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Abstract

Noise-induced hearing deficits are important health problems in the industrialized world. As the underlying physiological dysfunctions
are not well understood, research in suitable animal models is urgently needed. Three rodent species (Mongolian gerbil, rat, and
mouse) were studied to compare the temporal dynamics of noise-induced hearing loss after identical procedures of noise exposure.
Auditory brainstem responses (ABRs) were measured before, during, and up to 8 wk after noise exposure for threshold determination
and ABR waveform analysis. Trauma induction with stepwise increasing sound pressure level was interrupted by five interspersed ABR
measurements. Comparing short- and long-term dynamics underlying the following noise-induced hearing loss revealed diverging time
courses between the three species. Hearing loss occurred early on during noise exposure in all three rodent species at or above
trauma frequency. Initial noise level (105 dB SPL) was most effective in rats whereas the delayed level increase to 115 dB SPL affected
mice much stronger. Induced temporary threshold shifts in rats and mice were larger in animals with lower pretrauma ABR thresholds.
The increase in activity (gain) along the auditory pathway was derived by comparing the amplitudes of short- and long-latency ABR
waveform components. Directly after trauma, significant effects were found for rats (decreasing gain) and mice (increasing gain)
whereas gerbils revealed high individual variability in gain changes. Taken together, our comparative study revealed pronounced spe-
cies-specific differences in the development of noise-induced hearing loss and the related processing along the auditory pathway.

NEW & NOTEWORTHY We compared deficits after noise trauma in different rodents that are typically used in hearing research
(Mongolian gerbil, rat, and mouse). We observed noise-induced threshold changes and alterations in the activity of processing
auditory information along the ascending auditory pathway. Our results reveal pronounced differences in the characteristics of
trauma-induced damage in these different rodent groups.

ABR thresholds; acoustic overstimulation; gain factor; noise trauma; peak analysis

INTRODUCTION

Hearing impairments such as deafness, sudden hearing
loss, or tinnitus affect millions of people worldwide (1). As
the effects of acute deafening cannot be studied in humans,
several rodent species are used to investigate noise-induced
hearing loss. These species include mice (e.g., see Ref. 2),
rats (e.g., see Refs. 3-6), guinea pigs (7-9), hamsters (e.g., see
Refs. 10 and 11), and Mongolian gerbils (e.g., see Refs. 12-14).

Each of these models has specific advantages for studying
the effects of noise trauma on hearing. Nevertheless, cross-spe-
cies comparability in most commonly used animal models in
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this field remains to be elucidated. By performing this compar-
ative study, we aimed to determine and characterize species-
specific differences in physiological responses to noise-induced
hearing damage and the recovery of hearing. Therefore, we
exposed gerbils, rats, and mice to the same noise trauma and
measured brainstem potentials under the same experimental
conditions. This approach revealed differences in the time
course of the threshold shift and recovery as well as differences
in the auditory brainstem response (ABR) amplitude following
exposure to high-level sound stimuli.

An efficient and reliable method to objectively investigate
trauma-induced changes in hearing ability is the measurement
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of ABRs. ABRs generate a species-typical waveform pattern
with a sequence of peaks and troughs (15, 16) in a temporal
sequence along the auditory pathway. The short latency of
wave I is derived from the sum of neuronal activity in the ear,
including the auditory nerve (17), and long latency of waves IV
and V, which are usually difficult to separate, originate from
the lateral lemniscus and the inferior colliculus (18). By com-
paring early and late ABR waveform components at supra-
threshold stimulus levels, a reference factor (gain value) can be
calculated. This gain value compares response amplitudes
between inputs from the ear (early response) and brainstem ac-
tivity (late response). Thus, it provides insights into noise-
induced changes along the auditory pathway.

Acoustic overstimulation is known to damage cellular
structures in the ear important for signal transduction, such
as hair bundles of sensory cells and synaptic connections
(19). This damage results in a temporary or permanent
reduction in hearing sensitivity, presumably involving outer
hair cells (e.g., see Ref. 20). In addition, several studies iden-
tified a specific loss of synaptic connections after acoustic
overstimulation known as synaptopathy (2, 8, 21, 22). Since
reduced responsiveness at high sound pressure levels does
not exclusively affect the commonly determined hearing
threshold, the phenomenon is termed hidden hearing loss
(HHL) (23, 24). ABR hearing thresholds often return to pre-
noise values within several days or up to a few weeks after
trauma (e.g., see Refs. 6, 8, 25, and 26). In addition to hair
cell recovery (e.g., see Ref. 2), this restoration is mainly
related to the re-establishment of synaptic connections
involved in low sound pressure level (SPL) processing (23). In
contrast, recovery of processing at high SPL is often incom-
plete (23, 24), and demyelination of the respective auditory
nerve fibers occurs (27). Animals with fully recovered ABR
thresholds that suggest normal hearing abilities could there-
fore have profound HHL (24, 28, 29). This damage was indi-
cated by reduced early peak amplitudes in the ABR
response to high-intensity stimulation (e.g., see Refs. 13
and 23), which mainly originates from the auditory nerve
(30). A recent study on hearing in the presence of back-
ground noise in mice treated with ouabain (destroys type-I
spiral ganglion cells) suggested that a combination of the
loss of afferent coding together with central dysfunction
produced HHL (31).

The mice used for comparison in this study were from
strain C57BL/6, which is increasingly used to study hearing
pathologies at the neuronal level (e.g., see Ref. 32). This
strain is known for its early onset age-related hearing loss
(33), as it develops progressive high-frequency hearing loss
(34-38) starting approximately at the age of 3 mo, with a
threshold deterioration of 20-30 dB occurring after 6 mo
(38). Although C57BL/6 mice show greater hearing loss after
noise exposure (39, 40), we observed threshold shifts and re-
covery comparable with those of the other two species
investigated.

MATERIALS AND METHODS
Subjects

Data were collected from groups of three different rodent
species: Mongolian gerbils, rats, and mice. All animals were
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housed in small groups, with males separated from females,
on a light-dark cycle of 12:12 h with food and water accessible
ad libitum. Measurements started in the activity period of ani-
mals (gerbils in the morning and rats in the evening) and were
recorded from four different groups of rodents as follows:

1) Mongolian gerbils (Meriones unguiculatus): n = 10, males
(n = 6) and females (n = 4). Average weight at the beginning
of experiments: 58.2 + 9.2 g (age: 24 + 5 wk).

2) Laboratory rats (Rattus norvegicus, strain Sprague
Dawley): n = 10, females. Average weight: 245+ 16 g (age: 15
2 wk).For mice, two different groups were used: one group
with the same noise trauma as gerbils and rats, named “t8-
group” (trauma centered at 8 kHz) and a second group
named “t16-group” (trauma centered at 16 KHz):

3) Laboratory mice “t8-group” (Mus musculus, strain
C57BL/6): n = 10, females. Average weight: 20.5 = 1.4 g (age:
13 = 1 wk). Acoustic trauma in this group was induced at
8 kHz, identical to gerbils and rats.

4) Laboratory mice “tl6-group” (Mus musculus, strain
C57BL/6): n = 8, males (n = 4) and females (n = 4). Average
weight: 21.6 + 2.4 g (age: 9 * 1 wk). Acoustic trauma in this
group was induced at 16 kHz (instead of 8 kHz for the three
other groups).

In all animal groups, acoustic trauma was applied during
the species-specific activity phase. Testing in mice, however,
started in the early morning at the end of their activity phase
(41). This process should not affect ABR measurements,
since C57BL/6 mice show weak chronotolerance to short
noise impulses (42).

The menstrual cycle in female animals was not monitored.
All data were pooled and not handled separately for different
sexes since the group size was too small for the given effect size
to observe differences. Nevertheless, data points from individ-
ual animals shown in figures were labeled in different colors to
indicate their sex. Experimental procedures followed federal
regulations (approved by Regierungspraesidium Darmstadt,
No. F104/53).

General Anesthesia

This study was designed to compare the effects of acoustic
overstimulation between the three rodent species. Therefore,
the experimental conditions were maintained as comparable
as possible. For ABR measurements and acoustic overstimula-
tion, all animals were anesthetized with a mixture of ketamine
(Ketavet, Pfizer 100 mg/mL) and xylazine (Rompun, Bayer,
2%) diluted in physiological saline solution as needed. The ini-
tial dose (applied intraperitoneally; given per kg body weight)
administered to gerbils was 112.5 mg/kg ketamine and 5 mg/kg
xylazine and administered to rats was 92 mg/kg ketamine and
3.7 mg/kg xylazine. Anesthesia administered to both groups of
mice was comparable with that administered to gerbils:
110 mg/kg ketamine and 11 mg/kg xylazine. The depth of anes-
thesia was controlled by monitoring the toe-pinch reflex and
vibrissa movements. Supplemental doses were applied via
continuous infusion using a micropump (Sp100i syringe
pump, World Precision Instruments, Sarasota, FL). For mice,
the micropump was used for the continuous infusion of
Ketavet in saline only. Animals were placed on a heating pad,
and body temperature was maintained at 37.5°C-38.5°C.
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ABR Recordings

We performed ABR measurements using test frequencies
at and around the noise trauma frequency to obtain informa-
tion about the sensitivity of the auditory system at levels of
the auditory nerve up to the inferior colliculus. ABR thresh-
olds were determined using increasing sound pressure levels
ranging from O to 80 dB SPL (step size 5 dB); in a few cases,
sound pressure levels up to 90 dB SPL were applied, if neces-
sary. Test frequencies of pure tones (10-ms duration, alter-
nating polarity) were usually applied at 2, 8, and 14 kHz. In
the t16 group of mice, however, 8, 16, and 32 kHz were tested.
Stimuli were generated by an internal sound card (Juli@24-
bit/192 kHz, ESI, Leonberg, Germany; in some experiments
DAP 3000 A-212) controlled by a custom-built computer pro-
gram written in MATLAB (The MathWorks, Inc.; v. 2007 b,
Natick, MA). Signals were amplified (RB 1510, Rotel, North
Reading, MA) and broadcast via a loudspeaker (MHT 12-8
Q, Visaton, Haan, Germany) located 10 cm from the animal’s
left ear. ABRs were recorded differentially (Cornerstone, Ex1
with 4002 headstage, Dagan Corporation; gain = 2,000, filter
0.3-2 kHz) from subcutaneous silver wire electrodes: one at
the vertex above the right inferior colliculus (+ ), one behind
the left auditory bulla (-), and a ground electrode near the
subject’s tail root. ABR responses were recorded via a sound-
card (96 kHz sampling rate) and averaged across 400 stimu-
lus repetitions (interstimulus interval of 100 ms). ABR
responses (Fig. 1) are typically measurements that relate
neuronal activity from contralateral sides, dominated by
late responses and not peak I (17). ABR threshold values
were determined through visual inspection. An additional
inspection by a second independent observer showed that
thresholds differed in some cases by no more than 5 dB.
For consistency, data evaluated by the first observer were
used.

Acoustic Trauma

Acoustic trauma was induced by binaural noise oversti-
mulation around a center frequency of 8 kHz (+0.25 octave
noise band in three groups: gerbils, rats, and “t8-group” of
mice). An additional group of mice (named the “t16-group”)
received noise overstimulation at 16 kHz (+0.25 oct). The
acoustic signal was produced by a signal processor (RP2.1
processor, Tucker-Davis Technologies), attenuated (pro-
grammable attenuator PAS, TDT), amplified (RB 1510, Rotel,
North Reading, MA), and presented free-field (20 cm above
the animal) via a horn speaker (HTH 8.7, Visaton, Haan,
Germany). The trauma-inducing noise (total duration of
120 min) had an initial sound pressure level of 105 dB SPL
(peak-to-peak), which was increased to 115 dB SPL after
90 min of trauma, for the last 30 min. The sound presenta-
tion was interrupted five times to measure ABRs (see Fig. 2)
with an interruption time of ~18 min each.

ABR Gain Analysis

ABR gain was analyzed using a custom-made program
written in MATLAB (The MathWorks, Inc.; v. 2007b, Natick,
MA) based on peak-to-trough amplitudes of individual ABR
components at the 80 dB SPL stimulus level. For each ani-
mal, we selected an early peak (peak: vertex positive) at a la-
tency of ~1 ms (see Fig. 1A) and a late peak at a latency of
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Figure 1. Auditory brainstem response (ABR) waveform characteristics
and threshold detection in three rodent species. A: average ABR wave-
forms (+ standard deviation shown as gray shadows; n =10 for each group)
at 8 kHz and 80 dB sound pressure level (SPL) in gerbils (top), rats (mid-
dle), and mice (bottom). Peak-to-peak amplitudes were determined from
peaks (P, local maxima) and subsequent troughs (T) for early (~1 ms) and
late (~4 ms) responses. We calculated the increase in neuronal activity
gain along the auditory pathway by dividing the late peak-to-trough ampli-
tude by the corresponding peak-to-trough amplitude of early components
for each tested animal (red lines). B: exemplary averaged ABR waveforms
measured at 8 kHz for sound pressure levels ranging from 20 to 80 dB
SPL in 5 dB steps (each group: n = 2). *The species-specific thresholds
(ABR at the lowest level with a clear response) in each plot.
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Figure 2. Time course of changes in auditory brainstem response (ABR) thresholds in three rodent species measured with stepwise noise trauma. A: ex-
emplary ABR hearing thresholds (ABR-T) in three rodent species before noise trauma. The black dashed line arrow indicates the center frequency of the
applied noise trauma (t8 = 8 kHz, t16 = 16 kHz). Colored arrows indicate the three test frequencies for which the time courses of ABR thresholds are
shown in B—E. B: time course of ABR thresholds recorded in three rodent species during extended noise trauma with increasing sound pressure level
(SPL). The curves for threshold development at 2 kHz (green lines), 8 kHz (red lines), and 14 kHz (blue lines) are shown. Measured frequencies differed in
the t16-group of mice: 8 kHz (red lines), 16 kHz (pink lines), and 32 kHz (light blue lines). Tick intervals on the x-axis represent 15 min. The trauma SPL of
105 dB was further increased to 115 dB SPL at 90 min after trauma onset. The total trauma duration was 120 min. *Significant changes in thresholds over
time for a particular species and frequency. Shifts in the ABR threshold (compared with pretrauma measurements) over the time course of 120 min noise
trauma measured at frequencies below trauma (C), at the trauma center frequency (D), and at a higher frequency (E). The group size was n =10 animals;
the t16-group of mice, however, included n = 8 animals.

~4 ms. ABR gain along the auditory pathway was calculated by  determined based on the slope of a linear regression equation
dividing late peak amplitude by the corresponding early peak relating gain values before and after certain time points during
amplitude. Gain values were averaged by group (gerbil, rat, noise trauma. Possible trauma-induced changes in processing
mouse-t8, and mouse-t16). Changes in group gain values were effectiveness might become obvious using this approach.
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Figure 3. Detailed description of changes in auditory brainstem response (ABR) components directly after noise trauma in gerbils, rats, and mice.
A: the four different test groups are defined by rodent species and trauma frequency (i.e., two mouse groups). The black dashed line arrow indi-
cates the center frequency of the applied noise trauma in the exemplary measured ABR hearing thresholds (ABR-T). Colored dots and arrows indi-
cate test frequencies (same as in Fig. 2A). The middle point and arrows always correspond to the center frequency of the noise trauma (8 or 16
kHz, depending on the test group). B: level of ABR thresholds before (black bars) and directly after (colored bars) noise trauma measured at three
different test frequencies in each of the four test groups. ABR thresholds were determined at test frequencies of 2 kHz (green bar), 8 kHz (red bar),
and 14 kHz (dark blue bar). An additional group of mice (t16-group of mice) were subjected to noise trauma at 16 kHz (pink bar); therefore, ABR
thresholds were determined at test frequencies up to 32 kHz (light blue bar). C: average ABR waveforms measured at the 80 dB sound pressure
level (SPL) stimulus level in all four test groups, always comparing waveforms before (black line) and directly after trauma (colored line as in B).
These comparisons are shown for the three different test frequencies (in each column as indicated by coloring, top to bottom: low to high test fre-
quency), always at the same stimulus level of 80 dB SPL. Note the differences in calibration (as indicated by different lengths of calibration bars)
along the ordinate. D: noise-induced changes in amplitude gain at the 80 dB SPL stimulus level along the auditory pathway, i.e., between early
and late ABR response peak components (gain = late amplitude/early amplitude). The early peak components at ~1.2 ms and the late peak compo-
nents at ~4 ms latency (black sections in waveform) were used for the detailed gain analysis. Lines indicate changes in gain in individual animals
at two different test frequencies per group (as indicated) before trauma (bt) and after trauma (at). Direction of trauma-related changes in gain are
indicated by the line type (increase: dashed line, stable/no change: solid line, decrease: dotted line). Data from males (gerbil and t16-group of
mice) are shown in blue, and data from females are shown in black. Significant changes in gain (average) are indicated above each set of lines.
Black and colored dots (with error bars) indicate average gain before and after trauma, respectively. The horizontal dashed line indicates a gain of
1, i.e. equal amplitude of early and late ABR components. Significant changes in thresholds over time for a particular species and frequency are
indicated by *P < 0.05, **P < 0.01 and ***P < 0.001.
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Statistical Analysis

Statistical analyses were performed with JMP software (v.
7.0; SAS Institute Inc., Cary, NC). ABR measurements were
analyzed using repeated-measure ANOVAs testing the
effects of frequency, time point of measurement, and animal
group. Greenhouse—-Geisser-corrected P values for the ABR
measurements were used to minimize the error (if necessary,
according to Mauchly’s sphericity test). Permanent ABR
changes were evaluated by performing post hoc comparisons
between different time points for a particular frequency as
independent contrasts corrected for multiple comparisons
(Bonferroni-Holm procedure). In addition, Pearson’s cor-
relation coefficients were calculated, and pairwise com-
parisons were conducted using Wilcoxon’s MPSR test.
Significance was assumed at P < 0.05, and different levels
of significance are marked in figures as *P < 0.05, **P <
0.01, and ***P < 0.001.

RESULTS

We measured ABRs in gerbils, rats, and mice at different
frequencies and detected noise trauma-induced changes in
ABR thresholds and waveforms. Indications for different
mechanisms of trauma induction were revealed through a
paradigm with increasing trauma intensity during the 2-h
noise application combined with repeated ABR measure-
ments during that period. Furthermore, permanent changes
in the ABRs were evaluated 8 wk after noise exposure.

General ABR Waveforms in Gerbils, Rats, and Mice

ABR waveforms result from sound-induced synchronized
activity of neuronal populations at different levels along the
auditory pathway that can be used to determine individual
hearing thresholds. A temporal sequence of several peaks
and troughs was observed in the ABR waveforms recorded
from all rodent species investigated (Fig. 1A). Peaks were ver-
tex-positive, i.e., neuronal responses measured near the left
auditory bulla, close to the stimulated ear, were subtracted
from responses measured above the right inferior colliculus.
The peak amplitude and latency depended on stimulus char-
acteristics such as the sound pressure level and frequency
(Fig. 1B). The average ABR waveform across all animals
tested (n = 38) showed a first maximum at 1.2+ 0.3 ms after
stimulus onset followed by a trough at 1.9 + 0.2 ms (latencies
measured from stimulus onset of a tone with a frequency of
8 kHz at a level of 80 dB SPL). This early response compo-
nent is presumably generated by neuronal activity in the
inner ear, mainly from axons or cell bodies of activated audi-
tory nerve fibers (43). The late peak in the ABR response at
4.0+ 0.3 ms followed by a trough at 4.9+ 0.5 ms after stimu-
lus onset, on the other hand, was presumably related to neu-
ronal activity in the upper brainstem, such as the lateral
lemniscus or inferior colliculus.

The Largest Shifts in the ABR Threshold Occur during
the First 30 min of Noise Trauma

The same noise trauma was applied at 8 kHz (+0.25 oct)
for 2 h in all three species. This trauma frequency is located
in the lower third of the frequency range with high sensitiv-
ity in all three species, i.e., low hearing threshold (Fig. 24). In
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the t8-group mice, this trauma frequency was similar to the
increasing threshold at the low-frequency end of the hearing
range. The sound pressure level of the trauma-inducing
noise was 105 dB SPL during the first 90 min, followed by
30 min of 115 dB SPL. We determined the time course of ABR
threshold shifts by interrupting the noise application every
30 min for the first hour and for the last 15 min to measure
ABRs at three frequencies of 2, 8, and 14 kHz (Fig. 2B). In ger-
bils and rats, the largest and most significant shifts in ABR
thresholds were observed after the first 30 min, both at the
noise center frequency of 8 kHz as well as at 14 kHz. The
threshold shift induced by 105 dB SPL noise was always
larger at the highest test frequency (14 kHz in rats and gerbils
and 32 kHz in the t16-group of mice). Thresholds plateaued
at ~56 6 dB SPL (gerbils and rats) at a frequency of 8 kHz
and at ~67*9 dB SPL at a frequency of 14 kHz. An increase
in the trauma noise level by 10 dB after 90 min again led
to a significant shift in the ABR threshold at 8 kHz only in
rats and at 14 kKHz in both groups. The total threshold shift
after 120 min of noise trauma was highest in rats, with
53+7 dB and 53+5 dB shifts observed at 8 and 14 kHz,
respectively. This effective noise trauma in gerbils and
rats centered at 8 kHz with a level of 105 dB SPL was unex-
pectedly not appropriate to induce a significant ABR
threshold shift in the t8-group of mice (Fig. 2, D and E).
Only the late increase to a level of 115 dB SPL led to a clear
increase in the ABR threshold. Therefore, we repeated
measurements in the additional t16-group of mice (n = 8)
by applying noise trauma centered at the higher fre-
quency of 16 kHz (¢x0.25 oct). This trauma frequency fits
slightly better to the hearing range of mice and induced a
pattern of threshold shifts comparable with those in ger-
bils and rats. At 8 kHz, which was below the center of the
noise trauma, no threshold shift was detected. ABR
thresholds measured at 16 and 32 kHz were significantly
higher after 30 min, followed by a threshold stable period.
An increase in the trauma noise level by 10 dB (after
90 min) led to a second significant increase in the thresh-
old at both frequencies (Fig. 2B, right column).

Trauma-Dependent Changes in the ABR Waveform
Differ between Rodent Species

Significantly increased ABR thresholds at the trauma
center frequency and at 14 kHz were observed in all groups
immediately after the end (120 min) of acoustic overstimu-
lation (Fig. 3, A and B). At 2 kHz, however, a significant
increase in the ABR threshold was noticed in rats and mice
(only the t8-group). In the additional t16-group of mice
exposed to a noise trauma frequency of 16 kHz (in this case
low test frequency at 8 kHz and high test frequency at
32 kHz), ABR thresholds at a frequency of 8 kHz (i.e., below
noise trauma) were not affected (Fig. 3B).

Species-specific changes in the amplitude of individual
ABR waveform components were analyzed in the three
rodent groups exposed to 8 kHz noise trauma by comparing
waveforms obtained at 80 dB SPL stimulation before and
directly after trauma. For the early (low latency) ABR wave
component, a decrease in amplitude was detected at the
trauma center frequency (Fig. 3C, middle panel with black
lines as ABR wave before trauma and red lines 120 min after
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noise trauma) and at test frequencies above this frequency
(Fig. 3C, bottom panel with black and blue lines). This find-
ing was consistent across rodent species and (in the t16-
group of mice) across trauma frequencies. Major differences,
however, were observed for the late ABR waveform compo-
nent. A substantial greater than 80% decrease in the ampli-
tude of the late response was detected only in rats. In
contrast, an ~20% increase in this amplitude was found in
gerbils and the t8-group of mice at the trauma frequency
directly after trauma.

Increase in the Amplitude Gain of Neural Activity along
the Auditory Pathway is Differentially Affected by Noise
Trauma in the Three Rodent Species

The change in stimulus-related activity along the auditory
pathway can be estimated from the amplitudes of different
ABR peak components. Determining trauma-related changes
in these gain values might indicate the detailed nature of the
underlying neuronal changes after noise trauma. Although
short-latency “early” components represent peripheral acti-
vation (latencies of ~1.2 ms in Fig. 14), stimulus-elicited ac-
tivity in the upper brainstem is represented by the “late”
component at a latency of ~4 ms (Fig. 1A). Before noise
trauma, the average ABR waveforms at 2 kHz had a calcu-
lated gain (=late amplitude/early amplitude) ranging from
1.5 t0 6.0 (gerbils: 6.0; rats: 4.1; mice: 1.5) that was not signifi-
cantly different after noise trauma (gerbils: 10.2; rats: 3.6;
mice: 1.7). At a stimulus frequency of 8 kHz (as shown in Fig.
1A), the calculated gains in gerbils, rats, and mice were 2.7,
2.8, and 0.8, respectively. Species-specific differences in ABR
gain along the auditory pathway were already observed in
pretrauma ABR waveforms. Gerbils showed positive gain fac-
tors ranging from 2.7 (1.1 at 8 kHz) to 1.6 (+1.0 at 14 kHz; see
Fig. 3D). Further analysis revealed a high individual variabil-
ity in ABR response patterns after noise trauma in gerbils,
resulting in a mixture of increasing and decreasing gain fac-
tors. The increase in amplitude gain was not significantly
influenced by noise trauma (average gain after trauma;
3.8+4.6 and 3.6+2.0 at 8 and 14 kHz, respectively). Rats
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showed gain factors comparable with gerbils before trauma
(8 kHz: 2.8+0.6; 14 kHz: 2.4+ 0.4). Even with dramatically
decreasing ABR amplitudes after trauma, the gain between
the early and late response was stable at 8 kHz (2.7 £2.2).
This trend, however, was different at 14 kHz: the average
gains significantly decreased after trauma to 1.6 +0.7. Mice
in the t8-group generally presented lower gain factors of 0.8
(0.2 at 8 kHz) or 0.8 (¥0.5 at 14 kHz), similar to mice in the
t16-group (0.8+0.2 at 16 kHz and 0.7+0.2 at 32 kHz). After
noise trauma, at least at approximate trauma frequencies
(8 kHz or 16 kHz), a significant increase in the gain to 1.9 +1.1
and 1.9 +1.4, respectively, was observed. The strength of the
change in individual gain values, which was characterized
by the individual gain slope before and after noise trauma,
was not equal at the trauma center frequency and the fre-
quency higher than the trauma frequency (Fig. 3D). A com-
parison of differences in gain values at 2 kHz revealed no
differences before and directly after noise trauma in all
rodents (data not shown).

The Total Shift of the ABR Threshold after Noise Trauma
Depends on the Hearing Threshold before Noise
Trauma

As pretrauma ABR thresholds varied considerably between
animals in each rodent group, we tested whether individuals
with more sensitive hearing (as detected by the ABR hearing
threshold) were more susceptible to noise trauma. This sensi-
tivity might lead to differences in trauma-related changes in
the threshold and gain. Overall, we did not observe a strong
relationship between individual hearing sensitivity before
noise trauma and the gain at 8 kHz (r = —0.42) when all data
were pooled. Regarding the different groups, only rats
showed a tendency (r = —0.61, Fig. 4A) toward a correlation
between a lower hearing threshold and a higher gain.
However, individual threshold shifts (directly after trauma)
were negatively correlated with ABR threshold levels before
trauma (Fig. 4B). A correlation of the ABR threshold values
before noise trauma and the acute threshold shift values
directly after trauma revealed a significant correlation in
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Figure 4. Individual auditory brainstem response (ABR) threshold correlation. A: correlation of individual gain values measured at 80 dB sound pressure
level (SPL) and ABR hearing thresholds (ABR-T) at the 8 kHz baseline. Individual data from gerbils (n = 10, blue triangles), rats (n = 10, black circles), and
mice (t8-group of mice, n =10, red squares and t16-group of mice, n = 8, green stars) were fitted by group to a linear regression model. B: correlation
between noise-induced threshold shifts and ABR thresholds before noise application. For all animal groups, linear regression curves were calculated to

fit the data.
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mice (t8-group: 7 = —0.84, P < 0.0026; t16-group: ¥ = —0.98, P
=0.0001) and rats (r = —0.71, P = 0.0216). This correlation of
the ABR threshold before and directly after noise trauma was
also identified when the groups of rats and mice were pooled
(r=-0.93, P < 0.001). In these groups, animals with a lower
ABR threshold before noise trauma showed a greater increase
in the threshold within the first 2 h after noise trauma. Only
gerbils showed substantial variability in ABR threshold val-
ues before noise trauma that were not significantly correlated
with shifts in the ABR threshold directly after noise trauma.
All tested animals had a stable noise-induced threshold shift
of ~24 dB. This finding suggests a general limit for the
trauma-induced threshold shift in the peripheral auditory
system.

Recovery after Noise Trauma

Eight weeks after noise trauma, ABRs were again analyzed
for possible signs of recovery. In all groups exposed to noise
trauma at 8 kHz, a permanent threshold shift was observed
for two out of three test frequencies. Consistently, ABR
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thresholds at 14 kHz were still significantly increased, with a
difference in the threshold compared with the values before
the noise trauma of 8 £15 dB in Mongolian gerbils (n = 10),
8+5dB in rats (n = 10), and 10 £10 dB in mice (n = 10) in the
t8-group (Fig. 5A). Furthermore, ABR thresholds at 8 kHz
(trauma frequency) were slightly increased. This increase,
however, was significant in gerbils and rats. Moreover, mice
in the t8-group also showed increased ABR thresholds at
2 kHz, a frequency that had not been affected directly after
noise trauma. Therefore, other processes, such as aging,
might also be involved. Rather unexpectedly, we did not
detect significant increases in ABR thresholds at 16 kHz and
32 kHz in the t16-group of mice (noise trauma at 16 kHz).
ABR waveforms and gain values at higher stimulus levels
recovered to pretrauma values in all groups (Fig. 5, B and C).
The variability in the gain factor (relating early to late ABR
components) was highest in gerbils and lowest in mice (both
the t8-group and tl6-group). We assessed differences
between males and females, and all male gerbils showed a
reduced gain at 8 kHz stimulation (from 3.2+1.1 to 1.5+ 0.8),
whereas all female gerbils showed an increased gain (from

Figure 5. Recovery of hearing 8 wk after
noise trauma in gerbils, rats, and mice.
A: comparison of auditory brainstem
response (ABR) threshold (ABR-T) levels
before (black bars) and 8 wk after noise
trauma (colored bars). ABR thresholds
were determined at stimulus frequen-
cies of 2 kHz (green bar), 8 kHz (red
bar), and 14 kHz (dark blue bar) for ger-
bils (left column), rats (second left col-
umn), and mice exposed to trauma at
8 kHz (t8-group of mice, second right
column). Although the standard noise
trauma was set to 8 kHz, an additional
mouse group (t16-group of mice, right
column) experienced noise trauma at 16
kHz (pink bar) and was tested for
changes in ABR threshold levels up to
32 kHz (light blue bar). B: comparison of
average ABR waveforms at three stimu-
lus frequencies before (black line) and
8 wk after noise trauma (colored lines,
frequency color-coded as in A) recorded
at a stimulus level of 80 dB sound pres-
sure level (SPL). C: noise trauma-
induced changes in the early-to-late am-
plitude gain of ABR peak components at
80 dB SPL. Lines indicate the direction
of individual changes in gain before
trauma (bt) and 8 wk after trauma (8 wat;
increase: dashed line, stable/no change
in gain: solid line, decrease in gain: dot-
ted line). Individual data from males (ger-
bils and the t16-group of mice) are
shown in blue, and data from females are
shown in black. The horizontal dashed
line indicates a gain of 1 (equal amplitude
of early and late ABR components).
Significant changes in thresholds over

mice t16-group

m

8 16 32
frequency (kHz)
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time for a particular species and fre-
quency are indicated by *P < 0.05, **P <
0.01and ***P < 0.001.
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1.9+0.8 to 2.9+ 0.8). A subsequent statistical analysis of sex-
related differences was not possible due to the small group
size (males: n = 6 and females: n = 4). In gerbils at higher fre-
quencies of 14 kHz and in the t16-group of mice with mixed
sexes, no trend for sex-specific differences in gain was
observed. Very low variability in gain factors and positive
gain slope values were prominent characteristics in the t16-
group of mice, with no indications of sex-specific differences
(Fig. 5C).

DISCUSSION

A comparison of auditory response measurements before,
during, and up to 8 wk after consistent trauma induction
revealed unexpected differences in the patterns of tempo-
rary and permanent hearing loss between the three rodent
species. The time course of trauma development, especially
during the two-step trauma induction, was consistent in all
three species at frequencies higher than noise trauma.
Differences were also observed; however, rats exhibited a
substantial increase in the ABR threshold, with an even
more surprising second reduction in sensitivity after an
increase in the noise SPL by 10 dB.

In detail, we documented various effects of noise trauma
on the processing of auditory signals in different rodent spe-
cies. A key finding was the independence of ABR thresholds
after acute noise trauma from baseline ABR thresholds in
gerbils: across individuals, we detected the same level of
threshold shift (see Fig. 4B, gerbil data). Moreover, we identi-
fied an upper limit of the ABR threshold shift directly after
noise trauma. This hypothesis is based on the finding that
neuronal activity at low levels (used to define ABR thresh-
olds) depends on outer and inner hair cell-induced activity
of afferent fibers that are sensitive to low level intensities
and have high spontaneous firing rates (23, 44). The activity
of these fibers mainly depends on the amplification process
of outer hair cell motility, which is substantially affected by
noise trauma due to outer hair cell damage (45). In rats and
mice, noise trauma presumably leads to hair cell dysfunction
and subsequent loss of these fibers, as indicated by shifts in
the ABR threshold. Distinct differences in threshold shifts
between animal groups suggest a species-specific suscepti-
bility to noise damage. Unlike gerbils, threshold shifts in rats
and mice depended on the individual hearing sensitivity
before noise trauma: the lower the baseline hearing thresh-
old was, the higher the amount of threshold shift after expo-
sure. The absence of this correlation in gerbils raises
questions about the sensitivity of specific hair cell structures,
such as hair bundles or synaptic ribbons, to damage. This
damage can be triggered by noise-induced inactivation of
outer hair cell amplification (46). Our study indicates that
typically observed traumatic damage/injuries, such as hair
cell dysfunction and possible fiber loss (44), already occur
during the first 30 min of exposure to high-level noise.
Significant increases in the ABR threshold occurred within
this time frame in all tested species after the onset of expo-
sure to both noise trauma intensities.

Using ABR measurements, we calculated the gain between
early and late ABR amplitude response components. For
each animal, peak-to-peak amplitudes of late responses were
divided by early responses. Although gerbils exhibited
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substantial variation in the extent of change in the gain after
noise trauma, no general group trend was observed, as
detected for rats and mice. This finding might be a reason to
use gerbils in noise trauma studies since this animal model
reflects the extent of heterogeneity observed in the human
population. A more uniform response, on the other hand,
would be advantageous for animal models to study the basic
underlying mechanisms of hearing pathologies.

In mice, the gain factor increased from 0.8 to ~2 directly
after trauma, representing a more than twofold increase in
amplitude between early and late ABR responses. For both
test groups of mice, this noise-induced increase in gain along
the auditory pathway was observed at the center frequency
of the noise trauma. Compensatory plasticity along the audi-
tory pathway might account for this increase, as previously
described for noise-exposed mice (47). In contrast to mice, a
decrease in the gain factor after trauma compared with base-
line was observed in rats. Thus, compensation for trauma-
related changes at a higher neuronal level does not seem to
occur in rats. However, a decrease in central gain was identi-
fied as a correlate of tinnitus in rats after noise trauma (4, 6).
The striking species specificity might partly be explained
by pigmentation. We used albino rats, while mice and ger-
bils were pigmented. An effect of pigmentation on hearing
and otoprotection has already been documented in gerbils
(48), rats (49), and guinea pigs (50), with albino animals
having a more sensitive sense of hearing. Therefore, pig-
mentation might explain species-specific differences in
trauma-induced neuronal compensation.

Designing a comparative study of noise-induced hearing
loss with different rodent species is challenging since mul-
tiple variables, such as differences in body size, pigmenta-
tion, anesthetics, circadian rhythm, and onset of hearing
loss, can affect the data. Recent data indicate that sex is
also an important factor (49, 51, 52), and future studies
should be designed to include male and female test
groups. Although our strain is currently often used in au-
ditory research, researchers might refrain from using
CS57BL/6 mice since this strain is particularly susceptible
to early hair cell loss (38) and early onset of age-related
hearing loss (53). A permanent increase in the threshold
after noise trauma was present in all rodent groups with a
noise center frequency of 8 kHz. The use of similar experi-
mental conditions is an important factor contributing to
the generation of such consistent effects. One component
might be to apply noise trauma at a similar time of day
because of the effect of circadian rhythms on threshold re-
covery (54, 55). A significant increase in the ABR threshold
at 2 kHz in the t8-group of mice can be interpreted as an
age-dependent effect, since an increase in the threshold of
~10 dB was found at low frequencies after ~24 wk in the
BL6 mouse strain (56), which was the age of the mice at the
end of the current study. Mice in the t16-group were 4 wk
younger and did not show this hearing loss.

Taken together, the comparative approach revealed spe-
cies-specific differences in the effectiveness and time course
of trauma induction, as revealed by the ABR. Combined with
the differential dependence on the hearing threshold, this
result suggests that a variety of underlying mechanisms is
involved in both sensitivity to traumatizing noise and recov-
ery of hearing. Therefore, research focused on more than
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just one animal model might provide greater benefits in the
long run.
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