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Abstract
There is a decrease of PV+ neurons in the primary auditory cortex of noise-exposed C57BL/6
mice. However, the mechanism behind this decrease was not clear. Therefore, the primary
purpose of this study was to assess the possible cell death mechanisms involved in PV+
reduction. To help us identify potential cell death mechanisms to further look into, we first
compared PV+ neuron reduction in noise-exposed C57BL/6 mice to noise-exposed FVB
mice. C57BL/6 and FVB strains have different immune response profiles. Therefore,
differences in PV+ neuron reduction in the primary auditory cortex of these two mouse
strains can imply that pro-inflammatory cytokines might have a role in PV+ neuron density
reduction. We observed different gap detection patterns and differences in PV+ neuron loss in
the primary auditory cortex between noise-exposed C57BL/6 and FVB mice. Noise-exposed
C57BL/6 mice displayed impairments in gap detection and reduction in PV+ neuron density
in the primary auditory cortex. However, noise-exposed FVB mice did not show impairments
in gap detection, and there was no change in their PV+ neuron density. Based on this finding,
as well as previous studies linking tinnitus to pro-inflammatory cytokines, we examined PV+
neurons of noise-exposed C57BL/6 mice for signs of apoptosis and necroptosis. Both of these
cell death mechanisms can be triggered by pro-inflammatory cytokines. TUNEL staining was
used to identify apoptosis. Immunohistochemistry staining with the RIP3 primary antibody
was used as a marker for necroptosis. We did not observe apoptosis in PV+ neurons in the
primary auditory cortex of noise-exposed mice. Necroptosis was observed in PV+ neurons in
the primary auditory cortex of noise-exposed mice (p < 0.05). Therefore, necroptosis might
play a role in the observed PV+ loss in the primary auditory cortex of noise-exposed mice.
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Introduction
Hearing loss is a common type of sensory defect in humans. The prevalent types of hearing
loss include ototoxic drug-induced hearing loss (ODIHL), age-related hearing loss (ARHL),
and noise-induced hearing loss (NIHL) (Wu et al., 2020). NIHL is a chronic hearing loss due
to exposure to intense noise (Henderson, Testa and Hartnick, 2011; Jeschke et al., 2021). One
common symptom of NIHL is tinnitus, which can be identified by impairment in gap
detection (Fitzgibbons and Wightman, 1982; Alberti, 1992; Turner et al., 2006; Fournier and
Hébert, 2013). Tinnitus is a phantom sound heard when there is no noise stimuli present
(Alberti, 1992). Tinnitus is a chronic condition, and the exact pathophysiology of tinnitus is
not clear. Early treatment with auditory nerve transections did not permanently reduce
tinnitus, indicating that central auditory pathways might play a role in causing tinnitus (House
and Brackmann, 1981; Brozoski et al., 2012; Zhang, 2013).
Impairment in gap detection has been shown to enhance excitatory synapses, weaken
inhibitory synapses, and cause an increase in neuronal membrane excitability (Abbott et al.,
1999; Milbrandt et al., 2000; Kotak et al., 2005; Turner et al., 2006; Yang et al., 2011;
Browne, Morley and Parsons, 2012; Yang, Su and Bao, 2012; Llano, Turner and Caspary,
2012; Li, Choi and Tzounopoulos, 2013; Li, Kalappa and Tzounopoulos, 2015; Sturm et al.,
2017). Also, reduced expression of glutamate decarboxylase was observed in the central
auditory pathway of animal models that displayed impairment in gap detection (Miyakawa et
al., 2019). PV+ neurons, which are GABA-ergic inhibitory cortical interneurons, have also
been linked to tinnitus, and they are shown to be decreased in the primary auditory cortex of
C57BL/6 mice with NIHL (Beaulieu, 1993; Rudy et al., 2011; Weible et al., 2014; Keller,
Kaylegian and Wehr, 2018; Deng, Wang and Bao, 2020). These findings support previous
studies that link imbalances between excitatory and inhibitory neural inputs to multiple
neurological disorders, including tinnitus, schizophrenia, epilepsy, and autism spectrum
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disorder (Marín, 2012). The purpose of this study is to identify the mechanism behind the
observed decrease in PV+ neurons in noise-exposed C57BL/6 mice.
Hearing loss leads to inflammation of the central auditory pathway and an increase in the
expression of several pro-inflammatory cytokines (Fuentes-Santamaría et al., 2014, 2017;
Baizer et al., 2015; Wang et al., 2019). TNF-α is one of these pro-inflammatory cytokines
that have an integral role in regulating the brain's inflammatory response. NIHL mouse
models show an increase in the expression of TNF-α and other pro-inflammatory cytokines.
These mice models also display activation of microglia (Wang et al., 2019; Deng, Wang and
Bao, 2020). However, blocking the expression of TNF-α in NIHL mice prevented synaptic
imbalance. These NIHL mice also did not show impairments in gap detection (Wang et al.,
2019). Polymorphisms of TNF-α in humans have been associated with noise-induced tinnitus
(Marchiori et al., 2019). Several non-auditory risk factors for tinnitus have been shown to
cause neuroinflammation (Deng, Wang and Bao, 2020). It has been suggested that
inflammatory cytokines might play a role in regulating synaptic and membrane properties
(Bellinger, Madamba and Siggins, 1993; Stellwagen et al., 2005; Stellwagen and Malenka,
2006; Di Filippo et al., 2008; Steinmetz and Turrigiano, 2010). To examine whether the
observed decrease in PV+ neurons in the primary auditory cortex of noise-exposed C57BL/6
mice is related to TNF-α, we compare the PV+ neuron cell density of noise-exposed
C57BL/6 mice and FVB mice to each other. These two mice strains have different immune
response profiles (Whitehead et al., 2003). Also, previous studies show that, unlike C57BL/6
mice, noise-exposed FVB mice do not show impairment in gap detection (Miyakawa et al.,
2019).
Apoptosis is a type of programmed cell death in eukaryotes. Apoptosis usually occurs in cells
that are not being used or have become a danger to the organism. In healthy and normal cells,
there is a balance between apoptosis-inducing and apoptosis-inhibiting factors. However, the
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following can disturb this balance and trigger apoptosis: 1) having DNA damage that is
beyond repair; 2) receiving stress signals from the environment; 3) accumulation of
misfolded or unfolded proteins in the cell (Wu et al., 2020). An example of environmental
stressors that can trigger apoptosis is inflammation, and TNF-α is a pro-inflammatory factor
that can act as a signal to initiate apoptosis (Rath and Aggarwal, 1999; Wu et al., 2020).
Therefore, it is likely that apoptosis might be a potential mechanism for the PV+ neuron loss
resulting from NIHL and tinnitus. Some of the morphological characteristics of apoptosis
include nucleases creating nicks in the DNA, chromatin condensation, cell membrane
blebbing, cell shrinkage, and formation of apoptotic bodies (Wu et al., 2020). The nicks
created in the DNA are utilized to identify apoptotic cells via Tunel staining (Roche, 2012).
Another type of programmed cell death in eukaryotes is necroptosis (Wu et al., 2020).
Necroptosis can also be triggered by TNF-α (Akara-amornthum et al., 2020). Therefore,
necroptosis could also be a potential mechanism for PV+ neuron reduction. Some of the
morphological characteristics of necroptosis include increased cell volume, swollen
organelles, and losing intracellular content due to the rupture of the plasma membrane.
Receptor-interacting proteins (RIPs) 1 and 3 are integral parts of necroptosis (Wu et al.,
2020). Therefore, RIP3 antibodies are used to identify necroptotic cells.
In this study, we will first examine if the immune response of C57BL/6 and FVB mice has
different effects on PV+ neuron cell loss in the primary auditory cortex of mice with NIHL
that display an impairment in gap detection. Second, we will examine these PV+ neurons for
signs of apoptosis and necroptosis.
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Methods
Mouse Model

Young adult (between 8 and 12 weeks old) C57BL/6 J and FVB.129P2-Pde6b + Tyrcch/AntJ mice strain from Jack laboratories were used. By this age, the formation of the
central auditory pathway has been completed (Coordes et al., 2012). C57BL/6 and FVB
strains have different immune response profiles. The C57BL/6 strain promotes the secretion
of mostly pro-inflammatory cytokines; however, the FVB strain promotes primarily antiinflammatory cytokines (Whitehead et al., 2003; Arumugam, Granger and Mattson, 2005).
All animals were kept on a 12-hour light/dark cycle. The animals had access to food and
water ad libitum. All methods and animal care guidelines were approved by the University of
Arizona Institutional Animal Care and Use Committee (IACUC). All procedures were
performed according to NIH guidelines and Public Health Services regulations for the
Humane Care and Use of laboratory animals.
Noise Exposure

It has been shown that noise exposure produces similar levels of hearing loss in the exposed
ear in C57BL/6 and FVB mice (Miyakawa et al., 2019). The mice were anesthetized by IP
injection of 100mg/kg of ketamine and 10 mg/kg of xylazine and maintained at 36.5 °C with
a homeothermic heating pad. Monaural NIHL was induced by playing a continuous 8 kHz
tone at 112 dB SPL by a custom-made piezoelectric earphone speaker to the left ear for two
hours, while the right ear was protected with sound-attenuating clay. The speaker cone was
not pressed against tissue and was pointing directly into the inner ear. The speaker was sealed
in place with adhesive tape. The sound level was measured via a Bruel and Kjaer 4135
condenser microphone. Sedation was maintained during the procedure by infusing isoflurane
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gas in the chamber. After noise exposure, mice were allowed to regain consciousness
naturally and in isolation from other mice.
Gap Detection

Gap detection is generally measured via gap prepulse-induced inhibition of the startle
response. Gap detection is used as a verifying test to show that the animal exhibits tinnitus.
This method consisted of two types of trials: cue trials and non-cue trials. These two trials are
compared to each other to assess the presence of tinnitus. A pure tone is played with either a
silent gap, which acts as a "cue" or without a cue, followed by a brief high decibel sound. In
cued trials, the animal will startle less because it will recognize the cue as a sign of the
impending loud noise. Therefore, it will be prepared. However, in non-cue trials, the animal
will have no warning of the upcoming high decibel sound; hence, it will be more startled than
the cue trials. In animals with tinnitus, the startle response of the cue and non-cue trials are
not significantly different from each other. In this case, the animal fails to detect the silent
gap due to phantom noises caused by tinnitus. For this procedure, mice were put in plastic
containers with mesh lids. The container was placed on a piezoelectric sensor in a soundattenuation chamber. Sounds were played through an open field speaker (FOSTEX FT17H)
fixed above the container.
Each trial started with a pure tone (frequency pseudorandomly selected from 5, 7, 10, 14, 20,
28, and 40 kHz, all at 75 dB SPL). The pure tone played for a duration of 10–20 s. In non-cue
trials, the pure tone was followed by a startle stimulus—a 50 ms white noise burst at 102 dB
SPL. In cued trials, a 50-ms silent gap was introduced in the background pure tone, starting
100 ms before the onset of the loud noise burst. For each session, the animal underwent a
total of 500 trials (50% cued and 50% uncued). After each session, the startle response ratio,
the average startle amplitude in the cue trials divided by the average amplitude in the non-cue
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trials, was calculated. A lower startle response ratio shows a better detection of the cue. A
startle response ratio of 1 shows that the animal did not detect the silent gap, which indicates
tinnitus. All mice started with three days of gap detection test to stabilize their performance.
Their third-day performance was used as the standard for their gap detection behavior. On the
fourth day, all animals were exposed to noise as described above. Two days and ten days
after noise exposure, gap detection was tested again, and the performances were compared
with the standard performance. FVB mice underwent an additional test 15 days post-noise
exposure.
Retrieval of Brain Tissue

Mice were perfused with 1X PBS, 4% PFA in tandem, 1, 3, and 5 days post-noise-exposure.
The whole-body perfusion was performed by attaching a butterfly needle to a peristaltic
pump and inserting the needle into the left ventricle while cutting the right atrium, which
allows the perfusing liquid to go through the circulation and perfuse the animal. After
perfusion, the brain was excised and kept in 4% PFA for 24 hours. After 24 hours, the brain
was washed five times via 1X PBS and kept in 15% sucrose solution until it sank to the
bottom of the vial it was placed in. Next, the brain was placed in a 30% sucrose solution,
which helped fix the tissue for cryoprotection. The brain will be kept in this solution until
cryosectioning.
Cryosectioning

The olfactory bulb, frontal cortex, cerebellum, and spinal cord were trimmed to optimize
sectioning. Visual markers on the surface of the brain were used to locate the primary
auditory cortex. Subsequently, the brains were in a tissue freezing medium (OCT) and frozen
in liquid nitrogen. The embedded samples were kept in a -80 °C freezer for at least 24 hours

11

before cryosectioning. Before cryosectioning, the samples were removed from the freezer and
allowed to adapt to the cryostat chamber for less than one hour. The block temperature was
between -22 °C and -24 °C, and the temperature was -22 °C. Sections were 16 µm thick.
Immunohistochemistry, Brain Imaging, and Neuron Counting

Immunohistochemistry staining was performed for PV+ neurons using a parvalbumin
primary antibody from Abcam and an Alexa Fluor 568 secondary antibody from
Thermofisher. The dilution of the primary antibody was 1:100. The dilution of the secondary
antibody was 1:1000. RIP3 primary antibody from Abcam and an Alexa Fluor 488 secondary
antibody from Thermofisher were used to detect necroptosis. The dilution of the primary
antibody was 1:20. The dilution of the secondary antibody was 1:1000. SOM primary
antibody from Abcam and an Alexa Fluor 488 secondary antibody from Thermofisher were
used to detect SOM+ neurons (SOM and RIP3 staining were not performed on the same
slides). The dilution of the primary antibody was 1:50. The dilution of the secondary antibody
was 1:1000. Blocking buffer was used as the solvent for the antibodies. The sections were
blocked with this blocking buffer before antibody staining. For antibody staining, the sections
were incubated with the antibodies in a dark humidity chamber. DAPI staining was
performed as a nuclear counterstain. The purpose of DAPI staining was to identify cells and
locate the nucleus.
For counting PV+ neurons and SOM+ neurons, the area of the primary auditory cortex was
calculated, and the number of PV+ neurons and SOM+ neurons was manually counted in the
ImageJ application. PV+ neuron density and SOM+ neuron density were calculated as
numbers of cells per mm2 of the primary auditory cortex area. The density of these neurons
was compared between control and noise-exposed groups of animals for both strains of mice.
Sections were imaged via a Zeiss Axiozoom V16 fluorescent microscope with Apotome 2.
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The left hemisphere of each section was imaged with 100X magnification. The primary
auditory cortex was mapped using the Paxinos Mouse Brain Atlas. The images were taken
from multiple locations in the primary auditory cortex. At least four slices from each animal
were imaged.
TUNEL Staining

TUNEL staining is used to detect apoptosis (Wu et al., 2020). During apoptosis, nicks are
created in the DNA. This characteristic can be used to identify apoptotic cells by labeling the
free 3'-OH termini of these nicks with modified nucleotides via an enzymatic reaction. This
enzyme is Terminal deoxynucleotidyl Transferase (TdT). The nucleotides have fluorescin
labels incorporated into them (Roche, 2012).
Slides with the brain slices from control, one-day post-perfusion, and three days postperfusion groups of noise-exposed mice were used as samples.
The In Situ Cell Death Detection Kit, fluorescin by Roche (Cat. No. 11 684 795 910), was
used.
To prepare 100 µL of the positive control DNase I solution, with a concentration of 100
U/mL), 10 µL DNase I (1 U/µL) is mixed with 10 µL 10X MgCl2 buffer. MiliQ water is
added so the solution would reach a total of 100 µL.
The TUNEL mix is prepared by 1 to 10 diluting vial 1 solution (enzyme solution) with vial 2
solution (label solution). The TUNEL mix for negative control samples will consist of only
the vial 2 solution.
First, all slides were washed with 1X PBS. Then they were incubated with permeabilization
solution for 10 minutes at room temperature in a dark humidity chamber. After incubation,
slides were rewashed with 1X PBS, and then the positive control slides were incubated with
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the DNase I working solution; negative control and sample slides were incubated with 1X
PBS at 37 °C for 30 minutes in a dark humidity chamber. Slides are rewashed with 1X PBS.
Slides were incubated with the TUNEL mix for 1 hour at 37°C in a dark, humidified
chamber. These slides were also stained with DAPI. They were assessed with the fluorescent
microscope as described above. The magnification used for identifying TUNEL signals was
400X.
Statistics and Analysis

Data were analyzed via SPSS v.15 and GraphPad Prism v. 9.1.0. An unpaired Student's t-test
was used to measure the significance of the difference between two groups. For comparisons
between multiple groups, the significance of difference was tested by one-way ANOVA
followed by post hoc analysis. p < 0.05 was considered to be significant.
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Results
Gap Detection

Gap detection was examined pre and post-noise-exposure for both strains of mice. Gap
detection was assessed for C57BL/6 mice in three different phases: daily for 3 days prior to
noise-exposure, 2 days post-noise-exposure, and 10 days post-noise-exposure. For C57BL/6
mice, there was a significant difference between startle response pre- and post-noise-exposure
(1 day before vs. 2 days after, p = 0.002; 1 day before vs. 10 days after, p < 0.001; 2 days
after vs. 10 days after, p = 0.031; 3 days before vs. 2 days after, p = 0.973; 3 days before vs.
10 days after p = 0.350). Therefore, noise-exposure had impaired gap detection in C57BL/6
mice. There was no significant differences in gap detection sessions for FVB mice frequency
by-session repeated measures ANOVA, effect of sessions, (F4,24 = 2.361, p = 0.082;
frequency-by-session interaction F24,144 = 0.754, p = 0.787) (Figure 1).
PV+ Neuron and SOM+ Neuron Density

The number of PV+ neurons was significantly reduced in the primary auditory cortex of the
right hemisphere in C57BL/6 mice (33.3% reduction in PV+ neurons; p = 0.007). This
neuron loss was not observed in FVB mice (p = 0.678). The number of SOM+ neurons had
not changed in either C57BL/6 or FVB mice (C57BL/6, p = 0.674; FVB, p = 0.415) (Figure
2).

TUNEL staining

The positive controls for TUNEL staining showed fluorescent signals, and the negative
controls did not emit any fluorescent signals. The primary auditory cortex of noise-exposed
C57BL/6 mice did not show any TUNEL signals co-located with the PV+ neurons.
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Therefore, it appears apoptosis is not responsible for cell death in PV+ neurons in the primary
auditory cortex of noise-exposed C57BL/6 mice (Figure 3).
Necroptosis

RIP3 staining was performed in control, one-day post-noise-exposure, and three days postnoise-exposure C57BL/6 mice samples to detect necroptosis. RIP3 signals were not colocated with PV+ neurons in either control or three days post-noise-exposure C57BL/6 mice.
However, a significant number of RIP3 signals, which were co-localized with PV+ neurons,
were observed in one-day post-noise-exposure C57BL/6 mice (p < 0.0001). This finding
indicates that necroptosis occurs in PV+ neurons. However, this signal was observed in only
18.77% of the PV+ neurons in the primary auditory cortex of the right hemisphere.
Therefore, necroptosis alone cannot explain the 33.3% decrease observed in PV+ neurons
(Figure 4).
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Discussion
This study showed that noise exposure caused PV+ neuron cell loss in C57BL/6 mice but not
in FVB mice. We examined whether the mentioned cell loss was due to cell death or the
inactivation of PV+ neurons. We assessed two possible cell death mechanisms: apoptosis and
necroptosis.
Previous studies had shown differences in NIH-related impairment in gap detection between
C57BL/6 and FVB mice (Miyakawa et al., 2019). Their different immune response profiles
can explain this observation. C57BL/6 mice are Type1 T helper cell-dominant (Th1dominant), promoting the secretion of pro-inflammatory cytokines (Tacchini-Cottier et al.,
2000; Whitehead et al., 2003; Arumugam, Granger and Mattson, 2005; Browne, Morley and
Parsons, 2012; Perez et al., 2013). FVB mice are Th2-dominant, which promotes antiinflammatory cytokines (Whitehead et al., 2003; Arumugam, Granger and Mattson, 2005).
Impairment in gap detection has been linked to the presence of increased pro-inflammatory
cytokines, including TNF-α (Wang et al., 2019). Impairment in gap detection can be a sign of
tinnitus (Turner et al., 2006; Fournier and Hébert, 2013; Mehdizade Gilani et al., 2013;
Weible et al., 2014). Tinnitus can be one of the symptoms of NIH. Also, in humans,
polymorphisms of TNF-α can affect an individual's susceptibility to tinnitus (Marchiori et al.,
2019).
Impairments in gap detection can be related to a decrease in the function of inhibitory
neurons. Previous studies have shown a correlation between weakened inhibitory synapses
and reduced GAD65 expression (Llano, Turner and Caspary, 2012; Sturm et al., 2017;
Miyakawa et al., 2019; Wang et al., 2019). In this study, we found that noise exposure
reduces PV+ neurons in the right primary auditory cortex of C57BL/6 mice. The density of
PV+ neurons had not changed in the right primary auditory cortex of FVB mice. The noise
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had only been exposed to the mouse's left ear; therefore, we would expect to see changes in
the brain's right hemisphere, which is consistent with our findings.
It has been shown that diffusible TNF-α can lead to loss of PV+ neurons of the primary
auditory cortex of noise-exposed C57BL/6 mice (Deng, Wang and Bao, 2020). The
mechanism of PV+ neuron loss was not clear. Considering the correlation between TNF-α
and gap detection impairment, we examined PV+ neurons in the right hemisphere of the
primary auditory cortex of noise-exposed C57BL/6 mice for the presence of apoptosis and
necroptosis. The reasoning behind this is that TNF-α can trigger the onset of both of these
programmed cell death mechanisms (Rath and Aggarwal, 1999; Akara-amornthum et al.,
2020; Wu et al., 2020). We first examined apoptosis because apoptosis is the most common
programmed cell death mechanism; therefore, there was a higher probability that apoptosis
was the cell death mechanism responsible for the observed loss of PV+ neurons. However,
our data suggest apoptosis does not play a role in PV+ neuron cell loss.
Next, we examined necroptosis. We observed that necroptosis occurs in a small number of
PV+ neurons in the primary auditory cortex of the right hemisphere of noise-exposed
C57BL/6 mice, one day after noise-exposure. Although necroptosis only occurred in a small
percentage of PV+ neurons (18.77%), it is statistically significant. Therefore, this data
suggests that necroptosis might have a role in the observed decrease in PV+ neurons.
However, it cannot be the sole mechanism responsible for PV+ neuron reduction in the
primary auditory cortex of noise-exposed C57BL/6 mice because we observed a 33.3%
reduction in PV+ neurons, while necroptosis occurs in only 18.77% of PV+ neurons in the
primary auditory cortex. Unpublished data from Dr. Bao's lab suggests that noise-induced
loss of PV+ neurons can be partially reversed. This observation implies PV+ neurons might
have become dysfunctional rather than being eliminated through cell death. A promising
mechanism to do further research on is autophagy. Autophagy mostly leads to an inactivation
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of the cell. This inactivation acts as a survival mechanism for cells under stress. However, in
some cases, autophagy can also lead to cell death (Denton and Kumar, 2019; Wu et al.,
2020). If future studies imply that the remaining unexplained PV+ neuron loss is due to the
inactivation of PV+ neurons and not the death of these cells, revival of the inactivated PV+
neurons can be used as a possible treatment.

19

ANNEX

Figure 1. Differences in noise-induced impairment in gap detection between the two strains. (A)
Noise exposure caused impaired gap detection in C57BL/6 mice in a broad frequency range 2 and 10
days post noise exposure. The same noise exposure did not significantly change gap detection abilities
in FVB mice 2, 10 and 15 days post noise exposure. (B) Noise exposure caused a significant reduction
in startle response amplitude in C57BL/6 but not FVB mice.
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Figure 2. Strain differences in noise-induced PV+ neuron loss. (A) Example images of PV+ neurons
in the primary auditory cortex of the right hemisphere, which is delimited with white dashed lines. (B)
The density of PV+ neurons was significantly reduced in the right primary auditory cortex of
C57BL/6 but not FVB mice 5 days post noise exposure (C) The density of SOM+ neurons was not
significantly altered in the primary auditory cortex of C57BL/6 or FVB mice 5 days post noise
exposure.
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Figure 3. TUNEL stainings. TUNEL signals indicate apoptosis. In order to conclude apoptosis occurs
in PV+ neurons, the TUNEL signals should be co-located with PV+ stains. DAPI was used to identify
the location of cells and nucleaus. Positive and negative controls were used to ensure the kit is
working correctly. None of the TUNEL signals were co-located with PV+ neurons. (NE-day 1: one
day after noise exposure samples; NE-day 3: three days after noise exposure samples).
22

***

Figure 4. Necroptosis image and graph. RIP3 was not co-located with PV+ in the control or day 3
post-NE groups. RIP3 was co-located with PV+ in the day 1 post-NE group.

23

References:
Abbott, S. D. et al. (1999) ‘Detection of glutamate decarboxylase isoforms in rat inferior
colliculus following acoustic exposure’, Neuroscience, 93(4), pp. 1375–1381. doi:
https://doi.org/10.1016/S0306-4522(99)00300-0.
Akara-amornthum, P. et al. (2020) ‘Key necroptotic proteins are required for Smac mimeticmediated sensitization of cholangiocarcinoma cells to TNF-α and chemotherapeutic
gemcitabine-induced necroptosis’, PLOS ONE. Public Library of Science, 15(1), p.
e0227454. Available at: https://doi.org/10.1371/journal.pone.0227454.
Alberti, P. . (1992) ‘noise-induced-hearing-loss’, British Medical Journal, 304, p. 522.
Arumugam, T. V, Granger, D. N. and Mattson, M. P. (2005) ‘Stroke and T-cells’,
NeuroMolecular Medicine, 7(3), pp. 229–242. doi: 10.1385/NMM:7:3:229.
Baizer, J. S. et al. (2015) ‘Effects of acoustic trauma on the auditory system of the rat: The
role of microglia’, Neuroscience, 303, pp. 299–311. doi:
https://doi.org/10.1016/j.neuroscience.2015.07.004.
Beaulieu, C. (1993) ‘Numerical data on neocortical neurons in adult rat, with special
reference to the GABA population.’, Brain research. Netherlands, 609(1–2), pp. 284–292.
doi: 10.1016/0006-8993(93)90884-p.
Bellinger, F. P., Madamba, S. and Siggins, G. R. (1993) ‘Interleukin 1 beta inhibits synaptic
strength and long-term potentiation in the rat CA1 hippocampus.’, Brain research.
Netherlands, 628(1–2), pp. 227–234. doi: 10.1016/0006-8993(93)90959-q.
Browne, C. J., Morley, J. W. and Parsons, C. H. (2012) ‘Tracking the Expression of
Excitatory and Inhibitory Neurotransmission-Related Proteins and Neuroplasticity Markers
after Noise Induced Hearing Loss’, PLOS ONE. Public Library of Science, 7(3), p. e33272.
24

Available at: https://doi.org/10.1371/journal.pone.0033272.
Brozoski, T. J. et al. (2012) ‘Bilateral dorsal cochlear nucleus lesions prevent acoustic-trauma
induced tinnitus in an animal model.’, Journal of the Association for Research in
Otolaryngology : JARO, 13(1), pp. 55–66. doi: 10.1007/s10162-011-0290-3.
Coordes, A. et al. (2012) ‘Apoptotic cascades in the central auditory pathway after noise
exposure.’, Journal of neurotrauma. United States, 29(6), pp. 1249–1254. doi:
10.1089/neu.2011.1769.
Deng, D., Wang, W. and Bao, S. (2020) ‘Diffusible Tumor Necrosis Factor-Alpha (TNF-α)
Promotes Noise-Induced Parvalbumin-Positive (PV+) Neuron Loss and Auditory Processing
Impairments ’, Frontiers in Neuroscience , p. 1065. Available at:
https://www.frontiersin.org/article/10.3389/fnins.2020.573047.
Denton, D. and Kumar, S. (2019) ‘Autophagy-dependent cell death’, Cell Death &
Differentiation, 26(4), pp. 605–616. doi: 10.1038/s41418-018-0252-y.
Di Filippo, M. et al. (2008) ‘Neuroinflammation and synaptic plasticity: theoretical basis for
a novel, immune-centred, therapeutic approach to neurological disorders’, Trends in
Pharmacological Sciences. Elsevier, 29(8), pp. 402–412. doi: 10.1016/j.tips.2008.06.005.
Fitzgibbons, P. J. and Wightman, F. L. (1982) ‘Gap detection in normal and hearing‐impaired
listeners’, The Journal of the Acoustical Society of America. Acoustical Society of America,
72(3), pp. 761–765. doi: 10.1121/1.388256.
Fournier, P. and Hébert, S. (2013) ‘Gap detection deficits in humans with tinnitus as assessed
with the acoustic startle paradigm: Does tinnitus fill in the gap?’, Hearing Research, 295, pp.
16–23. doi: https://doi.org/10.1016/j.heares.2012.05.011.
Fuentes-Santamaría, V. et al. (2014) ‘Glia-related mechanisms in the anteroventral cochlear
25

nucleus of the adult rat in response to unilateral conductive hearing loss ’, Frontiers in
Neuroscience , p. 319. Available at:
https://www.frontiersin.org/article/10.3389/fnins.2014.00319.
Fuentes-Santamaría, V. et al. (2017) ‘The Role of Glia in the Peripheral and Central Auditory
System Following Noise Overexposure: Contribution of TNF-α and IL-1β to the
Pathogenesis of Hearing Loss ’, Frontiers in Neuroanatomy , p. 9. Available at:
https://www.frontiersin.org/article/10.3389/fnana.2017.00009.
Henderson, E., Testa, M. A. and Hartnick, C. (2011) ‘Prevalence of noise-induced hearingthreshold shifts and hearing loss among US youths.’, Pediatrics. United States, 127(1), pp.
e39-46. doi: 10.1542/peds.2010-0926.
House, J. W. and Brackmann, D. E. (1981) ‘Tinnitus: Surgical Treatment’, Ciba Foundation
Symposium 85 ‐ Tinnitus. (Novartis Foundation Symposia), pp. 204–216. doi:
https://doi.org/10.1002/9780470720677.ch12.
Jeschke, M. et al. (2021) ‘Acute and Long-Term Circuit-Level Effects in the Auditory Cortex
After Sound Trauma ’, Frontiers in Neuroscience , p. 1369. Available at:
https://www.frontiersin.org/article/10.3389/fnins.2020.598406.
Keller, C. H., Kaylegian, K. and Wehr, M. (2018) ‘Gap encoding by parvalbumin-expressing
interneurons in auditory cortex’, Journal of Neurophysiology. American Physiological
Society, 120(1), pp. 105–114. doi: 10.1152/jn.00911.2017.
Kotak, V. C. et al. (2005) ‘Hearing loss raises excitability in the auditory cortex.’, The
Journal of neuroscience : the official journal of the Society for Neuroscience, 25(15), pp.
3908–3918. doi: 10.1523/JNEUROSCI.5169-04.2005.
Li, S., Choi, V. and Tzounopoulos, T. (2013) ‘Pathogenic plasticity of Kv7.2/3 channel

26

activity is essential for the induction of tinnitus’, Proceedings of the National Academy of
Sciences, 110(24), pp. 9980 LP – 9985. doi: 10.1073/pnas.1302770110.
Li, S., Kalappa, B. I. and Tzounopoulos, T. (2015) ‘Noise-induced plasticity of KCNQ2/3
and HCN channels underlies vulnerability and resilience to tinnitus’, eLife, (4). Available at:
10.7554/eLife.07242.
Llano, D. A., Turner, J. and Caspary, D. M. (2012) ‘Diminished Cortical Inhibition in an
Aging Mouse Model of Chronic Tinnitus’, The Journal of Neuroscience, 32(46), pp. 16141
LP – 16148. doi: 10.1523/JNEUROSCI.2499-12.2012.
Marchiori, L. L. de M. et al. (2019) ‘Interleukin-1 alpha gene polymorphism (IL-1α) and
susceptibility to tinnitus in the elderly’, Noise & health. Wolters Kluwer - Medknow, 21(99),
pp. 77–82. doi: 10.4103/nah.NAH_67_18.
Marín, O. (2012) ‘Interneuron dysfunction in psychiatric disorders’, Nature Reviews
Neuroscience, 13(2), pp. 107–120. doi: 10.1038/nrn3155.
Mehdizade Gilani, V. et al. (2013) ‘Temporal processing evaluation in tinnitus patients:
results on analysis of gap in noise and duration pattern test’, Iranian journal of
otorhinolaryngology. Mashhad University of Medical Sciences, 25(73), pp. 221–226.
Available at: https://pubmed.ncbi.nlm.nih.gov/24303444.
Milbrandt, J. C. et al. (2000) ‘GAD levels and muscimol binding in rat inferior colliculus
following acoustic trauma.’, Hearing research. Netherlands, 147(1–2), pp. 251–260. doi:
10.1016/s0378-5955(00)00135-0.
Miyakawa, A. et al. (2019) ‘Tinnitus Correlates with Downregulation of Cortical Glutamate
Decarboxylase 65 Expression But Not Auditory Cortical Map Reorganization’, The Journal
of Neuroscience, 39(50), pp. 9989 LP – 10001. doi: 10.1523/JNEUROSCI.1117-19.2019.

27

Perez, C. J. et al. (2013) ‘Several Classical Mouse Inbred Strains, Including DBA/2, NOD/Lt,
FVB/N, and SJL/J, Carry a Putative Loss-of-Function Allele of Gpr84’, Journal of Heredity,
104(4), pp. 565–571. doi: 10.1093/jhered/est023.
Rath, P. C. and Aggarwal, B. B. (1999) ‘TNF-induced signaling in apoptosis.’, Journal of
clinical immunology. Netherlands, 19(6), pp. 350–364. doi: 10.1023/a:1020546615229.
Roche (2012) ‘In Situ Cell Death kit’, p. 5.
Rudy, B. et al. (2011) ‘Three groups of interneurons account for nearly 100% of neocortical
GABAergic neurons.’, Developmental neurobiology, 71(1), pp. 45–61. doi:
10.1002/dneu.20853.
Steinmetz, C. C. and Turrigiano, G. G. (2010) ‘Tumor Necrosis Factor-α Signaling Maintains
the Ability of Cortical Synapses to Express Synaptic Scaling’, The Journal of Neuroscience,
30(44), pp. 14685 LP – 14690. doi: 10.1523/JNEUROSCI.2210-10.2010.
Stellwagen, D. et al. (2005) ‘Differential Regulation of AMPA Receptor and GABA
Receptor Trafficking by Tumor Necrosis Factor-α’, The Journal of Neuroscience, 25(12), pp.
3219 LP – 3228. doi: 10.1523/JNEUROSCI.4486-04.2005.
Stellwagen, D. and Malenka, R. C. (2006) ‘Synaptic scaling mediated by glial TNF-α’,
Nature, 440(7087), pp. 1054–1059. doi: 10.1038/nature04671.
Sturm, J. J. et al. (2017) ‘Noise Trauma-Induced Behavioral Gap Detection Deficits Correlate
with Reorganization of Excitatory and Inhibitory Local Circuits in the Inferior Colliculus and
Are Prevented by Acoustic Enrichment’, The Journal of Neuroscience, 37(26), pp. 6314 LP –
6330. doi: 10.1523/JNEUROSCI.0602-17.2017.
Tacchini-Cottier, F. et al. (2000) ‘An Immunomodulatory Function for Neutrophils During
the Induction of a CD4+Th2 Response in BALB/c Mice Infected with Leishmania major’,
28

The Journal of Immunology, 165(5), pp. 2628 LP – 2636. doi: 10.4049/jimmunol.165.5.2628.
Turner, J. G. et al. (2006) ‘Gap detection deficits in rats with tinnitus: a potential novel
screening tool.’, Behavioral neuroscience. United States, 120(1), pp. 188–195. doi:
10.1037/0735-7044.120.1.188.
Wang, W. et al. (2019) ‘Neuroinflammation mediates noise-induced synaptic imbalance and
tinnitus in rodent models’, PLOS Biology. Public Library of Science, 17(6), p. e3000307.
Available at: https://doi.org/10.1371/journal.pbio.3000307.
Weible, A. P. et al. (2014) ‘Perceptual gap detection is mediated by gap termination
responses in auditory cortex’, Current biology : CB, 24(13), pp. 1447–1455. doi:
10.1016/j.cub.2014.05.031.
Whitehead, G. S. et al. (2003) ‘Allergen-induced airway disease is mouse strain dependent’,
American Journal of Physiology-Lung Cellular and Molecular Physiology. American
Physiological Society, 285(1), pp. L32–L42. doi: 10.1152/ajplung.00390.2002.
Wu, J. et al. (2020) ‘Programmed cell death pathways in hearing loss: A review of apoptosis,
autophagy and programmed necrosis.’, Cell proliferation, 53(11), p. e12915. doi:
10.1111/cpr.12915.
Yang, S. et al. (2011) ‘Homeostatic plasticity drives tinnitus perception in an animal model’,
Proceedings of the National Academy of Sciences, 108(36), pp. 14974 LP – 14979. doi:
10.1073/pnas.1107998108.
Yang, S., Su, W. and Bao, S. (2012) ‘Long-term, but not transient, threshold shifts alter the
morphology and increase the excitability of cortical pyramidal neurons’, Journal of
Neurophysiology. American Physiological Society, 108(6), pp. 1567–1574. doi:
10.1152/jn.00371.2012.

29

Zhang, J. (2013) ‘Auditory cortex stimulation to suppress tinnitus: mechanisms and
strategies.’, Hearing research. Netherlands, 295, pp. 38–57. doi:
10.1016/j.heares.2012.05.007.

30

