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The occurrence of tinnitus can be linked to hearing loss in the majority of cases, but there 
is nevertheless a large degree of unexplained heterogeneity in the relation between hear-
ing loss and tinnitus. Part of the problem might be that hearing loss is usually quantified 
in terms of increased hearing thresholds, which only provides limited information about 
the underlying cochlear damage. Moreover, noise exposure that does not cause hearing 
threshold loss can still lead to “hidden hearing loss” (HHL), i.e., functional deafferentation 
of auditory nerve fibers (ANFs) through loss of synaptic ribbons in inner hair cells. While it 
is known that increased hearing thresholds can trigger increases in spontaneous neural 
activity in the central auditory system, i.e., a putative neural correlate of tinnitus, the 
central effects of HHL have not yet been investigated. Here, we exposed mice to octave-
band noise at 100 and 105 dB SPL to generate HHL and permanent increases of hearing 
thresholds, respectively. Deafferentation of ANFs was confirmed through measurement 
of auditory brainstem responses and cochlear immunohistochemistry. Acute extracel-
lular recordings from the auditory midbrain (inferior colliculus) demonstrated increases 
in spontaneous neuronal activity (a putative neural correlate of tinnitus) in both groups. 
Surprisingly, the increase in spontaneous activity was most pronounced in the mice with 
HHL, suggesting that the relation between hearing loss and neuronal hyperactivity might 
be more complex than currently understood. Our computational model indicated that 
these differences in neuronal hyperactivity could arise from different degrees of deaffer-
entation of low-threshold ANFs in the two exposure groups. Our results demonstrate 
that HHL is sufficient to induce changes in central auditory processing, and they also 
indicate a non-monotonic relationship between cochlear damage and neuronal hyper-
activity, suggesting an explanation for why tinnitus might occur without obvious hearing 
loss and conversely why hearing loss does not always lead to tinnitus.

Keywords: tinnitus, hearing loss, mouse model, computational model, noise exposure, neuronal hyperactivity, 
cochlear damage, hidden hearing loss

inTrODUcTiOn

Epidemiological data suggest a close relation between hearing loss and tinnitus. For example, most 
tinnitus patients also have a certain degree of hearing loss (1, 2), tinnitus prevalence rises with 
hearing loss (3), 75–90% of patients with otosclerosis experience tinnitus (4, 5), as do 80% of patients 
with idiopathic sudden sensorineural hearing loss (6). However, upon closer inspection, the relation 
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between hearing loss and tinnitus appears quite heterogeneous. 
For example, even though there is a general trend for the tinnitus 
pitch to coincide with frequencies affected by hearing loss (7), 
clear correlations between the shape of the hearing threshold 
curve in the audiogram and tinnitus characteristics have only 
been observed for homogeneous study groups like noise-exposed 
workers (8), but not for general tinnitus patient samples (9, 10). 
Moreover, a significant fraction of individuals with tinnitus show 
no obvious signs of hearing loss (11, 12), and conversely many 
hearing-impaired listeners do not experience tinnitus (13).

Clinically, hearing loss is quantified through pure-tone audi-
ometry, which measures thresholds for detecting tones in quiet. 
However, hearing thresholds alone only convey a limited picture 
of actual cochlear damage. The degree of outer hair cell loss, for 
example, only shows a moderate correlation to hearing threshold 
shifts (14), and cochlear dead regions, i.e., cochlear regions with 
severe loss of inner hair cells (IHCs), cannot be reliably detected 
through audiometry alone (15). Moreover, hearing thresholds are 
poor predictors of listening performance (16), and some hearing 
problems might not be detected by audiometry at all.

Thus, hearing thresholds do not provide a complete picture 
of hearing function. Indeed, recent evidence even suggests a 
considerable degree of “hidden hearing loss” (HHL) might be 
present despite a normal audiogram. Investigations in mice have 
shown that noise exposures producing only a temporary eleva-
tion of hearing thresholds can lead to loss of synaptic ribbons 
at synapses between IHCs and auditory nerve fibers (ANFs), 
permanently reducing the amplitude of wave I of the auditory 
brainstem response (ABR) (17). ANFs with high response thresh-
olds appear particularly vulnerable to this kind of deafferentation, 
whereas fibers with low thresholds seem to be more resilient (18). 
Moreover, HHL might also develop through age-related processes 
in humans (19) as well as mice (20). Significant reductions of ABR 
wave I have also been reported for tinnitus subjects with clinically 
normal audiograms (21, 22), suggesting that HHL might not only 
cause a degradation of the auditory nerve response but also affect 
auditory processing beyond the ear.

Peripheral hearing loss can lead to pronounced changes in the 
central auditory system, with reduced inhibitory neurotransmis-
sion (23–27), increased excitatory neurotransmission or neu-
ronal excitability (23, 25, 27, 28), and changes reported in gene 
expression (29). Moreover, spontaneous neuronal activity in the 
auditory system is altered in a non-intuitive fashion after hearing 
loss. While ANFs generally show reduced (30) or unchanged 
(31) spontaneous activity following induction of various kinds of 
cochlear damage, spontaneous firing rates in the central auditory 
system are reported to increase. Cochlear damage through expo-
sure to noise or ototoxic drugs generates elevated spontaneous 
firing rates in the dorsal (32–34) and ventral (35) cochlear nuclei, 
the inferior colliculus (36–38), and the auditory cortex (39, 40). 
This neuronal hyperactivity has been linked to behavioral mark-
ers of tinnitus (34, 41–43). Moreover, the level of hyperactivity 
was proportional to the degree of hearing loss or cochlear damage 
(33, 36, 44).

Here, we investigate how noise-induced HHL affects sponta-
neous and evoked neuronal activity in the auditory midbrain of 
mice. In contrast to most previous studies employing unilateral 

noise exposure, we employed bilateral noise exposure – more 
typical of the noise exposure generally encountered by human 
listeners. After exposing two groups of mice to different levels of 
noise (100 dB SPL to induce HHL, 105 dB SPL to induce perma-
nent changes in hearing thresholds), we compared the effects of 
“hidden” and “obvious” hearing loss on IC responses. Although 
spontaneous firing rates increased in both exposure groups, the 
increase was greatest in the animals exposed to the lower (100 dB 
SPL) sound level, which showed ANF deafferentation without 
permanent shifts in hearing thresholds. Using a computational 
model, we demonstrate that this non-monotonic relationship 
between the degree of cochlear damage and the degree of spon-
taneous neuronal hyperactivity is explicable in terms of different 
degrees of deafferentation of high- and low-threshold ANFs, 
suggesting that specific ANF deafferentation patterns could dif-
fer significantly in their effect on auditory function. Our results 
thus indicate that differences in the specific patterns of cochlear 
damage, which cannot be reliably determinated from hearing 
threshold measurements alone, might account for some of the 
heterogeneity observed in the relation between hearing loss and 
tinnitus.

MaTerials anD MeThODs

subjects
Subjects were 23 male CBA/Ca mice. Mice were 7–19 weeks old 
at the time of noise exposure. Control animals were age-matched 
littermates. ABRs were recorded 1–14 days prior to, 1 day after, 
and 4  weeks after noise exposure. IC recordings took place 
4 weeks after noise exposure. At the end of the final experiment, 
mice were overdosed with an intra-peritoneal (i.p.) injection 
of sodium pentobarbital. All experiments were performed 
in accordance with the United Kingdom Animal (Scientific 
Procedures) Act of 1986.

noise exposure
Mice were anesthetized with ketamine and medetomidine (i.p.) 
and positioned in a custom-made sound-proof booth on a heated 
pad directly underneath the center of a speaker (Stage Line PA 
Horn Tweeter MHD-220N/RD) positioned 45  cm above. The 
speaker was calibrated prior to each use to ensure that the fre-
quency response was flat (±2 dB) over the 8–16 kHz range. Noise 
exposure was performed with an octave-band noise (8–16 kHz) 
at 100 or 105 dB SPL for 2 h. Noise stimuli were generated using 
an RX6 processor (Tucker-Davis Technologies, TDT), attenuated 
as required (TDT PA5) and amplified (TDT SA2). During the 
noise exposure, pedal reflex and breathing rate were checked 
every 30 min. Control animals were not exposed to any additional 
sound beyond the normal background noise in the animal unit.

auditory Brainstem response recording 
and analysis
For ABR recordings, animals were anesthetized with an i.p. 
injection of ketamine and medetomidine. ABR recordings 
were obtained using subdermal needle electrodes (Rochester 
Medical), one inserted at the vertex, and one each behind the 
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ipsilateral and contralateral pinnae. Electrode signals were low-
pass filtered (7.5 kHz cut-off frequency, 12 dB per octave) and 
recorded at 24  kHz sampling rate (TDT RA4LI, RA4PA and 
RX5). For analysis, ABR data were filtered using a bandpass 
filter (100–3000 Hz, 5th-order Butterworth filter). Stimuli were 
either tone pips (5 ms total duration with 1.5 ms rise/fall time; 
frequencies 6, 8, 11, 16, 24, 32, and 48 kHz; intensities 0–80 dB 
SPL in 5 dB steps) or clicks (50 μs duration, 0–80 dB SPL in 5 dB 
steps), both delivered at a rate of 20/s. Stimuli were generated 
using a TDT RX6 processor, attenuated as needed (TDT PA5), 
amplified (TDT SA2), and presented in free-field condition with 
the speaker (TDT FF1) positioned at a 45° to the animal’s axis at 
a distance of approximately 15 cm. The ear contralateral to the 
speaker was blocked using a foam earplug. Before the start of each 
experiment, the transfer function of the speaker was measured 
with a microphone (4939, Brüel and Kjaer) placed at the location 
of the animal’s ear with the animal in place. This function was 
used to calibrate individual tones so that the overall output of the 
speaker was flat across frequency to ±3 dB. ABR thresholds were 
determined visually by estimating the lowest sound level at which 
deflections in the ABR waveform were judged to be greater than 
the background variability in the waveforms. Measurements of 
wave amplitudes were performed using custom Matlab software: 
a time window containing the wave of interest was selected by 
the user, and the software then detected maxima and minima of 
the ABR traces within that window. ABR wave amplitudes were 
measured from the peak to the following trough.

extracellular recordings in inferior 
colliculus
Animals were anesthetized with an i.p. injection of ketamine and 
medetomidine, followed by administration of dexamethasone 
and atropine sulfate. Lactated Ringers solution was given every 2 h 
to maintain hydration. The animal’s temperature was maintained 
at 37.5°C using a homeothermic blanket connected to a rectal 
thermistor. Breathing rate was monitored throughout the surgery, 
and then at 45-min intervals throughout the recording. Once the 
pedal reflex had been abolished, the mouse was placed in a nose 
clamp to stabilize the head while leaving the ears free. To access 
the IC, a large craniotomy (≈4.5–6.5 mm posterior to Bregma, 
0.5–3.5 mm lateral to midline) was performed on the right-hand 
side, revealing the full surface of the right IC. Extracellular, 
multi-unit recordings were made using single-shank silicon 
multi-electrodes with 16 recording sites (1  ×  16 linear array 
with 100 μm spacing; NeuroNexus). This arrangement of elec-
trode sites enabled sampling across the full extent of the central 
nucleus of the IC. The probe was advanced manually until the 
tip just touched the collicular surface. Using a remote hydraulic 
microdrive (Neurocraft, FHC Inc.), the electrode array was then 
advanced rapidly by 2000 μm, to minimize the duration of tissue 
compression during the initial penetration, and then retracted 
by 500 μm. Electrode signals were recorded at 24 kHz sampling 
rate and bandpass-filtered between 300 and 9000 Hz (TDT RX5).

To record frequency-response areas (FRAs), tone pips were 
played in sequential order from 4 to 70 kHz in one-eighth octave 
steps, with sound level ranging from 0 to 80 dB SPL in 5 dB steps. 

Tone pip duration was 100 ms, with a rise/fall time of 5 ms, and the 
inter-stimulus-interval was 400 ms. The speaker was positioned 
at a 45° to the animal’s axis and at a distance of approximately 
15 cm from the animal’s left ear. The right ear was plugged with a 
sound-attenuating plug. The equipment for sound generation and 
delivery was the same as for the ABR measurements. The FRA 
measurement was repeated three times.

To obtain a measure of the spontaneous firing rates, we 
recorded 100 epochs of 500  ms duration without sound pres-
entation. The speaker was unplugged during the recording of 
spontaneous activity.

analysis of ic Data
To obtain multiunit activity, the electrode signals were first 
stripped of the local field potential by applying an additional 
high-pass filter with cut-off at 600 Hz, and action potentials were 
then classified using a latent variable spike-sorting algorithm 
(45) to separate multi-unit clusters from background noise. 
Characteristic frequencies (CFs) and thresholds of the multiunits 
were determined visually from the FRAs. Multi-unit recordings 
were considered to originate from the central nucleus of the IC 
(ICc) when there was a clear progression of CFs along the length 
of the linear electrode array. Recordings from electrodes that 
deviated from this CF progression were excluded from further 
analysis. Rate-level functions at CF were then derived from the 
FRA data. Spontaneous firing rates were determined by calculat-
ing the average firing rate over the 100 repetitions of the silent 
epoch of 500 ms duration.

cochlear immunohistochemistry for 
synaptic ribbon counts
After the end of an IC recording, the cochleae were harvested and 
fixed in 4% paraformaldehyde. For immunohistochemistry, the 
organ of Corti was left in the temporal bone in position with no 
decalcification in order to identify the precise location of the cells 
in each cochlea. The tissue was accessed by removing the overlying 
apical bony covering and the tectorial membrane removed using 
micropipette aspiration or fine forceps. The procedure therefore 
differs from more conventional histological procedures and is a 
novel approach. To identify the synaptic structures after tissue 
permeabilization, we employed mouse anti-CtBP2 (#612044, 
BD Transduction Laboratories), used at 1:200, or simultaneously 
with rabbit anti-GluR2/3 (#AB1506, Millipore Bioscience), 
used at 1:50, incubated at 4°C overnight with a standard lysine 
block. The ribbon protein CtBP2 was then labeled by secondary 
antibodies conjugated to ATTO425 (TEFLabs); the postsynaptic 
terminals were labeled using biotinylated goat anti-rabbit IgG 
(#BA-1000, Vector) and subsequent incubation with either 
fluorescein or Alexa 488 conjugated to streptavidin (#SA-5001 
Vector). The temporal bone was mounted for viewing hair cells 
from scala media and images were acquired as z-stacks with step 
sizes of 0.2–0.5 μm with a 63 × 1.0 NA objective. For such in situ 
identifications, multiphoton imaging was used in an upright LSM 
510 confocal microscope (Zeiss). Ribbons were identified from 
z-projections and only those with both labels positively identi-
fied and were manually counted. Ribbons per cell were typically 
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determined as averages from the groups of 8–12 IHCs from the 
10–30 kHz region of the cochleae. No account was taken indi-
vidual variations in the cochlear frequency place map between 
animals. The differences between the resulting data and reported 
figures from decalcified and dissected tissue [e.g., Ref. (17)] may 
reflect differences in the sampling processes.

computational Model
We have set up a computational model of the early auditory sys-
tem, as described below, to study the effects of different patterns 
of ANF deafferentation on spontaneous activity in the central 
auditory system. The model is based on previous models of the 
effects of loss of inner and outer hair cells and damage to hair cell 
stereocilia (46, 47) as well as selective deafferentation of high-
threshold ANFs (21).

auditory nerve response stage  
of the Model
Auditory nerve responses are modeled with a rate-level function 
that represents the average response of a small population of 
ANFs, comprising low-, medium-, and high-threshold fibers, 
with similar CFs (46). The effects of different types of cochlear 
damage on AN responses are then captured by adjusting the 
shape of the ANF population rate–intensity function. Selective 
loss of high-threshold ANFs is captured by scaling down 
responses to high sound intensities and reducing the maximum 
firing rate of the ANF population. The resulting rate–intensity 
function f*(I) is then

 f I f I d f I fh h
*( ) ( ) ( )= − − +  

where []+ denotes positive rectification, 0 ≤ dh < 1 represents the 
fraction of missing high-threshold fibers, and fh = 100 spikes/s is 
the firing rate where deafferentation starts to influence the AN 
population response. In addition to selective deafferentation of 
high-threshold ANFs, we also consider cases where all fiber types 
get deafferented:

 
f I f I d f I f dh h a

* ( ) = ( ) − ( ) − ( )+  

The parameter da scales the whole AN population rate-level 
function, and thus (for dh = 1) models equal deafferentation of all 
fiber types when it is set to a value between 0 and 1. When both 
dh and da are set to values < 1, deafferentation with a bias toward 
high-threshold fibers is created. Examples of the resulting AN 
population rate-level functions are shown in Figure 4A. To model 
hearing threshold increase, we increase the response threshold 
without changing spontaneous and maximum firing rate, based 
on the model for outer hair cell loss presented in Ref. (46, 47). 
Examples of rate–intensity functions with threshold increase and 
ANF deafferentation can be seen in Figure 4B.

central auditory system stage  
of the Model
The central auditory system stage comprises a neuronal circuit 
where projection neurons (PNs) receive inhibition from two 
different types of inhibitory interneurons, one of them providing 

wide- and the other narrow-band inhibition. This circuit archi-
tecture is based on the circuitry of the dorsal cochlear nucleus 
(DCN) [reviewed in Ref. (48)], as this circuit is probably the 
best-characterized circuit in the auditory brainstem. However, 
by adjusting the strength of inhibition (governed by the two 
parameters gw and gn), a variety of different response types can 
be generated [see Ref. (47), for more details]. In this study, 
we used gw  =  0.5 and gn  =  0.6, which yields model PNs with 
monotonous rate-level functions, as typically observed in the 
inferior colliculus. Moreover, for the application of the model 
to data from the IC, we have now also included a response 
threshold for the PN as an additional parameter to account for 
the fact that spontaneous firing rates in the IC are generally 
quite low, and especially lower than in the cochlear nucleus 
(36, 48, 49). The firing rate response r of the PN to excitatory 
input at rate f (provided here through the activity of ANFs) 
and input from the inhibitory interneurons at rates w and n 
is then given by

 
r R f w n r f g w g n rw n= ( ) = − − − ( )+

, , /max maxtanh th
 

where rmax = 300 spikes/s is the maximum firing rate of the PN, 
and th = 40 spikes/s is the response threshold.

In the model, we assume that the mean firing rate of the PNs is 
stabilized at a certain target level (i.e., the mean activity obtained 
for input from an undamaged cochlea) through homeostatic 
plasticity, which scales the strength of excitatory and inhibitory 
synapses onto the PN in opposite directions. When the mean 
activity of the PN is permanently below the target, homeostatic 
plasticity increases excitation and decreases inhibition to bring 
activity back up to the target level. Prolonged increases in activ-
ity lead to changes in the opposite direction. Synaptic scaling is 
implemented through the homeostasis factor h (limited to values 
between 1/3 and 3 to account for physiological constraints on 
synaptic strength):

 
r R f w n h r hf g

h
w g

h
n rw n= ( ) = − − −















+

, , , /max maxtanh th
 

The exact value of h required to reach the desired target 
mean activity for a certain pattern of cochlear damage is deter-
mined numerically.

All data analysis as well as implementation and evaluation 
of the model were done using MATLAB (The MathWorks Inc., 
Natick, MA, USA). To test for significant differences, t tests were 
used unless otherwise stated.

resUlTs

We investigated the effects of two different levels of noise expo-
sure – 100 dB SPL and 105 dB SPL – on young adult male CBA/Ca 
mice, using ABR measurements, cochlear immunohistochemis-
try, and multiunit recordings from the IC. Noise exposure was 
performed with an octave-band noise (8–16 kHz) at 100 dB SPL 
(n = 6 animals) or 105 dB SPL (n = 10 animals) for 2 h, while the 
animals were anesthetized. The control group consisted of eight 
age-matched mice.
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FigUre 1 | effects of noise exposure on the auditory periphery of mice (a,c). ABR thresholds for tone-pip stimulation. Pre-exposure thresholds ±1 SEM 
are indicated by the shaded areas, thresholds 1 day postexposure by dashed lines, and 4 weeks postexposure by solid lines [(a) – 100 dB SPL exposure, blue; 
(c) – 105 dB SPL exposure, red]. (B,D) Growth function of the amplitudes of ABR waves I and IV (50 μs clicks) for control (black lines) and noise-exposed mice 
[(B) – 100 dB SPL exposure in blue; (D) – 105 dB SPL exposure in red]. Pre-exposure data ± 1 SEM are indicated by the shaded areas, 1 day postexposure by 
dashed and 4 weeks postexposure by solid lines. Both levels of noise exposure caused a significant reduction of ABR wave I amplitude. (e) Examples of inner hair 
cells from a control mouse (left, scale bar = 5μm) and a mouse exposed to 105 dB SPL noise (right), with synaptic ribbons labeled green (anti-CtBP2) and 
postsynaptic terminals red (anti-GluR2/3). (F) Mean number of synaptic ribbons per IHC; black, control (n = 6 cochleas); blue, 100 dB SPL exposure (n = 3 
cochleas); red, 105 dB SPL (n = 4 cochleas). There was a significant difference in the ribbon count per IHC between control and noise exposed ears for both 
noise conditions (ANOVA, p = 0.03).
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The effect of noise exposure on aBr 
responses
Auditory brainstem responses were measured before, 1 day after, 
and 4 weeks following noise exposure. At 1 day postexposure, 
both exposure groups exhibited a shift in response thresholds 
for tone pips of around 20–40  dB at frequencies above 11 
(105-dB-SPL exposure, Figure  1C) or 16  kHz (100-dB-SPL 

exposure, Figure  1A). Four weeks after noise exposure, ABR 
thresholds had recovered in the 100-dB-SPL exposure group, 
such that they were no longer significantly different from the 
pre-exposure values at all test frequencies (all p-values > 0.1). 
In the 105-dB-SPL group, thresholds remained significantly 
elevated by around 20–25 dB at 11 and 16 kHz (p < 0.01 at both 
frequencies), but recovered, and were no longer significantly 
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FigUre 2 | effects of noise exposure on neuronal responses in the 
inferior colliculus. (a) Distribution of characteristic frequencies of multi-units 
for control (black bars) and mice exposed to 100 (blue bars) and 105 dB SPL 
noise (red bars). In control mice, most units are found in the range from 16 to 
24 kHz, whereas in both groups of exposed mice, CFs in the range from 8 to 
12 kHz are most frequently encountered. (B) Spontaneous firing rates of 
individual IC multi-units, black = control, blue = 100-dB-SPL exposure, 
red = 105-dB-SPL exposure. (c) Spontaneous firing rates of multi-unit 
recordings grouped by characteristic frequencies. Asterisks denote significant 
differences from control (p < 0.01, t test). Only frequency ranges with at least 
five recordings from the control mice have been included in this analysis. 
(D) Average response thresholds of IC recordings, conventions as in plots 
above. Thresholds were significantly increased in the 105 dB exposure group 
for 8–12, 12–16, and 16–24 kHz.
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different from pre-exposure levels, at 32 and 48  kHz (p  >  0.1 
at both frequencies, Figure 1C).

The effects of noise exposure on the ABR were further inves-
tigated by analyzing the amplitudes of ABR waves I and IV in 
response to broadband clicks. Four weeks after noise exposure, 
both exposure groups displayed significantly lower amplitudes 
of click-evoked ABR wave I compared to control mice (p < 0.01, 
repeated measures ANOVA). The strongest reduction in ABR 
amplitude, in conjunction with an increase of the response 
threshold, was observed in the group exposed to 105-dB-SPL 
noise (Figure 1D). These changes in the magnitude of ABR wave 
I are indicative of deafferentation of ANFs (17, 18, 50).

In contrast to the effects of noise exposure on wave I of the 
ABR, amplitudes of wave IV in the 100-dB-SPL exposure group 
were virtually identical to those in control animals for click 
intensities up to 45 dB SPL, and then showed a slightly shallower 
growth at higher intensities (Figure 1B, right panel). In contrast, 
in the 105-dB-SPL group, the average amplitudes of ABR wave IV 
were reduced at low and medium sound intensities, but reached 
those of control animals at high sound intensities, even though 
the threshold was shifted by about 15 dB, similar to the elevation 
in wave I thresholds for this group. Moreover, the slope of the 
amplitude growth function above threshold was very similar to 
that of the control group (Figure 1D, right panel).

The effect of noise exposure on inner hair 
cell synapses
To confirm that the observed reduction of ABR wave I ampli-
tude was related to deafferentation of AN fibers, cochleae were 
extracted from representative animals from the control (n = 6), 
the 100-dB-SPL (n  =  3) and the 105-dB-SPL (n  =  4) groups, 
and loss of synaptic ribbons was quantified using immunohisto-
chemistry (see Materials and Methods). Representative examples 
from a control mouse and a mouse exposed at 105 dB SPL are 
shown in Figure 1E. Ribbon counting was carried out in up to 
three regions of the cochlea for each animal, and the counts were 
averaged across these regions. Compared to control animals, both 
the 100- and 105-dB-SPL group showed a reduced number of 
synaptic ribbons per IHC (Figure  1F). There was a significant 
effect of noise exposure on the ribbon count (p = 0.03, ANOVA).

elevated spontaneous neural activity 
Following noise exposure
In addition to measuring wave IV of the ABR, we also assessed the 
effects of noise exposure on central auditory function by making 
multi-unit recordings in the central nucleus of the right IC (ICc) 
of (anesthetized) noise-exposed and control mice using 16-chan-
nel single-shank electrode arrays (see Materials and Methods). 
A total of 66 multi-unit recordings were obtained from control 
animals, 54 recordings from animals exposed at 100 dB SPL, and 
111 recordings from animals exposed at 105 dB SPL. In control 
animals, the largest fraction of multi-unit recordings had CFs in 
the range of 16–24 kHz, commensurate with the most sensitive 
region of the mouse audiogram. However, in both noise exposure 
groups, CFs in the range of 8–12 kHz, i.e., near the low-frequency 
end of the octave-band noise used for the acoustic over-exposure, 
were most frequently encountered (Figure  2A). Similar results 
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were obtained for best frequencies, i.e., the tone frequencies evok-
ing maximal firing rates (not shown).

In control animals, CF-tone evoked thresholds of ICc record-
ings ranged from 0 to 45 dB SPL, with a mean of 15.7 ± 1.3 dB 
SPL. The range of thresholds recorded from the ICc of noise-
exposed mice was similar (0–60 dB SPL for 100-dB-SPL exposure 
and 0–65 dB SPL for 105-dB-SPL exposure); however, the mean 
threshold of 31.6 ± 1.4 dB SPL in the 105 dB SPL group was sig-
nificantly higher than in the control group (p < 0.01, Figure 2D), 
corresponding to the threshold shift that was also observed in 
the ABR recordings. The mean threshold for recordings from the 
100 dB SPL exposure group was 17.4 ± 1.7 dB SPL, which did not 
differ significantly from control.

Spontaneous firing rates were generally low in the control 
animals at 7.0 ± 1.3 spikes/s. In both exposure groups, the average 
spontaneous firing rates were significantly increased compared to 
control animals (p < 0.01 in both cases). The average spontaneous 
firing rate was 26.3 ± 4.2  spikes/s in the 100-dB-SPL exposure 
group and 11.7 ± 3.1 spikes/s in the 105-dB-SPL exposure group. 
The difference in spontaneous firing rate between the two noise 
exposure groups was also significant (p  <  0.01). To test for 
significant differences in spontaneous firing rates in different 
frequency regions, recordings were grouped according to their 
CFs (8–12  kHz, 12–16  kHz, 16–24  kHz, 24–32  kHz). For CFs 
<8 kHz and >32 kHz, there were too few recordings in the control 
data to allow for meaningful statistical analysis. In the control 
group, average spontaneous rates were around 6–8 spikes/s across 
frequencies. Spontaneous firing rates in the 100-dB-SPL group 
were significantly increased in recordings with CFs from 8 to 
12 kHz, 12 to 16 kHz, and 16 to 24 kHz (p < 0.01 in all cases). In 
the 105-dB-SPL group, a significant increase in spontaneous fir-
ing rates was seen in the 12–16 kHz range (p < 0.01). Spontaneous 
firing rates were also higher than in control mice in the 8–12, 
16–24, and 24–32 kHz frequency ranges, but the increases did 
not achieve significance.

To further characterize the effects of noise exposure on the 
response properties of ICc recordings, we also analyzed rate-vs.-
intensity functions for responses to CF tones. For this purpose, 
the multi-unit recordings were grouped according to their CFs, 
using the same frequency ranges as for the analysis of spontaneous 

firing rates. The average rate-vs.-intensity functions for the con-
trol group showed a monotonic response growth with increasing 
stimulus intensity, reaching discharge rates of 150–200 spikes/s 
at 80 dB SPL (Figure 3). In both exposure groups, on the other 
hand, the slopes of the rate-vs.-intensity functions were shallower 
on average, and the maximum responses were reduced compared 
to those in control animals (Figure 3). However, recordings from 
the 100-dB-SPL group showed elevated spike rates at sound 
intensities close to threshold, consistent with greater spontaneous 
activity.

accounting for the non-Monotonic 
effect of noise exposure on 
spontaneous neural activity
Perhaps the most surprising outcome of the ICc recording experi-
ments was that noise exposure at 100 dB SPL resulted in a greater 
increase in spontaneous firing rates than did the 105-dB-SPL 
exposure. This was despite the fact that 100  dB SPL exposure 
generated less hearing loss (Figure 1A) and had less effect on the 
magnitude of ABR wave I (Figure 1B). Our expectation had been 
that animals in the 105-dB-SPL exposure group would show the 
greatest increase in spontaneous firing rates, since earlier studies 
had reported a proportionality between the degree of cochlear 
damage or threshold increase and the magnitude of spontaneous 
neuronal hyperactivity [e.g., Ref. (33, 36)], which we had also 
observed in our earlier modeling results (21, 46, 47, 51).

However, our most recent modeling study has suggested that 
whereas deafferentation of high-threshold ANFs (which show 
little or no spontaneous activity) leads to neuronal hyperactivity 
in the central auditory system, deafferentation of low-threshold 
fibers (with high spontaneous activity) could even reduce spon-
taneous firing rates (52). Moreover, while high-threshold ANFs 
appear to be most susceptible to noise-induced deafferentation 
(18), reductions in the amplitude of ABR wave I might arise when 
only low-threshold ANFs are deafferented; recent data suggest 
that the contribution of high-threshold fibers to the amplitude of 
ABR wave I is negligible (50). Since mice from the 105-dB-SPL 
group showed a greater reduction in ABR wave I amplitude with 
a shallower slope of the amplitude growth function than the mice 
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exposed to noise at 100  dB SPL (Figure  1B), we hypothesized 
that the 105-dB-SPL-exposed mice might have a higher degree 
of deafferentation of low-threshold fibers than the 100-dB-SPL 
mice. We therefore employed the model to explore whether 
this hypothesis might account for the observed non-monotonic 
relationship between cochlear damage and IC hyperactivity.

In the model, we first created different patterns of ANF 
deafferentation, ranging from selective deafferentation of high-
threshold ANFs to a pattern where all fiber types are affected 
to a similar degree (see Materials and Methods and Figure 4A 
for an example), and combined these patterns of deafferentation 
with different degrees of hearing loss (i.e., increased thresholds; 
see Materials and Methods and Figure 4B). By this means, we 
explored a three-dimensional parameter space of damage param-
eters spanning (i) the degree of deafferentation, (ii) the pattern 
of deafferentation (i.e., low, medium and high spontaneous 
ANFs), and (iii) the degree of hearing loss (threshold increase). 
The model is based on the assumption that in attempting to 
stabilize neuronal activity following hearing loss, homeostatic 
plasticity elevates neuronal response gain in the central auditory 
system, thereby generating increased spontaneous firing rates 
through over-amplification of spontaneous activity (21, 46, 47, 
53, 54). Hyperactivity thus depends first on how much the gain 
is increased by homeostatic plasticity and, second, on how much 
spontaneous activity in the AN is reduced through cochlear dam-
age. If the increase in response gain is greater than the reduction 
of the spontaneous excitatory input from the ANFs, spontaneous 
hyperactivity develops (46, 47).

Figure 4C shows model results for four different degrees of 
overall ANF deafferentation from 10 to 40% of the total number 
of ANFs. For the case where deafferentation affects only high-
threshold ANFs (“Ht only”), and thus does not reduce the amount 
of spontaneous excitatory input provided to the central auditory 
system by the ANFs, the greater the number of deafferented fibers 
the higher the spontaneous rate in the central auditory system 
following homeostasis. However, when low-threshold (and high 
spontaneous) fibers are also deafferented (i.e., moving from the 
bottom to the top, “Ht only” to “Equal” in each plot in Figure 4C), 
the resulting spontaneous firing rates are always lower than when 
only high-threshold fibers are deafferented. In the “balanced case” 
where deafferentation affects all fiber types equally (i.e., at the top 
of each plot in Figure 4C), there is even the suggestion of hypo-
activity with spontaneous firing rates lower than before cochlear 
damage (the normal, healthy spontaneous rate is indicated by the 
dashed line in all plots). Finally, in the model, additional increases 
of peripheral thresholds always increase spontaneous firing rates 
in the central auditory system. Therefore, the model demon-
strates that the same degree of elevation of spontaneous firing 
rates can be generated by different types of cochlear damage, and 
that trajectories exist through the “cochlear damage space” where 
more damage can even lead to a reduction in spontaneous firing 
rates in the central auditory nervous system, despite the presence 
of homeostatic plasticity mechanisms.

comparison with human Data
The ABR results from the 100-dB exposed mice with HHL resem-
bled our findings from an earlier study in which we compared 
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human tinnitus subjects with clinically normal hearing thresholds 
to age-, gender-, and hearing-matched control subjects, showing 
that the tinnitus group had significantly smaller amplitudes of 
ABR wave I (21). A direct comparison between humans and mice 
is hampered by the fact that ABR wave I amplitudes in mice are 
more than a magnitude larger than in humans, due to differ-
ences in head size and data acquisition methods. We therefore 
performed a qualitative comparison of the cumulative distribu-
tions of ABR wave I amplitudes. Figure 5A shows the cumulative 
distribution of the amplitudes of ABR wave I elicited by 50 μs 
clicks at 100 dB SPL for human tinnitus (gray line, n = 15 ears) 
and control participants (black line, n  =  18 ears). Despite the 
significant difference in average amplitude, there is a considerable 
overlap in the distributions. Figure 5B shows cumulative distri-
butions of ABR wave I amplitudes (50 μs clicks at 80 dB SPL) for 
mice before (black line) and 4 weeks after (gray line, 25 ears from 
13 mice in both cases) exposure to octave-band noise at 100 dB 
SPL (note that this data set includes additional mice that did not 
undergo IC recordings). On a qualitative level, there is a great 
degree of similarity between mice before and after noise-induced 
HHL and normal-hearing humans with and without tinnitus, 
suggesting that mice with noise-induced HHL approximate the 
ABR-phenotype of human tinnitus subjects with normal hearing 
thresholds and could therefore, if tinnitus is verified through 
behavioral tests, potentially serve as an animal model for the 
condition.

DiscUssiOn

We examined peripheral and central auditory function in 
mice exposed to different levels of noise; 100 dB SPL to elicit 
temporary shifts in hearing thresholds but long-term deaf-
ferentation of IHC synapses, and 105  dB SPL to elicit both 
permanent threshold shifts and deafferentation. A striking 
finding is the non-monotonic relationship between the sever-
ity of cochlear damage and the degree to which spontaneous 
firing rates in the ICc were elevated, with less damage leading 
to more hyperactivity (Figures  2B,C). From previous physi-
ological studies (33, 36), it might have been expected that this 
relationship would be reversed with higher spontaneous rates 
following exposure to the more intense sound. Nevertheless, 
a relatively simple computational model suggests that this 
seemingly paradoxical outcome might be explained by dif-
ferent degrees of deafferentation of high-spontaneous-rate 
ANFs (Figure  4C). In particular, the model can account for 
the data in the frequency range from 12 to 24 kHz, where IC 
recordings from both exposure groups show similar spontane-
ous firing rates (Figure  2C) despite significant differences in 

thresholds following noise exposure (Figures  1A and 2D). 
The model therefore provides a cogent explanation as to 
why the permanent hearing threshold shift in mice exposed 
to the higher intensity (105  dB SPL) noise did not lead to 
an additional increase in spontaneous firing rates: in these 
animals, a higher proportion of low-threshold ANFs with high 
spontaneous rates might have been deafferented. While the 
exact “trajectory” through the “deafferentation and damage 
plane” generated by different noise exposures remains to be 
determined, the modeling results provide a simple framework 
for understanding the complex relationship between cochlear 
damage and central auditory hyperactivity.

Our noise exposure paradigm for HHL was modeled on 
that of Kujawa and Liberman (17), who exposed awake mice 
to octave-band noise (8–16 kHz) at 100 dB SPL. They reported 
only temporary shifts in ABR thresholds, but permanently 
reduced ABR wave I amplitudes at higher sound intensities, as 
well as a reduced number of synaptic ribbons of IHCs, indica-
tive of deafferentation. Our other noise exposure at 105 dB SPL 
generated additional, permanent shifts in hearing thresholds 
and a slightly higher degree of loss of synaptic ribbons in 
the cochlea, qualitatively similar to the findings of Rüttiger 
et  al., who used noise exposure durations of 1 and 1.5  h at 
120  dB SPL, and observed more hearing threshold increase 
and loss of synaptic ribbons after the longer exposure. In both 
of our exposure groups, the centrally generated ABR wave 
IV showed a certain degree of recovery of the amplitudes, a 
finding also consistent with results of recent studies in mice 
(55) and rats (56).

We observed significant increases in ICc spontaneous firing 
rates in both exposure groups. Data from the animals exposed 
to 100-dB-SPL noise suggest that HHL can lead to the devel-
opment of increased spontaneous firing rates, an outcome we 
previously predicted from a computational model designed 
to account for the effects of deafferentation of high-threshold 
ANFs (21). In mice with HHL, a prominent peak in the profile of 
spontaneous firing rates was seen in the CF range of 8–12 kHz, 
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toward the lower end of the octave-band noise used for noise 
exposure (another, slightly higher peak was found in the CF 
range of 24–32 kHz, but only four units were recorded there). 
A similar relationship between noise exposure frequency range, 
temporary threshold shift, and neuronal hyperactivity has 
recently been reported for the DCN (57). In this frequency 
range, noise exposure might only cause a limited degree of ANF 
deafferentation (17, 58), accentuating the non-linear nature of 
the relation between cochlear damage and central hyperactivity, 
which might be influenced by a combination of factors, e.g., cen-
tral compensation for peripheral damage (46, 54) in conjunction 
with a loss of lateral inhibition (59–62).

In the animals exposed to noise at 105 dB SPL, we observed 
the strongest increase in spontaneous firing rates at around 
12–16  kHz, where hearing thresholds were permanently 
increased, matching recent reports from guinea pigs (36) and 
hamsters (63). It should be noted that previous studies usually 
only employed a single noise exposure level, either a high-level 
noise exposure causing permanent hearing loss (36, 41, 42, 49, 
63), or a less severe exposure inducing only temporary shifts in 
hearing thresholds (26, 40, 57, 64), which could explain why the 
non-monotonic relation between the extent of cochlear dam-
age and neuronal hyperactivity has not been reported before. 
Also, results indicating a monotonic relation between threshold 
increase and hyperactivity [e.g., Ref. (36, 44)] have been obtained 
analyzing different degrees of threshold elevation along the tono-
topic axis for a single noise exposure level, and we have observed 
a similar pattern in the 105 dB SPL group.

An important difference between the two exposure group in 
our study could be the degree of damage to outer hair cells. In 
the 105  dB SPL group, which suffered a permanent threshold 
increase due to the noise exposure, permanent damage to or even 
loss of outer hair cells might have occurred (65). In the 100 dB 
SPL exposure group, the absence of a permanent threshold shift 
suggests that OHCs might have remained largely intact (17, 65). 
However, to quantify the contribution of OHC damage to our 
findings, measurements of otoacoustic emissions and detailed 
hair cell counts would be required. A quantification of hair cell 
loss would also be an interesting aspect for future studies, as there 
is also a non-linear relation between cisplatin-induced hair cell 
loss and central auditory hyperactivity (33): DCN hyperactivity 
was proportional to the degree of outer hair cell loss for low 
doses of cisplatin that did not cause IHC loss, whereas additional 
IHC loss decreased hyperactivity. We have replicated this effect 
in an earlier modeling study (46) using a simpler version of our 
current model. These findings indicate that there might be at 
least one additional point where the relation between noise-
induced cochlear damage and hyperactivity is non-monotonic: 
Noise exposures causing slightly more damage than our 105 dB 
SPL exposure (e.g., 110 or 115  dB SPL for 2  h) may cause a 
stronger elevation of spontaneous firing rates, whereas for noise 
exposures severe enough to cause death of IHCs, another drop in 
spontaneous firing rates might occur. Such effects could further 
contribute to the heterogeneity observed in the relation between 
hearing loss and tinnitus. However, a detailed mapping of the 
effects of severe noise exposures was beyond the scope of our 
current study.

Several recent studies (40, 57, 66) and our own results indi-
cate that noise exposure leading to TTS is sufficient to trigger 
the development of neuronal hyperactivity, but a recent study 
using has reported that spontaneous firing rates in the guinea pig 
IC remained normal after bilateral exposure to a loud tone that 
caused TTS (67). It remains to be determined which factors are 
responsible for this discrepancy (or heterogeneity). For example, 
there might be a certain “damage threshold” for the development 
of hyperactivity after acoustic trauma, i.e., a certain minimum 
degree of TTS or ANF deafferentation might be required to 
trigger the development of neuronal hyperactivity. A future 
study could thus investigate a range of noise exposure severities 
including even lower intensities than employed in our study to 
test this hypothesis. Moreover, certain types of sound exposures 
at relatively low levels that are unlikely to cause cochlear dam-
age could still have an effect on spontaneous neuronal activity 
in the central auditory system. For example, passive long-term 
exposure to an “enhanced acoustic environment” consisting 
of random tone pips at 70–80 dB SPL can have a pronounced 
effect on spontaneous firing rates in the auditory cortex, with 
decreases in units with CFs in the frequency range of the tone 
pips, and increases in units with CFs above and below the expo-
sure frequency range (68, 69). These “side-band” increases have 
been attributed to plastic changes in gain and lateral inhibition 
(62). The shape of the profile of spontaneous firing rates that 
we observed in the mice exposed to noise at 100 dB SPL bears 
a certain resemblance to the pattern observed for low-level 
noise, albeit with the crucial difference that we found increases 
in spontaneous firing also in the frequency range of the noise 
exposure stimulus (Figures 2B,C). A possible explanation might 
be an interaction between changes in lateral inhibition and 
homeostatic compensation for decreased input from the audi-
tory nerve. This scenario could be investigated in more detail in 
future studies. Another interesting finding of the low-level noise 
exposure studies was changes in the tonotopic organization of the 
auditory cortex (68, 70) and the auditory midbrain (71) through 
exposure to tone pip environments or broadband noise for weeks 
at levels of 70–80 dB SPL. Such reorganization processes could 
also explain why we encountered relatively more units with CFs 
in the range of 8–12 kHz in the noise-exposed groups compared 
to the control group (Figure 2A), but it remains to be determined 
if a relatively short duration, as the 2  h used in our study, is 
sufficient to trigger this process in order to determine whether 
reorganization is driven by the exposure itself, or a consequence 
of cochlear damage.

Our data do not enable us to determine whether the increase 
in spontaneous activity in the ICc is generated locally, or inher-
ited from another processing stage in the auditory pathway. It 
has recently been demonstrated that ablation of the contralateral 
DCN abolishes noise-induced hyperactivity in the IC (63), sug-
gesting that neuronal hyperactivity in the IC could be generated 
through propagation of elevated spontaneous activity from the 
DCN. A potential mechanism might be amplification of sponta-
neous excitatory input from the auditory nerve, as silencing the 
auditory nerve 4  weeks after noise trauma through cooling or 
application of TTX abolishes hyperactivity in the IC (36). Beyond 
4  weeks, however, spontaneous neuronal hyperactivity appears 
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to become a persistent feature in the central auditory system, as 
silencing spontaneous auditory nerve activity no longer reduces 
central hyperactivity (37). In the DCN, neuronal hyperactivity 
has been linked to a reduction of neural inhibition (26), and 
altered auditory-somatosensory integration might also play a role 
(72, 73). In the IC of normal-hearing animals, blocking inhibi-
tion through iontophoretic application of the GABA antagonist 
bicuculline leads to a substantial increase in spontaneous activity 
(74), suggesting a potential mechanism for the generation of 
hyperactivity within the IC.

An open question is whether the mice in our study were 
experiencing tinnitus – we did not perform behavioral tests. 
Several recent studies have reported behavioral evidence of tin-
nitus in mice (26, 66, 75), rats (40), gerbils (76), and guinea pigs 
(34, 57) following noise exposure leading to temporary shifts 
in hearing thresholds. Tinnitus-like behavior was reported for 
the majority, but not all of the animals (26, 34, 40). Similarly, 
several previous studies have demonstrated that noise exposure 
leading to permanently elevated hearing thresholds can also 
generate behavioral signs of tinnitus (41–43, 56, 77). Therefore, 
some proportion of the mice in our study with “hidden” as well 
as “normal” hearing loss might be expected to have had tinnitus. 
Behavioral verification of tinnitus would also help to clarify 
whether mice with HHL might be a suitable model for studying 
tinnitus with normal hearing, as suggested by the qualitative 
similarity between the ABR phenotype of our mice with HHL 
and human tinnitus subjects with normal hearing (Figure  5). 
Moreover, it has recently also been suggested that mice might 
show signs of hyperacusis rather than tinnitus after exposure to 
octave-band noise at 100 dB SPL (55), emphasizing the impor-
tance of behavioral testing for future studies to disentangle the 
effects of different auditory pathologies.

Could the increased spontaneous firing rates we observed 
in the IC of noise-exposed mice represent a neural correlate of 
tinnitus? The relationship between exposure frequency range 
and the location of increases in spontaneous activity on the 
tonotopic axis of the IC in our study is similar to the relation 
between exposure frequency range and the putative tinnitus 
pitch in gerbils (76). Moreover, in both the cochlear nucleus (34) 
and the inferior colliculus (43), a close link between spontaneous 
neuronal hyperactivity and behavioral evidence for tinnitus has 
been reported. Interestingly, it has recently been demonstrated 
that acoustic trauma that induces only temporary hearing 
threshold shifts might actually be more likely to induce tinnitus 
than a noise exposure causing permanent threshold elevation 
(78), an observation that is closely matched by our finding 
that the “HHL” noise exposure evoked a greater elevation of 
spontaneous firing rates in the IC than the more severe noise 
exposure. However, neuronal hyperactivity may not always be 
tinnitus-specific; in a recent study in guinea pigs, increases in 
spontaneous firing rates were observed in all noise-exposed 
animals, regardless of whether they showed behavioral signs of 
tinnitus or not (79).

One important difference between our study and most other 
studies on animal models of tinnitus is that we employed bilateral, 
rather than unilateral, noise exposure. Although unilateral noise 

exposure has the advantage of preserving hearing in one ear, 
which can then serve as a within-subject control (and ensures 
normal hearing abilities for behavioral testing in at least one 
ear), noise exposure bilaterally is more representative of the 
case in human listeners, where usually both ears are exposed 
to noise (with rifle shooting being possibly the most prominent 
exception). It remains to be determined whether bilateral noise 
exposure is more or less likely to lead to tinnitus in animals. We 
have recently demonstrated that unilateral earplugging can lead 
to the perception of phantom sounds in normal-hearing human 
volunteers (51), which is qualitatively similar to the reports of 
tinnitus during bilateral auditory deprivation in an anechoic 
chamber (80, 81). Further, the degree of elevation of spontaneous 
activity in the inferior colliculus we observed following bilateral 
noise exposure appears similar to the effects reported for unilat-
eral noise exposure (36, 38, 79, 82).

An important insight from our electrophysiological and 
modeling results is that they offer an indication of why hearing 
loss might not always lead to tinnitus. If the relationship between 
cochlear damage and the strength of a putative neuronal correlate 
for tinnitus is indeed non-monotonic, then some specific patterns 
or configurations of cochlear damage might be more likely to lead 
to tinnitus than others. This finding could offer an interesting new 
approach toward understanding the pathophysiology of tinnitus 
and tinnitus heterogeneity, and for evaluating potential tinnitus 
triggers.
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