from these then calculated the mean

e rate for tones between 80-90 dB SPL to designate the suprathreshold impairment

of TIN functio IN) (Fig 3A). Mean synapse counts for each animal were calculated across the
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three cochlear frequencies evaluated (12, 16 & 20 kHz) and used as a single metric for synaptopathy

in each animal.

For SCs su’a!Hres!old impairment of TIN (SITIN) at 40- (SITIN40) and 60-dB (SITIN60) SPL

backgroun ignificantly correlated with cochlear synapse counts (Fig 3B). PL neurons showed

a significa between SITIN40 and synapse counts, but not SITIN60, whereas Ch cells did

O
N . .
not show ssnlflcant correlations (Fig 3C&D).

Cochlear Nircleus TIN Threshold Shifts Do Not Increase After Synaptopathy

NUSC

TIN stimuli sented while recording from CN neurons of sham- and noise-exposed animals to

determine

d

t of synaptopathy on TIN coding in the CN. TIN stimuli consisted of the full tone-
level ra uli presented in the presence of continuous 40- or 60-dB SPL broadband noise
(N=397 neur m 4 noise-exposed animals, 379 from the 4 sham-exposed animals). Fig 4A shows

an exa d the effects of 40- and 60-dB SPL background noise. Here, the background

A

noises produce a 10- or 40 dB threshold shift, respectively (Fig 4A).

TIN thresh for SC, PL and Ch cells are presented in Fig 4B-D, greater TIN threshold shift

olf

indicating more impairment of tone perception by the noise. Unpaired t-tests revealed that SCs from

noise exposed animals had significantly lower TIN threshold shifts in both background sound levels,

i

compared o SCs fg@m sham animals (n = 101 NE, 125 sham; p < 0.001; Fig 4B). PL cells from noise

¢

exposed animals also had significantly lower TIN threshold shift than those from sham animals in

both 40- and 60-dBYSPL background sound levels (n = 90 NE, 102 sham; p = 0.007 & 0.016; Fig 4C) but

B

Ch neurons from p@ise exposed animals had significantly lower TIN threshold shift only in 40, but not

60dBS round sound levels when compared to sham animals (n = 95 NE, 58 sham; p<0.001 &

p=0.525; Fig r SCs, this effect was CF specific, with the greatest difference between normal

This article is protected by copyright. All rights reserved.
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and synaptopathic animals occurring at CFs above the noise exposure spectrum (Fig 4B), where

cochlear synaptopathy is most prevalent (Fig 1B and C). In summary, TIN thresholds of single CN

neuron eased by synaptopathy, signifying no impairment of TIN coding in animals with

{

synaptopat le CN neurons in animals with synaptopathy rather show reduced TIN threshold

shifts.

scrip

To confirm alsence of TIN threshold elevations in noise exposed animals, we used single unit

thresholds to estifate an audiogram for each animal. The outline of the excitatory RF area for every

1

neuron wa calculate the lowest tone intensity predicted to evoke activity in the CN (Fig 5A).

Estimate afidiograms are therefore built using on-CF and off-CF thresholds, allowing assessment of

£

whether o ng may account of the lack of effect observed in the on-CF threshold shift data.

We then a ow the estimated audiometric threshold was shifted in the presence of

d

background¥io ig 5B). The estimated audiometric TIN threshold shifts reveal limited differences
betwee - and noise-exposed animals (n=4 for each group), with a significant difference only at

6.5 kHz for B SPL background sound condition, where the shaded 95% confidence interval

V]

area do p (Fig 5C). These data are consistent with minimal TIN threshold shifts in the

synaptopathy animals, by demonstrating that off-CF coding of TIN does not account for the lack of

[

effect obs

tho

Synaptopa ed by noise exposure was not entirely consistent across animals, so while there

L

are no gro i nces in TIN thresholds between the noise- and sham-exposed groups, we probed
the hypoth those with more synaptopathy would show impaired TIN thresholds. Fig 6 shows

correlat een synapse counts and their mean single-unit TIN thresholds. Synapse counts

A
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were calculated as the mean number of synapses per IHC across the three cochlear frequencies
evaluated (12, 16 & 20 kHz). No cell type had a significant correlation for any condition, solidifying
the conWTIN thresholds are not impaired by cochlear synaptopathy. Fig 7 shows

correlation en synapse counts and their mean single-unit TIN threshold shifts. This analysis
showed no orrelations with cochlear synaptopathy.
I I
Cochlear N us¥Small Cell Subtypes
Earlier studies of GN SCs have relied on single-channel recordings, resulting in low numbers of units

(Ghoshal & ki 6, 1997). The large number of SCs recorded in this study with multichannel

electrodes Bave us the opportunity to test the hypothesis that there may be physiologically
heterogenoussgkeups of SCs (Fig 8). RLF PCAs were calculated, and k-means clustered using the city
block distac and repeated for 2 — 10 clusters. The greatest silhouette score of 0.5161 for 2

cluster o subtypes of SCs, for which the PC1 metric was binomially distributed,
confirming t istence of discrete clusters. SC subtype 1 (SC1) was characterised by lower firing
rates a intensities, and higher steady state firing rates compared to onset firing rates. SC
subtype 2 (SC2) had greater evoked firing rates and unusual onset peaks, with one delayed onset

peak at “1!ms. SC1 showed a significant correlation between cochlear synapse counts and
threshold shifts.in 60 dB SPL noise, suggesting that subtype SC1 is responsible for the trend observed

in Figs 6 & @ r subtype showed a significant correlations between synapse counts and
suprathreshold TIN impairments, suggesting that both cell types contribute to the correlation found

in Fig 3.

uth
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The data presented here represent the first study on the effects of cochlear synaptopathy on sound
coding by cells in the CN. Since inner hair cell synapse loss cannot currently be quantified in humans,
recordirW guinea pig CN with induced cochlear synaptopathy were used to determine
whether smaﬁected sound-evoked thresholds and suprathreshold central responses with

and witho d noise. We found that TIN detection thresholds are not affected by cochlear
synaptapatimmblemwever, suprathreshold TIN coding was impaired in animals with cochlear
synaptopaMmpairments discovered here deepen our understanding of central changes
following a the auditory periphery and have implications for development of future tests

for cochlea opathy in humans.

92,

The noise—exposuj model used here produced cochlear synaptopathy with minimal auditory

threshold e noise exposure frequency (Fig 1), however, whether this would translate to an

increased avioural detection threshold is unknown. Comparisons of ABR thresholds and

behaviour n thresholds have generated variable results, with initial studies showing good
correlatio n the two measures in noise- and kanamycin-exposed animals (Borg & Engstrom,
1983). HowéVerR®@ther studies have shown more variable results, especially for the tone-evoked
ABR’s a in this study (Heffner et al., 2008). A more recent study using ouabain-induced
cochlear ne eneration has demonstrated a 30 dB ABR threshold shift with no change to
behavi tection thresholds (Resnik & Polley, 2021). Therefore, we do not see the mild

permanent threshold shift as a confounding factor in this study, as behavioural detection thresholds

are likely aned. Cochlear-synapse recovery in the guinea pig after synaptopathic noise

exposure i umented (Hickman et al., 2021; Shi et al., 2013; Zhang et al., 2020), so the noise
exposure ully titrated to ensure synaptopathy was maintained for at least 4 weeks. The use
of anamg noise exposure affects the damage induced, which may have contributed to
the ne r exposure level in the present study when compared to other studies of cochlear

synaptoHnea pig (Hickman et al., 2021; Shi et al., 2013; Zhang et al., 2020). These studies

have each Serent sound levels, frequency spectra and methods for determining hearing
t

thresholds comparisons are not straightforward. Initial attempts to titrate our sound

exposure | a lower exposure intensity of 99 dB SPL that resulted in a synapse loss that
recover en 2- and 4-weeks post-exposure, alongside a full recovery of ABR wave 1

This article is protected by copyright. All rights reserved.
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amplitudes to baseline levels (data not shown). Increasing the levels enabled us to induce

synaptopathy that lasted at least 4 weeks, but we were unable to easily produce a permanent

synaptoMined with no permanent ABR threshold shift.

Noise expo es cochlear synaptopathy that preferentially targets the low SR/high

I
threshold ANFs, which is expected to produce difficulty encoding suprathreshold sounds (Furman et

al., 2013). shold TIN coding in ANFs occurs to a greater extent in the low-SR fibers due to

flattened REFs andifeduced dynamic ranges in the low threshold, high-SR fibers (Costalupes et al.,
1984; Young &

detection ifl hj

(Huet et alﬁor the present study, it is likely that the rate-based intensity code is preserved,

ta, 1986). The spike-rate code has been shown to be the driving factor for TIN

fléequency ANFs (>2.7kHz), whereas low frequency TIN coding uses a temporal code

as almost all recordled neurons were within the high frequency region used by a previous study

(Huet et alﬁ

Impairmemthreshold sound encoding by cochlear synaptopathy has been assumed to be

amplifi synapse changes following peripheral damage, as has been observed following
age-related g loss (Wang et al., 2021). However, our data showed no changes to mean RLFs,
anune It indicating no impairment of suprathreshold tone coding in the CN. This

challenges the hypothesis that reduced input during sound stimulation results in lower spike rates in

the VCN. V@rious homeostatic plasticity mechanisms in the VCN & SCC, including olivocochlear

contributions{Hockley et al., 2022) could be responsible maintaining the firing rates observed in the

hel et al., 2014; Hockley et al., 2020; Poveda et al., 2020; Vogler et al., 2011). An

alternative mechanism is local stress peptide signaling. Pagella et al. (2021) showed that small cells

express CR£2, a Urocortin 3 (UCN3) receptor, which can be produced by bushy and stellate cells.

However, the contgibution of this peptide on small cell activity or auditory signal processing is

currently unknown.

CN SCs ,@ the greatest impairment of suprathreshold TIN coding. SCs receive exclusive input
from the low afggmedium SR ANFs, which are preferentially affected by cochlear synaptopathy
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(Liberman, 1991; Ryugo, 2008). As a result of combined low-SR ANF and olivocochlear collateral
inputs, SCs have superior intensity coding capabilities compared to other CN cell types (Hockley et

al., 202 , impairment of suprathreshold coding of TIN in SCs may be due to changes in

o]

low-SR AN targeted to SCs, or changes to olivocochlear system changes following noise
exposure. Q

I

-

SCs projec to the auditory thalamus, a pathway for short-latency relay of sound intensity
informahoﬁauditory cortex, bypassing the IC (Malmierca et al., 2002; Schofield, Mellott, et
al., 2014; Motts, et al., 2014). Thus, because the suprathreshold impairments observed
here are m SCs they are likely to have a rapid perceptual effect.

usc

Suprathreshold TIN responses are reduced in the cochlear nucleus following
—
synaptopathy. This is counter to results observed in the inferior colliculus (IC), where
increased responses to quiet speech-in-noise are observed (Monaghan et al., 2020).
- w
Interestingly, this increased activity only occurs at quiet speech levels, in contrast to the
-
present data where we see greater reductions to tone-in-noise spike rates at higher tone
el
intensities. Together, these results imply that mechanisms producing increased
responses to quiet in noise within the IC occur independently to the effects seen in the
u
VCN and SCC, either in the IC or in other areas that project directly to the IC such as the
-—
DCN. That opposite results are seen in the IC and cochlear nucleus small cells (which
- &

bypass the IC) suggests two potential mechanisms for suprathreshold impairment

|

following synaptopathy. Either impairment of small cell suprathreshold responses or

impairment of central gain mechanisms in the DCN/IC pathway could produce
.

perceptual deficits. It is also possible that the levels used in the current study were not
a

sufficiently high to produce the observed effects in the psychophysical studies.
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The data p d here provide clues for identifying cochlear synaptopathy in humans. While a
previous s wn impaired TIN thresholds in aged humans, the effect was greater at lower
backgrc.n_‘ntensities (Ralli et al., 2019). We have shown that TIN thresholds in CN are not

altered wi topathy, but rather suprathreshold coding of TIN is affected, suggesting that
clinical tesu thresholds is not likely to detect cochlear synaptopathy. Thresholds are instead

encoded b

loudness m-rreshold TIN stimuli would be more likely to identify synaptopathy in human

patients.

ABSTRACTREIGURE LEGEND A) Unilateral noise exposure induces synaptopathy and temporary

h-SR ANFs which are not as affected by synaptopathy. Assessing the perceived

threshold s [TS) in guinea pigs. B) Auditory thresholds of single units in the cochlear nucleus are

shifted in Rac «@ d noise, and this shift is not affected by synaptopathy. C) Suprathreshold firing

rates ar, by background sound, and this decrease correlates with cochlear synaptopathy.

Fig 1: ABR recordings and synapse counts are consistent with IHC synaptopathy. A) Noise exposure
produced a.temporary threshold shift at mid-high frequencies and a mild permanent threshold shift
at 8 kHz. B) Noise exposure resulted in a permanent decrease in mean ABR wave 1 amplitudes. C)
Acoustic tra'wr‘oduced a significant decrease in IHC synapse density in the noise-exposed animals
compared to sham-exposed animals at frequencies above the noise-exposure spectrum (17.2% at 12
kHz, 11.3%'at 16 kHz and 21.8% at 20 kHz; p = 0.0092, p = 0.0459, p = 0.0003, respectively). D)
Example synapse immunostaining for a sham and noise-exposed animal at the 16 kHz tonotopic
-w
cochlea location. For synapse counts, Ctbp2 (ribbon synapses marker, red) and GIuR2 (post synaptic
marker, grw:cta in each of 3 adjacent image stacks were captured. Synaptic counts of each z-

stack were divided by the number of IHCs (visualized by staining of MyoVlla, blue). Each individual

This article is protected by copyright. All rights reserved.

17



image usually contained 8—10 IHCs. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. Error bars

represent SD.
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Fig 2: Example cell types of the cochlear nucleus. A-C) For the three major types of cells studied (SC,

PL and Ch) we show example rate-level functions (RLFs), peristimulus-time histograms (PSTHs) and
receptivW). D) Mean (+ SD) RLFs for the three cell types in sham vs noise exposed animals
(NE).
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Fig 3: Changes in suprathreshold firing rates in noise correlate with synaptopathy. A) Example

singe-neuron suprathreshold impaired TIN (SITIN) calculation from the rate-level functions of a small

cell froerosed animal. B) SC SITIN correlates with synaptopathy for 40- and 60-dB
backgroun levels. C) PL neuron SITIN correlates with synaptopathy for the lower, but not
higher, ba nd level D) Ch neuron SITIN does not correlate with synaptopathy at either

backgraundssemmeaievel. Error bars indicate SD.
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Fig 4: Single-unit tone-in-noise threshold shifts are reduced by cochlear synapopathy. A) Example
change in RF for a SC from a noise-exposed animal in the presence of 40- and 60-dB SPL background
noise. BW TIN threshold shifts for 40- and 60-dB SPL background noise for SCs from sham
and noise- animals. Both individual units (black and red dots), and mean data (+ SD, black
and red bamnted with the same y-axis. C) Single-unit TIN threshold shifts at 40- and 60-dB
SPL for RBL mesmemssfrom sham and noise-exposed animals. D) Single-unit TIN threshold shifts at 40 -
and 60-dB

E

h neurons from sham and noise-exposed animals. Yellow triangles represent the

noise expogfire trum.

G

Author Manus
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Fig 5: Determining tone-in-noise threshold shifts with estimated audiograms. A) Example animal

using individual unit thresholds (coloured lines; 5/143 units shown for this animal) to estimate the

audioled of animals for TIN stimuli (black). The ABR thresholds of this animal at 8, 12,
16 and 20 10-, 5-, 15- and 15-dB SPL, respectively. B) Estimated audiometric threshold shift
for this examl at 40- and 60-dB SPL background noise. C) Threshold shift of estimated
audiomet riestmesip|ds in noise for the 4 sham and noise-exposed animals. TIN threshold shifts are

equivalentm groups. Shaded area =95 % Cl.
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Fig 6: Single unit thresholds and tone-in-noise thresholds do not correlate with synaptopathy. A)
Thresholds for SCs in the presence of 0-, 40- or 60-dB SPL background noise. B) Thresholds for PL
neuroance of 0-, 40- or 60-dB SPL background noise. C) Thresholds for Ch neurons in

the presen 40- or 60-dB SPL background noise. Error bars indicate SD. No significant
correlation between cochlear synaptopathy and any threshold or ton-in-noise

threshoiel. m—
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Fig 7: Threshold shifts of cochlear nucleus neurons in the presence of 40 or 60 dB background
sound. For small cells (A), primary-like neurons (B) and chopper neurons (C), no significant

correlatM’und between cochlear synaptopathy and threshold shift in background noise.

Error bars ingi®e D.
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Fig 8: Potential small cell subtypes are both affected by synaptopathy. A-D) Based on RLF shape,
SCs were categorised into two subtypes using PCA clustering (SC1 & SC2) with different mean RLFs
and PSTW. E and F) Subtypes SC1 and SC2, despite their differences in activity patterns,
neither sho ificant correlations between SITIN and synaptopathy. SC1 showed a correlation
between s@ and threshold shift, suggesting SC1s are the drivers of the trend for SCs

observes inmfigs3mError bars indicate SD.

-
-
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