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Experimental Otolaryngology, University of Erlangen-Nuremberg, Erlangen, Germany

Noise-induced hearing loss (HL) has a circadian component: In nocturnal mice, hearing

thresholds (HT) have a significantly stronger effect to acoustic trauma when induced

during the night compared to rather mild effects on hearing when induced during daytime.

Here, we investigate whether such effects are also present in diurnal Mongolian gerbils

and determined whether trauma-induced HL correlated with the development of a

tinnitus percept in these animals. In particular, we investigated the effects of acoustic

trauma (2 kHz, 115 dB SPL, 75min) on HT and tinnitus development in 34 male gerbils

exposed either at 9 AM, 1 PM, 5 PM, or 12 PM. HT was measured by acoustic brainstem

response audiometry at defined times 1 day before and 1 week after the trauma.

Possible tinnitus percepts were assessed behaviorally by the gap prepulse inhibition

of the acoustic startle response at defined times 1 day before and 1 week after the

trauma.We found daytime-dependent changes due to trauma inmeanHT in a frequency-

dependent manner comparable to the results in mice, but the results temporally shifted

according to respective activity profiles. Additionally, we found linear correlations of these

threshold changes with the strength of the tinnitus percept, with the most prominent

correlations in the 5 PM trauma group. Taken together, circadian sensitivity of the HT to

noise trauma can also be found in gerbils, and tinnitus strength correlates most strongly

with HL only when the trauma is applied at the most sensitive times, which seem to be

the evening.

Keywords: rodents, tinnitus, chronobiology, acoustic trauma, gap prepulse inhibition of the acoustic startle

response, auditory brainstem response audiometry

INTRODUCTION

Circadian rhythms substantially affect the behavior and physiology of animals (Konopka and
Benzer, 1971; Gachon et al., 2004; Richards and Gumz, 2013). Underlyingmechanisms are centrally
controlled by the suprachiasmatic nucleus in the hypothalamus (Moore and Eichler, 1972) and
synchronized to light emission received via the eyes. In addition, sound can entrain circadian
rhythms by modulating melatonin production or body temperature (Goel, 2005), and circadian
clocks were found in the cochlea and the inferior colliculus (Meltser et al., 2014; Park et al., 2016).
This is based on variable mRNA expression and protein production, possibly affecting neuronal
processing within the auditory system over the course of the day (Park et al., 2016).

Effects of such circadian clocks on the auditory system are evident in auditory-related behavior
such as the startle response to a loud sound. In mice, a nocturnal species (Ripperger et al., 2011), it
has been shown that the amplitude of the acoustic startle response (ASR) is larger during daytime
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(their resting or inactive phase) compared to the night (active
phase) (Meltser et al., 2014). In other nocturnal species such
as rats (Stephan, 1983) or humans as a diurnal species (Miller
and Gronfier, 2006), this effect has been shown to be reversed
(Frankland and Ralph, 1995). Interestingly, such internal clocks
in mice not only affect auditory processing but also modulate the
effects of noise trauma on the hearing thresholds (HT). Then,
2 weeks after acoustic trauma, the trauma-elevated thresholds
completely recovered in CBA/Ca/Sca male mice, which received
trauma (6–12 kHz bandpass noise, 100 dB SPL, 60min) during
the inactive phase. On the other hand, animals that received
trauma during the active phase showed a permanent high-
frequency hearing loss (HL) (Meltser et al., 2014). Furthermore,
the brain-derived neurotrophic factor (BDNF) mRNA and
protein expression-related responses of the internal clocks, e.g.,
in the cochlea and inferior colliculus in the latter animals
were significantly reduced, indicating a lack of BDNF-related
protective response ability after active phase trauma (Fontana
et al., 2019). Nevertheless, the results can vary dependent on the
species or even strain used for the animal experiments (Meltser
et al., 2014; Harrison, 2019; Sheppard et al., 2019) and might
not be usable for a direct comparison with human physiology.
We here attempted to reduce at least one of the constrains with
rodents, namely, being mostly nocturnal animals, using a diurnal
rodent species that in our view showed to be a good model for
human HL and tinnitus development after an acoustic trauma.

In this study, we investigated whether an acoustic trauma
applied at different times of the day in diurnal male Mongolian
gerbils (Roper, 1976) leads to variable changes in HT. If so,
we were furthermore interested in the question, of whether
different trauma effects on HT also lead to a different rate
and/or strength of tinnitus development in these animals. Our
hypotheses were, first, that gerbils show a higher sensitivity
to acoustic trauma during their active phase and, second, that
tinnitus development is different at different times based on
the differences in HL. The fact that tinnitus severity and the
amount of hearing loss are correlated in humans is well described
[e.g., (Searchfield et al., 2007)], but tinnitus strength/loudness
and severity are not necessarily identical (Hiller and Goebel,
2007), which is a constrain of our animal model as we are not
able to tell, if animals with a loud percept do also suffer more.
Nevertheless, we do see tinnitus intensity and HL correlations in
other studies with this animal model [e.g., (Lanaia et al., 2021)],
which shows the principle approach to be valid. In this context,
we recently proposed a new mechanism of tinnitus development
based on neuronal stochastic resonance (SR) (Krauss et al.,
2016a). It was proposed that, following noise trauma-induced
HL, the SR adds neuronal noise to weak auditory signals at the
level of the dorsal cochlear nucleus, thereby lifting otherwise
sub-threshold signals above the response threshold of dorsal
cochlear nucleus neurons so that the auditory information
can be further propagated upstream the auditory pathway.
In other words, the added noise would be “tuned up” in
a frequency-specific manner to reduce noise trauma-induced
HL. Simultaneously, the added noise signal is also propagated
upstream the auditory pathway to the auditory cortex where
it is finally perceived as tinnitus. In other words, tinnitus is

the cost of the rescued hearing threshold (Krauss et al., 2018,
2019). This model of tinnitus development led to a number
of predictions that, in the meantime, were demonstrated to
be true: temporary auditory information depletion leads to
partially reversible tinnitus (Krauss and Tziridis, 2021), chronic
auditory information depletion leads to permanent tinnitus
percepts (Tziridis et al., 2021), and patients with tinnitus have
less HL compared to those without tinnitus (Gollnast et al.,
2017). Interestingly, a linear correlation between HL and tinnitus
strength has been described, indicating a direct link between
HL and tinnitus development (Lanaia et al., 2021). However,
to date, it is still unclear whether circadian effects (e.g., activity
or hormonal levels) also play a role in either the tinnitus
development itself or whether the tinnitus strength that develops
after a HL is induced. Therefore, we aimed to investigate with this
study if a noise trauma applied at different times of the day leads
to hearing loss of different strengths in a diurnal species and if a
thereby induced tinnitus development differs depending on the
trauma induction time.

MATERIALS AND METHODS

Ethical Statement
Mongolian gerbils (Meriones unguiculatus) were housed in type
IV cages in a UniProtect Air Flow Cabinet (Zoonlab, Castrop-
Rauxel, Germany, ambient noise level 55 dB SPL) in groups of
3 to 4 animals with free access to water and food (complete
food for Gerbils, V1644-000, ssniff Spezialdiäten GmbH, Soest,
Germany) at 24◦C room temperature and 50% relative air
humidity under 12-/12-h dark/light cycle (6 AM to 6 PM light).
Animals had access to nesting material (paper nestlings) and
other enrichments (cardboard tubes). The use and care of animals
were approved by the state of Bavaria (Regierungspräsidium
Unterfranken, Würzburg, Germany, no. 54.2.2-2532-2-540). A
total of thirty-four 10–12-week-old (65 to 77 g) male gerbils
purchased from Janvier (Saint Berthevin, France) were used in
this study.

Time Regime of Behavioral Testing,
Auditory Brainstem Responses, and
Acoustic Trauma
All animals were handled before the beginning of the experiments
and accustomed to the setup environment to minimize stress.
Animals were separated into four groups with 8 to 10 animals
each, animals were randomly allocated to the groups by the
experimenter, and therefore, he was not blinded. The only
difference between the groups was the time of the acoustic trauma
(2 kHz, 115 dB SPL, 75min) which either started at 9 AM, 1 PM,
5 PM, or 12 PM, no control group was included in this study.
Relative to the Zeitgeber time (ZT), i.e., the onset of light was at 6
AM, this is ZT3, ZT7, ZT11, and ZT18. These daylight times were
selected to span the light part of the activity cycle roughly equal,
and the 12 PM time point was chosen as it was the center time of
the dark cycle. All othermeasurements were taken at the identical
time of the day. This means that the gap prepulse inhibition
of the ASR gap-prepulse inhibition of the acoustic startle reflex
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(GPIAS) measurement for behavioral tinnitus assessment always
started at 9 AM with a duration of 60min, and the auditory
brainstem response (ABR) measurements started at 10 AM
with a duration of 30min per ear and a randomized order
of measurements for both ears. An overview of the timing
is depicted in Figure 1, all behavioral and electrophysiological
methods used have previously been described in detail (Ahlf et al.,
2012; Tziridis et al., 2014, 2015; Krauss et al., 2016b; Schilling
et al., 2017, 2019) and are therefore only described briefly here.

Behavioral Testing (GPIAS)
The ASR is a widely used behavioral approach that does not
require any training prior to testing. The original prepulse
inhibition of the ASR has been modified into GPIAS to assess
a possible tinnitus percept (Turner et al., 2006; Turner, 2007).
In this study, animals were tested first with a gap–no-gap
paradigm to measure the prepulse inhibition (PPI) of the
startle response amplitudes usually 1 to 2 days before the
acoustic trauma. These data were used as the healthy baseline
condition for the calculation of the effect size of the change of
PPI (cf. Statistical Analyses). For ASR measurement, animals
were placed in a 15-cm-long, 4.2-cm-wide acrylic tube on a
3D-acceleration sensor platform in front of two speakers (one
for the background stimulus and one for the startle pulse)
inside a dark acoustic chamber (Schilling et al., 2017; Gerum
et al., 2019). For adaptation, the animals were given 15-min
rest, following which the stimulation started with five adaptation
stimuli that were discarded from further analysis. The proper
GPIAS stimuli consisted of 60 stimuli of band-pass filtered
(digital 4th-order Butterworth filter, 48 dB/octave) background
noise (10 s, 60 dB SPL) with center frequencies of 1, 2, 4, and
8 kHz and half an octave width each. They were presented with
(30 stimuli) or without (30 stimuli) a 50-ms gap (2-ms sin²-
ramps) 100ms before a startle stimulus (white noise burst, 20-ms
duration, 2-ms sin²-ramps, 105 dB SPL) in a pseudorandomized
manner. A complete behavioral measurement of 240 stimuli
had a duration of roughly 45min. Additionally, 5 habituation
stimuli at the beginning of the whole procedure were presented
but not recorded. The exact same measurements were repeated
7 days after the acoustic trauma at the same time of the day
(cf. Figure 1).

Hearing Thresholds (ABR)
After the GPIAS measurement, the animals were anesthetized
with 0.3 to 0.4ml of a mixture of ketamine and xylazine
(ketamine 500 mg/kg, xylazine 25 mg/kg, s.c.) and placed
on a remote-controlled heating pad to obtain individual
baseline audiograms (i.e., ABR) of each healthy animal
(Supplementary Figure S1). The stimulation frequencies
between 1 and 8 kHz in octave steps for stimulation intensities
ranging from 0 to 90 dB SPL in 5 dB steps were presented
free-field via a loudspeaker placed 3 cm in front of the pinna
of the measured ear. For each ear, stimulus and intensity, 300
repetitions (each) of 6-ms-long phase-inverted double stimuli
(100-ms intrastimulus interval, 500-ms interstimulus interval)
were presented. The complete measurement of one ear took less
than 30min. For the ABR measurements, three silver electrodes

were placed subcutaneously, one retro-aural above the bulla of
the tested ear (recording electrode), another one central between
both ears (reference electrode), and a last one at the basis of the
tail (ground electrode). The signal was recorded and filtered
(bandpass filter 400 to 2,000Hz) via a Neuroamp 401 amplifier
(JHM, Mainaschaff, Germany). As for the GPIAS, the exact same
measurements were repeated 7 days after the acoustic trauma at
the same time of the day.

Acoustic Trauma
Then, 1 to 2 days after the baseline measurements of GPIAS
and ABR, the animals were again anesthetized with the same
ketamine–xylazine mixture and placed on a remote-controlled
heating pad, 10 cm in front of a speaker inside a dark acoustic
chamber. A mild binaural acoustic trauma was induced using
a 2 kHz pure tone at 115 dB SPL lasting for 75min. These
adjustments were selected as they provided the highest rates
of tinnitus development in our laboratory, with the trauma
frequency being slightly below the best hearing range of the
animals (Tziridis et al., 2014). The start of the sound exposure was
either at 9 AM, 1 PM, 5 PM, or 12 PM to sample the two peaked
circadian cycles of a male gerbil (Roper, 1976). In the 12 PM
condition, animals were handled only under red light to prevent
resetting of the circadian system, as mice and gerbils share the
lack of red receptor cones (Rocha et al., 2016). The animals were
usually sleeping for 120min, and after fully waking up, they were
returned to their home cage into the normal 12-/12-h light (6 AM
to 6 PM)/dark (6 PM to 6 AM) rhythm.

Statistical Analyses
The obtained data of the GPIAS and ABR measurements
were evaluated objectively (i.e., automatically) by custom-made
Python programs (Ahlf et al., 2012; Gollnast et al., 2017).
The threshold determination was performed by an automated
approach using the root mean square (RMS) values of the ABR
amplitudes fitted with a hard-sigmoid function utilizing the
background activity as offset (Schilling et al., 2019). The mean
threshold was set at the level of slope change of this hard-sigmoid
fit independent for each frequency and for each time point. HL
was calculated by subtracting the post-trauma from the pre-
trauma thresholds and tested by parametric tests. Positive values
indicate worse hearing after the trauma, and negative values
indicate better hearing. The HL was calculated separately for
each ear, and the ear with less HL was called the less affected
ear and the other the stronger affected ear. Mean HL is the
mean binaural HL for each animal. For statistical evaluation, two-
factorial ANOVAs with Tukey’s post hoc tests were performed.
Additionally, we investigated as a kind of post hoc test one-
factorial ANOVAs at different stimulation frequencies to “zoom
in” on possible temporal threshold effects of the trauma.
Significant hearing loss was also tested by Bonferroni-corrected
single sample t-tests vs. zero.

Tinnitus development was tested for each animal and
frequency individually by t-tests of the log-normalized PPI: The
log-normalization of the response amplitudes of gap (Agap) and
no-gap (Ano−gap) by log(Agap/Ano−gap) is necessary as it has been
shown that, only after this calculation, parametrical testing (e.g.,
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FIGURE 1 | Time regime of behavioral testing for tinnitus assessment (GPIAS), hearing threshold measurements (ABR), and mild acoustic trauma (2 kHz, 115 dB SPL,

75min). Different trauma times are depicted in different colors, which will also be used in the following figures. Zeitgeber times (ZT, time of light on) correspond as

follows: 9 AM = ZT 3, 10 AM = ZT 4, 1 PM = ZT 7, 5 PM = ZT 11 and 12 PM = ZT 18.

by t-tests) is allowed (Schilling et al., 2017). A significant decrease
(p< 0.05, Bonferroni-corrected) of the GPIAS-induced change of
the response to the ASR after the trauma (GPIASpost) relative to
conditions before the trauma (GPIASpre) in that test was rated as
an indication of a tinnitus percept at that specific frequency. The
effect size of the log-normalized PPI change can be interpreted
as a correlate of the subjective tinnitus loudness. With this
behavioral approach, we can group animals independent of
any other measurements into those with behavioral signs of
a tinnitus percept and those without (Schilling et al., 2017).
The resulting distributions were tested by a chi-squared test for
multiple groups.

Gap-prepulse inhibition of the acoustic startle reflex effect
size was assessed by the Kruskal–Wallis ANOVAs independent
for each time of trauma induction. ABR threshold changes
(less affected ear, stronger affected ear, and mean HL) were
assessed independently from the GPIAS analyses by two-factorial
ANOVAs (factors stimulation frequency and time of trauma).
Correlations of behavior and HL were calculated with multiple
linear regression analyses for the four different time points
separately. Additionally, the behavioral data were correlated with
the mean HL and the individual HL of the two differently
affected ears.

RESULTS

Hearing Loss Induced by Noise Trauma at
Different Times of the Day
First, we investigated the mean binaural HL induced by the
trauma at the four different times of the day by a two-factorial
ANOVA with the factors time of day and frequency. Figure 2A
depicts the results of this analysis. It shows no significant time
effect averaged across all frequencies (also cf. Table 1) on the
mean HL of both ears (right panel: F(3,104) = 0.50, p= 0.68) but a

significant frequency effect averaged across all times (center panel:
F(3,104) = 3.42, p = 0.02), indicating that the pure tone trauma
induced a frequency-specific HL. The interaction of both factors
revealed no significant differences in the mean binaural HL over
the four times of the day and the four frequencies (F(9,104) =
0.77, p = 0.65). In other words, binaural HL was comparable
in all four groups, resulting in a frequency-specific HL around
4 kHz with the biggest variances seemingly around the trauma
and the 4 kHz frequencies. This is also the case when grouping
the data in only two-time groups, “early” (9 AM and 1 PM)
and “late” (5 PM and 12 PM), for a higher statistical power as
can be seen in Supplementary Figure S2A. In Figure 2B, the
one-factorial ANOVA of the mean binaural HL at the trauma
frequency over the different times of day of the trauma is given.
No significant effect could be found (F(3,24) = 2.13, p = 0.12),
indicating that the mean binaural HL at the trauma frequency
was comparable between the four trauma groups. Nevertheless,
we found a significant HL (single sample t-test vs. 0) in the 5 PM
trauma group only (mean ± standard deviation: 14.7 ± 15.3 dB,
p = 0.03). For the most affected frequency of 4 kHz, we also did
not see any time dependency of themean binaural HL on the time
of trauma by a 1-factorial ANOVA (F(3,24) = 0.41, p= 0.75), and
the single sample t-test vs. Also, 0 only revealed a significant HL
at 5 PM (17.61± 9.71 dB, p= 0.001). In conclusion, there might
be a trend for higher HL values in binaural HL analysis when the
trauma was applied at 5 PM, but the effect is not very prominent.

Next, we focused our analyses on the two individual ears of
each animal separately. In all animals, one ear showed a lower
mean HL (less affected ear) compared to the other (stronger
affected ear). In the less affected ear (Figure 2C), we found a
similar result for the two-factorial ANOVA of the mean HL as in
the binaural analysis, with no significant effect of the time of day
the trauma was applied (F(3,104) = 0.49, p = 0.69), a significant
frequency effect (F(3,104) = 3.61, p = 0.016), and no significant
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FIGURE 2 | Hearing loss one week after trauma at different times of the day. (A) Mean HL across both ears analyzed by a two-factorial ANOVA with factors time of

day (right panel) and frequency (center panel), the interaction of both factors is depicted in the left panel, time of day is color-coded, the trauma frequency is marked

by a yellow bar, and whiskers give the 95% confidence intervals, significant p-values of the F-statistics are red. (B) One-factorial ANOVA of the mean HL of both ears

at the trauma frequency over the time of day. (C) Two-factorial ANOVA of the HL of the less affected ear with factors time of day and frequency. (D) One-factorial

ANOVA of the HL of the less affected ear at the trauma frequency over the time of day. (E) Two-factorial ANOVA of the HL of the stronger affected ear with factors time

of day and frequency. (F) One-factorial ANOVA of the HL of the stronger affected ear at the trauma frequency over the time of day.

Frontiers in Neuroscience | www.frontiersin.org 5 June 2022 | Volume 16 | Article 830703

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Grimm et al. Circadian Sensitivity of Tinnitus Development

TABLE 1 | Statistics of one-factorial ANOVAs of HL over the different frequencies and single sample t-tests vs. 0 in the four trauma time conditions.

Trauma condition Frequency-

dependent F

statistics

Frequency-

dependent

p-value

General effect: mean

± standard deviation

General effect:

single-sample t-test vs. 0

p-value

9 AM F(3,28) = 3.21 0.038 14.70 ± 21.00 0.14

1 PM F(3,28) = 0.40 0.228 17.71 ± 21.11 0.07

5 PM F(3,24) = 1,55 0.754 21.41 ± 14.22 0.01

12 PM F(3,24) = 1.00 0.409 16.33 ± 17.15 0.06

interaction of both factors (F(9,104) = 0.71, p = 0.70). Also, in
the one-factorial ANOVA of the mean HL of the less affected ear
at the trauma frequency (Figure 2D), no significant differences
between the HL induced by the trauma at different times of the
day could be found (F(3,24) = 1.65, p = 0.21). Note that the
less affected ear shows hardly any change relative to the pre-
trauma condition, and no mean HL value at any point in time
was significantly different from zero. In the strongest affected
frequency of 4 kHz (cf. Figure 2C, center panel), we did not see
any time dependency in the HL of the less affected ear (one-
factorial ANOVA: F(3,24) = 0.61, p= 0.62), and the single sample
t-tests vs. 0 only showed a significant HL at 5 PM (11.07 ± 10.57
dB, p = 0.03). Taken together, the less affected ear did show a
frequency-dependent HL around 4 kHz, but also one could only
speak of a trend that the HL in the 5 PM trauma group might be
stronger compared to the other groups.

The stronger affected ear on the other hand showed a
somewhat different pattern (Figure 2E), as neither factor time
of day (F(3,104) = 0.87, p = 0.46) nor frequency (F(3,104) = 2.15,
p = 0.10) nor interaction (F(9,104) = 0.93, p = 0.51) showed
any kind of significant effect on the mean HL in that ear. Note
that in the factor frequency, a weak tendency could be found.
Nevertheless, contrary to the other two analyses, we did not see
strong differences in the HL in the factor frequency in these ears
(cf. Figures 2A,E, center panels). For comparison with the less
affected ear and the mean binaural HL (i.e., the two analyses
above), we compared the effect of the time of the trauma also
at the trauma frequency of 2 and at 4 kHz by two one-factorial
ANOVAs. In the first one-factorial ANOVA of the mean HL at
the trauma frequency of the stronger affected ear (Figure 2F),
we found a significant effect of the time of the day of the trauma
induction with F(3,24) = 3.18, p = 0.04 and significant mean HL
values (single sample t-test vs. 0) at 1 PM (p = 0.013), 5 PM
(p= 0.005), and 12 PM (p = 0.036). In the second one-factorial
ANOVA at 4 kHz, we found no time dependency of the HL of the
stronger affected ear (F(3,24) = 0.24, p= 0.87), but except for the 1
PM trauma, we found time significant hearing losses with single
sample t-tests vs. 0 (9 AM: 29.73 ± 28.23 dB, p = 0.02, 5 PM:
24.15± 10.84 dB, p < 0.001, 12 PM: 22.29± 19.48 dB, p= 0.02).
In other words, the HL in the stronger affected ear was greater
in the quality of a general threshold increase, but in a specific
frequency, the ranges significantly depended on the trauma time.

Effect Size of Behavior Change by Trauma
at Different Times of the Day
In the case of the tinnitus assessment, we could not disentangle
the effects of the single ears, as we measured the behavior of
the awake animal. First, we analyzed the median effect size of
the response change at the different frequencies of the four
different trauma time groups independently by the Kruskal–
Wallis ANOVAs (Figure 3). The median effect size represents
the overall response of all animals and gives a general overview
of the change of the PPI responses post- vs. pre-trauma but not
the individual percept of each animal. Note that only negative
values indicate a possible tinnitus percept at a given frequency.
In this general overview, we found no significant differences
in the responses to the different frequencies at 9 AM (H(3,32)

= 1.64, p = 0.65), 1 PM (H(3,28) = 4.31, p = 0.23), or 5 PM
(H(3,32) = 2.46, p = 0.48), but at least a strong tendency for such
a frequency-specific effect on the effect size of the PPI difference
at 12 PM with H(3,28) = 7.57 and p = 0.056. A comparable result
was found, when the data were grouped into only two trauma
time groups, i.e., early and late (Supplementary Figure S2B). No
significant difference emerged in the early group (H (3,N=60) =

4.31, p = 0.23) whereas the late statistics showed a tendency for
a frequency dependency of the effect size (H (3,N=60) = 6.85,
p= 0.077). To estimate the frequency of individual appearance
of tinnitus percepts across animals in the four tested frequency
ranges, we counted the number of significant negative effect sizes
at each frequency and trauma time condition and plotted them as
a percentage of complete responses in Figure 4. In only 26% of all
responses, a tinnitus percept was found with a peak of 10% of all
responses after trauma at 5 PM. Note that a noise trauma at 5 PM
also indicated the strongest HL. Nevertheless, a chi-squared test
for multiple groups revealed no significant differences (X² (3,104)

= 4.31, p = 0.23) between the group response distributions. In
other words, when only looking at the behavioral changes related
to possible tinnitus percepts, we could not identify any significant
dependencies on the time of trauma.

Linear Regression Analyses of Hearing
Loss and Effect Size
With the idea of the model of SR for tinnitus development
(cf. Introduction) in mind, we finally investigated the
relationship between hearing loss (which is believed to
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FIGURE 3 | Effect size of the PPI change post vs. pre-trauma. The Kruskal–Wallis ANOVAs (H-statistics) were calculated independently for each trauma time group.

Boxes depict the interquartile range, and whiskers give the range of the complete distribution.

trigger SR) and the tinnitus percept (a consequence of SR)
at the given frequencies by multiple linear regression analyses
(Figure 5). First, we looked at the relationship between the
frequency-matched values of the mean binaural hearing loss and
the behavioral effect size in the four different trauma time groups
(Figure 5A). We found a significant linear regression in the 5
PM trauma group with r² = 0.22 and p = 0.01. In other words,
higher HL values led to more values with positive effect sizes in
that group, while hearing threshold gain correlates with negative
effect size values, indicating a tinnitus percept. Additionally, in
the 1 PM as well as in the 12 PM trauma group, we see tendencies
for such a linear correlation, both with r²-values around 0.11
and p = 0.09. When grouping the data into only two trauma
time groups (early and late), the results were even more clear
with the early trauma animals showing no significant correlation
between HL and effect size with r² = 0.02 and p = 0.26 and the
late animals showing such a correlation with r2 = 0.12 and p
= 0.007 (Supplementary Figure S2C). In the less affected ears
(Figure 5B), we found an even stronger correlation between HL
and effect size (r²-value of 0.34 and a p = 0.001) in the 5 PM
trauma group but only a tendency for a linear correlation of both
variables in the 1 PM trauma group (r²= 0.11, p= 0.09). Finally,
in the stronger affected ears (Figure 5C), we did not observe any
significant correlation between the two variables. Note that most
of the HL values in these ears were positive, indicating a real
hearing loss.

Concluding the results, we were able to prove that only the
combinatory view of hearing loss and the behavioral correlates of
a tinnitus percept showed the circadian effects of acoustic trauma
in detail, whereas each variable alone did show only minor
temporal dependencies. However, contrary to our hypothesis, the
strongest and most general effects found were in the afternoon,
when the activity of the animals was minimal (cf. Figure 6).

DISCUSSION

In this study, we aimed to investigate, first, whether noise
trauma applied at different times of the day leads to hearing

FIGURE 4 | Relative number of frequencies with or without behavioral signs of

a tinnitus percept. A significantly negative effect size indicates a possible

tinnitus percept and is counted as such. A chi-squared test for multiple groups

(p = 0.23) reveals no significant difference in the response distributions.

loss of different strengths in a diurnal species, the Mongolian
gerbil, and, second, if tinnitus development induced by such
noise trauma differs depending on trauma induction time. We
could show only minor effects in the single variables, but
in the combination, we found clear correlations between HL
and behavioral correlates of tinnitus at different time points.
When analyzing the variables independently, we found that,
especially around the trauma frequency, the stronger affected
ear showed a significant dependency of the HL on the time
of the trauma with the amount of HL peaking around 5
PM – corresponding to the end of the activity cycle in these
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FIGURE 5 | Linear regression analyses of hearing loss and effect size. (A) Multiple linear regressions for effect size and mean binaural hearing loss for each trauma

time group (panels from left to right). Linear regression formula, r²-value, and p-value are given for each case. Black regression lines and p-values indicate no

significant regression, green indicated a tendency, and red indicates a significant regression. (B) Multiple linear regressions for effect size and less affected ear hearing

loss. (C) Multiple linear regressions for effect size and stronger affected ear hearing loss.

animals. The rate of observed tinnitus frequencies also tended
to be highest around this time of the day (i.e., 5 PM) even
though we were not able to see any significant differences
in the effect sizes. When correlating the individual tinnitus-
related behavioral changes with the individual changes in the
hearing thresholds, we could show a clear correlation between
tinnitus strength and hearing loss. This correlation was not
seen for all trauma induction times but was peaked at 5 PM,
i.e., the time of minimal activity of the animals (cf. below).
Surprisingly, this correlation seems to be present not only

in the less affected ears but also in mean binaural hearing
loss values.

Before going into a detailed discussion, we would like to state
that the study has several limitations. First of all, we did not
use sham trauma groups for control, as this would need a sham
group for each time point. Therefore, we only compared the
effects of the trauma at different time points. Second, no histology
was performed to investigate the effects of the trauma on the
cochleae, as this was not the focus of this study. Nevertheless,
we could already observe that tinnitus is most probably based
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FIGURE 6 | Scheme of activity profiles and blood cortisol concentration in mice and Mongolian gerbils. The yellow boxes mark the times of trauma with the start times

given inside. The observed HL effects are given above the trauma boxes, and the observed correlation between behavioral changes and HL is given below the

respective trauma symbol. Data for this scheme are derived from (Roper, 1976; Saito et al., 1989; Valentinuzzi et al., 1997; Meltser et al., 2014; Hu et al., 2020) and

this study.
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on a synaptopathy of the ribbon synapses of the inner hair cells
of the cochlea (Tziridis et al., 2021) and have no doubt that we
would find similar results also in these animals. Third, we always
used mild traumata to induce a maximum amount of tinnitus
frequencies in our studies [e.g., (Ahlf et al., 2012; Tziridis et al.,
2014, 2015; Krauss et al., 2016b)]. As it has been speculated for
other rodents, that mild (or too strong) traumata might be not
optimal for circadian studies, as the effects might be too small
to be detected or might be dampened by “noise” (Fontana et al.,
2019; Sheppard et al., 2019). We agree with this view on the level
of single variables, but as we could see in this study, by combining
the relevant variables, a strong effect can be shown even in mild
acoustic trauma data. Finally, the circadian behavior of gerbils is
clearly different from other rodents (cf. below and Figure 6). For
example, the foraging behavior of animals is usually spread over
the activity period, i.e., for mice, this is the night butthis is the
whole day for gerbils. Eating has a clear impact on clock rhythms
in several organs (Gachon et al., 2004; Mohawk et al., 2012) and
might therefore be one of the uncontrolled factors that affect the
outcome of our but also other studies.

In nocturnal mice, the most prominent effect on HT after
noise trauma was found when broadband noise trauma was
applied during their active phase (Meltser et al., 2014), but during
their resting period during the day, the animals showed hardly
any impairment in hearing after 2 weeks of recovery [for other
acoustic trauma-related circadian effects and overview cf. also
(Kiefer et al., 2022)]. In this study with Mongolian gerbils, we
found the most prominent effects after 1 week after a 2 kHz
pure tone trauma around the end of their activity cycle, i.e.,
near the end of the light phase. For an easier comparison of the
two animal models, we present a synopsis of the activity profiles
and corresponding blood cortisol levels at the respective trauma
times in Figure 6. The circadian rhythm within the cochlea
is, among others, controlled via the suprachiasmatic nucleus
and glucocorticoids (Lightman and Conway-Campbell, 2010).
The rough scheme presented here is based on data from five
different studies in the literature (Roper, 1976; Saito et al., 1989;
Valentinuzzi et al., 1997; Meltser et al., 2014; Hu et al., 2020).
The peak activity of mice starts with the beginning of the dark
cycle and lasts roughly 7 to 8 h (Siepka and Takahashi, 2005),
whereas in male gerbils, an activity cycle with two peaks has been
described (Roper, 1976). One activity phase started roughly 1 h
before the beginning of the light phase (in our case around 5
AM), peaking around 5 h into the light phase (here: 11 AM) and
having a trough at the beginning of the dark cycle (here: 6 PM).
After that, the activity peaked again 4 h into darkness (here: 10
PM) and then went back to the second trough 1 h before the light
cycle starts again. In our approach, we applied the trauma either
2 h before (9 AM) or 2 h after (1 PM) the daytime peak activity
as well as near the activity trough at the end of the light cycle
(5 PM) and mid-night activity at 12 PM. In contrast to mice, the
strongest trauma effects were found around the activity trough
at 5 PM (Table 1) with the stronger affected ear showing a very
broad HL and explicitly loosing at 2 kHz around 27 dB. Also, the
averaged hearing impairment of both ears still reached 14 dB at 5
PM, whereas the values of the 9 AM trauma showed an extremely
focused hearing impairment, only affecting the 4 kHz frequency

range (mean binaural HL (9 AM) one-factorial ANOVA: F(3,28)
= 3.21, p = 0.038, Tukey’s post hoc 2 kHz vs. 4 KHz: p = 0.037).
In other words, we saw different HL patterns when applying
an acoustic trauma at different times of the day. These patterns
are more complex than those in mice, where trauma during the
peak activity leads to strong hearing impairment. This higher
complexity in the gerbil compared to mice may be because
the activity cycle in gerbils with its two activity peaks is more
complex than the cycle in mice that shows only one activity peak.
In general, the different trauma effects in gerbils could be due
to several different reasons as the circadian rhythms affect the
different organ systems differently. One probable candidate for
mediating the described effect is cortisol (Figure 6). In mice, the
peak cortisol levels in the blood are found at the beginning of the
dark cycle (Gong et al., 2015) corresponding to the strong effect
the trauma has on the animals during that time. In gerbils, the
cortisol levels were at a minimum at the beginning of the light
cycle and then were roughly stable over the day (Liu et al., 2019)
well into the dark phase. When looking at the described activity
patterns and the blood cortisol levels of mice and gerbils at the
different trauma times, a pattern emerges.We found a frequency-
specific effect of the trauma on the hearing thresholds of the
two animal species at times when activity is high and cortisol
levels are dropping. We found no significant general HL (even
though we see tendencies for this in Mongolian gerbils) when the
activity is low or at least dropping (this could be a possible reason
for described tendencies in gerbils) and blood cortisol levels are
rising. Finally, in gerbils, we found a general, not frequency-
specific, HL when activity is low and blood cortisol levels are high
(not tested in mice).

The second question we asked is whether the different
trauma times also lead to the differences in tinnitus development
following the trauma. It is well accepted that, in humans, tinnitus
can be a consequence of hearing loss [e.g., (Heller, 2003; Pan
et al., 2009; Boussaty et al., 2021; Tziridis et al., 2021)] and that
tinnitus severity and hearing loss intensity in patients with noise-
induced hearing loss correlate (Searchfield et al., 2007; Mazurek
et al., 2010), but it is unknown whether different trauma times
also play a role in its development. Our approach here was
the analysis of the effect size of the PPI change post- vs. pre-
trauma (Schilling et al., 2017). It enabled us not only to detect
a possible tinnitus percept at a given frequency range (± ½
octave around a center frequency) but also calculate a relative
tinnitus strength, with the more negative values representing a
louder percept (Krauss and Tziridis, 2021; Lanaia et al., 2021).
Positive values are most likely the result of cortical processing
and learning (Moreno-Paublete et al., 2017) that counteract any
negative value of the effect size. In other words, we most probably
underestimate the average number of tinnitus percepts, which
may also explain the strong positive offsets of the calculated linear
regressions shown in Figure 5 and Supplementary Figure S2C.
Independent of this possible offset, the method has the advantage
of being very fast as it does not require any learning but is hard
to cross-validate and is therefore debatable (Eggermont, 2013).
Nevertheless, in the effect size data (Figure 3), we found no
strong differences in the PPI response changes to the different
frequencies relative to the different times of the pure tone trauma
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applied. The tendency found for such a difference was in the effect
size data for the trauma at 12 PM. When looking into the details
of the analysis, it became clear that this possible difference was a
more positive value at 2 kHz, indicating even less tinnitus/more
cortical learning under that specific condition. In addition, the
counts of the significant tinnitus frequencies (Figure 4) did
not show any significant differences between the tinnitus/non-
tinnitus frequency ratios. Therefore, in the tinnitus strength or
numbers, we could not find any trauma time dependency.

This changed when correlating both variables with each other
based on our hypothesis of SR-dependent tinnitus development.
This hypothesis assumes that the information flow from the
auditory periphery to the central nervous system is constantly
optimized by the well-described neurobiological mechanism of
SR (Shannon, 1948; Gammaitoni et al., 1998) (cf. Introduction).
The data presented here provide an additional aspect of the
correlation of both variables (Figure 5) as it became clear that the
correlation between tinnitus loudness and hearing loss is most
prominent when the trauma is applied at the end of the light
cycle (i.e., end of activity phase) at 5 PM and the behavior is
correlated with the less affected ear. This could indicate that the
perceived tinnitus may be monaural at least in the majority of the
investigated animals and/or only smaller hearing losses can be
rescued by the proposed mechanism as suggested by our study
and others (Zeng et al., 2000; Schilling et al., 2020). The fact
that the correlation between HL and tinnitus-related behavior
was dependent on the trauma induction time indicates that
HL is not the only factor that determines tinnitus development
but that the tinnitus developing mechanism itself is influenced
by the time of trauma induction. In other words, tinnitus
development has a circadian component irrespective of noise
trauma severity.

CONCLUSIONS

We observed that the time of acoustic trauma plays a significant
role not only in the amount of hearing loss it inflicts but also in
the strength of a subsequent development of a tinnitus percept.

Diurnal as well as nocturnal animals seem to show a similar
pattern as the vulnerability for a frequency-dependent hearing
loss seems to be highest around their peak activity phase, while
at lower activities, there is either no significant impairment or a
more generalized effect on all frequencies. The development of
tinnitus follows this pattern, in line with the hypothesis that the
impairment is the source of the development of the percept. For
future investigations – also in humans – it might be crucial to take
these circadian effects into account.
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