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Abstract. Salicylate is widely used to produce animal models 
of tinnitus in mice and/or rats. The side effects on auditory 
function, including hearing loss and tinnitus, are considered 
the results of the auditory nerve dysfunction. A recent study 
indicated that chronic treatment with salicylate for several 
weeks reduces compressed action potential amplitude, 
which is contradictory to the studies reporting excessive 
activation of N-methyl-D-aspartate receptors (NMDAR) in 
tinnitus‑induced animals. The specific aims of the experiment 
were to detect the effect of salicylate on the inner hair cells 
(IHCs), ribbon synapse, as well as the association between 
the hearing threshold and the number of mismatched ribbon 
synapses. In the present study, mice were injected intraperito-
neally with a low dose of salicylate (200 mg/kg) for 14 days. 
The auditory brainstem response and otoacoustic emission 
were measured to assess auditory function of the mice. The 
postsynaptic regions of IHC were identified with two types of 
immunostaining targets: Postsynaptic density protein 95 and 
Glu2/3. The number of spheres was counted and the synapses 
were reconstructed in 3-dimensional images. Increases in 
distortion product otoacoustic emissions amplitudes of the 
salicylate group were detected, however, an elevation in the 
hearing threshold was also observed. A mismatch between 
pre-and post-ribbon synapses was observed. In addition, the 
cochlear components, including the numbers of outer hair 
cells and IHCs, were unlikely to be affected by salicylate. IHC 

ribbon synapses were more susceptible to salicylate stimuli. 
Furthermore, mismatch of pre- and post-ribbon synapses 
may indicate a competitive inhibition between NMDAR and 
α-amino-3-hydroxy-5-methyl-4-isoxa-zole-propionate recep-
tors and dysfunction of ribbon synapses.

Introduction

Subjective tinnitus is characterized by the perception of a 
sound in the absence of an acoustic source in the environ-
ment. It is a nerve disorder which is accompanied with 
hearing loss, cochlear damage (1) and stress (2-6). Due to 
demographic changes and to the increasing use of personal 
headsets, notably by young people (7), tinnitus is becoming 
a cumulative challenge. It is estimated that ~50 million adults 
have experienced tinnitus, whereas 16 million are currently 
experiencing it in the United States (8). A tinnitus animal 
model that was designed to treat utilized a high-dose of 
salicylate and was used to study auditory trauma associated 
with tinnitus. Salicylate is well known for its potent analgesic, 
antipyretic and anti-inflammatory activity. Administration 
of salicylate at specific doses can result in a unique pattern 
of auditory dysfunction, characterized by reversible hearing 
loss and tinnitus (9). Consequently, the use of animal models 
is frequently adopted in order to establish the condition of 
tinnitus in various animal species (10,11). Vascular distur-
bances in the cochlea have been demonstrated to result from 
an inhibition of cyclooxygenase (COX) by salicylate. COX 
participates in the arachidonic acid cascade (12,13). However, 
the exact mechanisms of salicylate-induced ototoxicity remain 
unclear. Previous studies on salicylate-induced tinnitus 
focused on the spontaneous activity of the auditory nerve (14). 
The cochlea is the major site of salicylate-induced tinnitus, 
since the latter can inhibit COX activity and consequently may 
result in synapse activation by cochlear N-methyl-D-aspartate 
receptors (NMDAR) via the COX pathway. Based on these 
results it remains controversial why high doses of aspirin can 
cause hearing loss, since it has been proved that inner hair cell 
(IHC) ribbon numbers determine the degree of auditory brain 
response (ABR) wave restoration (15). Despite the increase in 
understanding regarding the function of pre and postsynaptic 
regions, the molecular mechanisms underlying the alteration 
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of ribbon synapses following a lower-dose, long-duration 
salicylate treatment are not fully defined. A limited number 
of studies have focused on ribbon synapses of IHC. The 
majority of the laboratory studies on salicylate ototoxicity 
involved acute trauma models. This is due to the fact that a 
high-dose, short duration salicylate treatment may readily 
induce morphological alterations to cochlea components, 
which are possibly completely reversible (16-19). In addition, 
the majority of behavioral and neural measures of salicylate 
ototoxicity rely on sensitivity of the nerve as the primary indi-
cator of impairment (9). In contrast to the altered spontaneous 
electrical activity in the central auditory pathway, a permanent 
reduction in compound action potential (CAP) amplitude was 
observed following chronic treatment by salicylate (20), which 
indicates a disorder in ribbon synapse of IHC. The present 
study aimed to examine whether an alteration in γ-amino 
butyric acid-mediated ribbon synapse inhibition may result in 
tinnitus and hearing loss. The specific aims of the experiment 
were the following: i) examination of the effect of salicylate on 
the hair cells and ribbon synapse of IHC and ii) examination of 
the association between the hearing threshold and the altera-
tion of the ribbon synapse.

Materials and methods

Animal preparation. 2-month-old male C57BL/6J mice 
(18-24 g) were randomly divided into 2 groups (n=20 each). 
One group received saline (control group), whereas the other 
received salicylate (SA group; Tianjin Beilian Chemicals Co., 
Ltd., Tianjin, Chins). A total of 40 mice were obtained from 
the SPF Animal Center of Dalian Medical University (Dalian, 
China). The animals were housed at 20‑23˚C, with ~45% 
humidity and a 12 h light/dark circle. Animals were handled 
and treated according to the guidelines established by the 
National Institutes of Health and the Institutional Animal Care 
and Use Committee of the First Affiliated Hospital of Dalian 
Medical University and the protocol of the present study was 
approved by the Animal Ethical and Welfare Committee of 
the Dalian Medical University.

Salicylate treatments. Previous behavioral evidence of salicy-
late-induced tinnitus was tested at a dose of 200 mg/kg, once 
per day for a total period of 14 days (21). These conditions 
successfully established a tinnitus model in C57BL/6J mice. 
Sodium salicylate was dissolved in saline at a concentration of 
50 mg/ml and the animals in the tinnitus group were admin-
istered salicylate solution intraperitoneally (i.p.) at a dose of 
200 mg/kg, once per day, for 14 days.

Assessment of auditory function. ABR audiograms were 
conducted at day 14 following treatment. Mice were tested 
in a double blinded fashion for ABR thresholds with equip-
ment from Intelligent Hearing Systems (Miami, FL, USA). 
The smart‑EP v2.21 was used to generate specific acoustic 
stimuli and to amplify measure and display the evoked brain-
stem responses of mice. Mice were sedated by i.p. injection 
of sodium pentobarbitone (100 mg/kg; Sigma-Aldrich Merck 
KGaA, Darmstadt, Germany) and ABR testing was conducted 
in response to click stimuli. The ABR was recorded by three 
silver needle electrodes placed subdermally over the vertex 

(positive), broadband click and tone bursts of 4, 8, 16 and 
32 kHz was delivered through an insert earphone (Intelligent 
Hearing Systems) that was placed directly in the ear canal. 
Auditory thresholds which were based on the visibility 
and reproducibility of wave III (22) were obtained for each 
stimulus by variations in the sound pressure level (SPL) in 
5‑dB steps. The variations were conducted in a fluctuating 
manner to identify the lowest level at which an ABR pattern 
could be recognized. ABR thresholds were determined for 
each stimulus frequency by identifying the lowest intensity 
producing a reproducible ABR pattern on the computer screen 
(at least two consistent peaks; Fig. 1A).

Distortion Product Otoacoustic Emissions (DPOAEs) were 
measured using an ER-10B+ (Etymotic Research, Inc., Elk 
Grove Village, IL, USA) microphone coupled with two EC1 
speakers. Stimuli of two primary tones f1 and f2 (f2/f1=1.2) 
were presented with f1=65 dB, f2=55 dB increments and swept 
from 8 to 32 kHz in 1/2 octave steps. Stimuli were generated 
and attenuated digitally (200 kHz sampling). The ear canal 
sound pressure was preamplified and digitized. Amplitudes of 
2f1-f2 were measured based on the baseline (Fig. 1B).

Cochlear tissue processing. The mice were decapitated under 
deep anesthesia following treatment for 14 days. The cochleae 
were rapidly removed from the skull. The round and oval 
windows and the apex of the cochlea were dissected, and 
perfusion was carried out in the presence of 4% paraformal-
dehyde at 4˚C overnight. Following fixation, the cochlea shell 
was decalcified with 10% EDTA for 4‑6 h and subsequently 
separated from the basal turn under a dissecting light micro-
scope in 0.01 mmol/l PBS solutions. The parietal gyrus of the 
basilar membrane was separated and the vestibular membrane 
and covering membranes were removed.

Immunochemistry. The separated basilar membranes were 
washed three times in 0.01 M PBS and preincubated for 
30 min at room temperature in blocking solution of 5% 
normal donkey serum (S30; EMD Millipore, Billerica, 
MA, USA) in 0.01 M PBS. The one side of the ears corre-
sponding to each mouse was incubated with a combination 
of goat anti-mouse C-terminal-binding protein 2 (CtBP2; 
E 16; C terminal binding protein 2, C, end of combina-
tion of protein; sc-5966; 1:200; Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA) and rabbit anti-mouse postsynaptic 
dendrite 95 (PSD95; postsynaptic) antibodies (ab18258; 
1:200; Abcam, Cambridge, MA, USA), whereas the other 
side was incubated with a combination of goat anti-mouse 
CtBP2 and rabbit anti-mouse GluR2/3 antibodies (AB1506; 
1:100; EMD Millipore) at 4˚C overnight. The incubated 
samples were washed in 0.01 M PBS three times and incu-
bated in donkey anti-goat 488 (ab150129; 1:200; Abcam) and 
donkey anti-rabbit 568 antibodies (ab150129; 1:200; Abcam) 
at room temperature for 60 min. The samples were subse-
quently, washed three times. A limited volume (~40 µl) of 
DAPI (sc-3598; Santa Cruz Biotechnology, Inc.) was added 
dropwise in the slide and the basement membranes were tiled 
under a dissecting microscope with the coverslip covering 
the slide. The samples were viewed directly with fluorescent 
microscopy to test the specificity of the primary antibody, as 
detailed below.
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Laser scanning confocal microscopy imaging. The laser 
scanning confocal microscope was an Olympus FV1000 
configuration (Olympus Corporation, Tokyo, Japan) with 
180X oil immersion objective. The excitation wavelengths 
were 488 and 568 nm for the two antibodies, respectively. 
Sequence scanning was conducted in cochlear IHCs with 
an interval of 0.12 µm. Due to immunohistochemical 
double-staining that was carried out at 488 and 568 nm as 
the emission wavelengths of the secondary antibodies, the 
double‑labeled fluorescence appeared orange in color. The 
sequence scanning initiated in the region of the color pair 
fluorescence, whereas it was stopped in the region where the 
fluorescein color pairs disappeared. The scanning interval 
for sequential scanning was set to 0.15 µm in order to ensure 
that each synapse would be marked to the size of mature 
IHC ribbon synapses that ranged from 150 to 200 nm (23). 
Following completion of serial scanning, the two-dimen-
sional image files were opened successively using Autodesk 
3Ds Max software (2010 release; Autodesk, Inc., San Rafael, 
CA, USA). The fluorescein color pairs were marked by 
spheres in the first two‑dimensional image and the process 
was repeated for subsequent images. Finally, the number of 
spheres was counted and the synapses were reconstructed in 
3D images. The sequence scanning for the parietal gyrus of 
60 basilar membranes was carried out. A total of one visual 
field was selected from each basilar membrane for scanning 
and 60 files were obtained.

Marking of IHC ribbon synapses and counting the number of 
ribbon synapses. Serial scanning generated two-dimensional 
images, which were used to mark IHC ribbon synapses. The 
image files were opened successively from top to bottom using 
3Ds Max Software. The images were magnified in a ‘zoomed 
top view’ to identify IHC ribbon synapses. The orange fluo-
rescence that indicated the IHC ribbon synapses appeared in 
each image and was initially marked by a sphere. The size of 
the sphere was adjusted to match the size of the area of the 
orange fluorescence. Prior to the analysis of the orange fluores-
cence of each image, the previous marked image was opened 
for comparison. Fluorescence analysis was omitted to avoid 
repetitive labeling of the same synapse provided the orange 
fluorescence appeared at the same location of the previous 
image. All the images were overlapped and the number of 
spheres (indicating IHC ribbon synapses) was counted using 
the layer manager of 3Ds Max.

Statistical analysis. The ABR was repeated 3 times, and 
an average was calculated as the threshold of the mouse. 
Immunohistochemistry was performed in every mouse with 
both ears. Statistical analyses were carried out using SPSS 
15.0 software (SPSS, Inc., Chicago, IL, USA). All data are 
expressed as the mean ± standard error of the mean. The 
control and salicylate‑treated ABR audiograms (specifically 
the SPLs) of the groups were compared, using a one-way 
analysis of variance. For multiple comparisons of the number 

Figure 1. ABR audiograms and DPOAE of the two groups of mice prior to and following treatment. (A) Waveforms of ABR evoked by clicks of the two groups. 
(B) Illustrations of the methods to measure DPOAE. When DPOAE was measured, f1 and f2 were connected to the earpiece. The f2 was set at 4, 8, 16 and 
32 kHz. The f2/f1 ratio was set at 1.2. The intensity of f2=55 dB, f1=65 dB. Amplitudes of 2f1-f2 were measured. APR, auditory brainstem response; DPOAE, 
distortion product otoacoustic emission; SA, salicylate.
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of IHC ribbon synapses, Tukey's post-hoc multiple comparison 
test was used. Multivariate regression analysis was used to 
analyze the associations of mismatched synapses and hearing 
loss. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Elevated of the hearing threshold following i.p. injection of 
sodium salicylate (tinnitus group) but not following injection 
of saline (control group). Using click stimuli that were spec-
trally dominated by frequencies <32 kHz, ABR thresholds 
of the tinnitus and control groups were detected prior to the 
salicylate/sodium treatment and at the 14th day post-treatment. 
The ABR thresholds for the pre and post treatment groups 
were 24.75±4.13 and 39.0±7.54, respectively for the tinnitus 
group, and 23.0±2.99 and 22.25±3.02, for the control group 
(Fig. 2A), suggesting mild hearing loss in the tinnitus group. 
Furthermore, the hearing loss was significantly different in 
the tinnitus group compared with the control group on the 
14th day post-treatment (P<0.05). Additionally, the salicylate 
treatment caused a significant ABR threshold elevation across 
all frequencies especially the high frequencies (P<0.05). On 
the 14th day post‑treatment, statistically significant threshold 
alterations were demonstrated at 16 and 32 kHz (Fig. 2B; 
P<0.01) in the salicylate group, indicating increasing hearing 
impairment.

Contrary to the ABR, an increase in amplitude of DPOAE 
was obtained following salicylate treatment. At 16 kHz, the 
DPOAE amplitude increased most significantly (Fig. 2C; 
P<0.01).

Irritation from salicylate does not affect the characteristics 
of cochlear hair cells. In the mammalian cochlea, IHC are 
responsible for voice encoding, whereas the outer hair cells are 
responsible for sound amplification (24). In the present study, 
DAPI nuclear staining was used to investigate whether salicylate 
exposure could induce morphological alterations to cochlear 
hair cells. OHCs and IHCs exhibited normal morphology as 
indicated by the nuclei of the hair cells throughout the period 
of salicylate exposure (Fig. 3A; DAPI nuclei staining where 
indicated). This result suggested that cochlear hair cells are not 
affected by salicylate exposure. Furthermore, the DPOAEs of 
salicylate group indicated normal function of OHCs following 
14-day salicylate treatment (Fig. 2C).

Salicylate induces number alterations of IHC ribbon synapses. 
IHC ribbon synapses are excitable synapses that encode sound 
signals. In the present study, since the DPOAEs of the salicy-
late group increased in high frequencies, the basic gyri of basic 
membranes between the two groups were compared (Fig. 3B). 
The specific presynaptic protein RIBEYE/CtBP2 was labeled 
with an anti-CtBP2 antibody that is located solely in ribbon 
synapses (25,26). The right or left ear was randomly selected 

Figure 2. The hearing threshold is elevated following intraperitoneal injection of sodium salicylate (SA group) compared with injection of saline (control 
group). (A) In the control group, the mean ABR threshold of mice pretreatment was 23.0±2.99 dB SPL (n=20) and 22.25±3.02 dB SPL post treatment (n=20), 
respectively. The mean ABR threshold of SA group mice pretreatment was 24.75±4.13 dB SPL (n=20) and 39.0±7.54 dB SPL post treatment (n=20), respec-
tively. ABR thresholds of the SA group were compared to the control group. The results were presented as the mean ± standard error of the mean of SPL (dB). 
*P<0.05; post-SA group vs. the control group. (B) On the 14th post‑treatment day, thresholds elevation demonstrated a significant improvement at 16 and 32 kHz 
in SA group compared with those in the control group. *P<0.05 and **P<0.01. Thresholds at 4 and 8 kHz are slightly higher in SA group compared with those 
in the control group. (C) In the control group, DPOAEs in 4, 8, 16, 32 kHz were 13.17±3.12, 15.95±4.17, 16.89±6.16, 16.5±2.34 at 14th day post treatment. A 
dramatic increase of the DPOAE amplitude at 14th day in SA group in 16, 32 kHz was presented, 36.44±4.93, 28.14±2.38, respectively. **P<0.01 vs. the control 
group. APR, auditory brainstem response; SPL, sound pressure level; SA, salicylate; Cont, control; DPOAE, distortion product otoacoustic emission.
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and identified using an PSD95 antibody which binds to post-
synaptic dendrites (15,27), whereas the other side of the ears 
was identified using an anti‑GluR2/3 antibody, which binds 
to α-amino-3-hydroxy-5-methyl-4-isoxa-zole-propionate 
receptors (AMPARs) (28,29). A merged image that included 
labeling of the RIBEYE/CtBP2 protein and NMDARs and/or 
AMPARs indicated an intact synapse (Fig. 3B and C).

The 3Ds Max Software package can effectively reconstruct 
a template model of anatomical targets using two-dimensional 
images (30-34). The authors' previous study demonstrated 
that 3Ds Max can be used to calculate the number of IHC 
ribbon synapses in healthy C57 mice. Therefore, 3Ds Max 
is considered appropriate for quantitative analysis of IHC 
ribbon synapses when mice are stimulated with salicylate 
treatment. Using this method, it was noted that the number 
of RIBEYE/CtBP2 and PSD95 was increased to a similar 
level (Fig. 4A). The merged image that included labeling of 
the RIBEYE/CtBP2 and PSD95 proteins was 17.15±1.39 and 
16.7±1.69, respectively in the control and tinnitus groups prior 
to treatment and 16.4±1.73 and 21.4±1.70 at the 14th day of 
treatment, respectively. However, the decrease of AMPARs 
was detected in the tinnitus group (Fig. 4B). The fluorescence 
value of GluR2/3 was 16.40±1.73 and 16.7±1.69 in the control 
and tinnitus groups prior to treatment, and 16.30±1.53 and 
3.9±3.95 at the 14th day of treatment, respectively. Mismatch 
of CtBP2 and GluR2/3 was associated with hearing loss 
following salicylate treatment (Fig. 4C and D).

The alteration in the number of ribbon synapses suggested 
that IHC ribbon synapses were significantly affected by 
exposure to salicylate. Therefore, IHC ribbon synapses 

were demonstrated to be susceptible to salicylate exposure. 
Significant deterioration of the hearing thresholds can be 
caused by severe ribbon loss, despite intact OHC functions (35). 
This result demonstrated that tinnitus animals with increased 
NMDAR and transmitter release of the tinnitus animals that 
exhibited higher ABR thresholds.

Discussion

The results of the present study demonstrate that salicylate 
improved DPOAE amplitudes during treatment. These results 
are consistent with the view that salicylate enhances OHC 
function by upregulating prestin expression, which increases 
OHC electromotility (20). Although DPOAEs were enhanced, 
a reduction in ABR amplitude was observed unexpectedly. 
Thresholds recorded 14 days following drug treatments 
demonstrated a decrease compared with the control. These 
results, which were unexpected, demonstrated that long term 
treatment with salicylate may result in auditory function 
impairment, but the target organ was not OHC.

The present study was designed to examine the mechanisms 
that are associated with hearing loss and alteration of ribbon 
synapses, following induction of tinnitus by salicylate in mice. 
The difficulties associated with measuring the activity of 
NMDARs at adult synapses, have produced conflicting results 
about their expression levels (36). Several studies reported no 
detectable current on spiral ganglion somata and/or calcium 
alteration in postsynaptic afferent boutons induced by NMDA 
application. Cochlear synaptic transmission was carried out 
by AMPAR in the absence of NMDARs (34-36). In contrast 

Figure 3. Irritation from salicylate does not affect the morphology of cochlear hair cells, although it increases the number of IHCs at the ribbon synapse. 
(A) Microscopy images reveal a normal morphological array in the control and SA groups. A row of IHCs and three rows of OHCs were included. Blue labeling 
indicates DAPI‑positive hair cell nuclei. Scale bar=50 µm. (B) The morphology of the basical turn of basilar membrane. Scale bar=500 µm. (C) CtBP2 of 
the control group, the presynaptic marker of IHC ribbon synapses, were labeled by anti-CtBP2 antibody in green beneath the IHCs as indicated by the white 
arrow. Postsynaptic receptors were labeled by a PSD95 antibody in red beneath the IHCs as indicated by the white arrow. The merged image indicates an intact 
ribbon synapse in orange fluorescence beneath the IHCs depicted by the white arrow. Scale bar=10 µm. (D) CtBP2 of the SA group at the 14th day following 
salicylate treatment, including CtBP2 and PSD95, were observed in increasing numbers. IHCs, inner hair cells; OHCs, outer hair cells; PSD95, postsynaptic 
density protein 95; CtBP2, c-terminal binding protein 2; SA, salicylate; Cont, control.

https://www.spandidos-publications.com/10.3892/mmr.2018.9624
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to the aforementioned studies, the induction of tinnitus by 
COX blockers (salicylate and mefenamate) was mediated by 
cochlear NMDARs. In the present study, the data indicated 
a discrepancy between PSD95 and Glu2/3 that suggested the 
presence of NR1 and NR2B at the postsynaptic density of the 
IHC synapses. The results of the present study, directly suggest 
that NMDARs exist at this ribbon synapse. This is inconsistent 
with a previous study that reported the presence of NMDARs 
at the IHC synapses by Patch-clamp recordings (37). 
Consequently, it was hypothesized that salicylate may modu-
late the IHC synaptic neurotransmission via NMDARs at the 
IHC synapses. To the best of our knowledge the results of the 
present study are considered novel.

Salicylate increased the levels of arachidonic acid in the 
entire part of the cochlea in vivo by enabling the activation 
of NMDARs (38). Therefore, whether the altered number of 
IHC ribbon synapses is responsible for hearing loss remains 
undiscovered. The data reported in the current study indicated 
that other cochlear components, including OHCs and IHCs, 
were not markedly affected. This supports the idea that OHCs 
and IHCs may not be responsible for the impaired hearing 

induced by exposure to a low dose of salicylate. Therefore, 
it is reasonable to consider that IHC ribbon synapses may be 
responsible for the induction of tinnitus and impaired hearing 
observed in this study. Salicylate caused an excitatory effect in 
the presence of GYKI 53784 that resulted in complete inhibi-
tion of AMPAR (39). This result contradicts the hypothesis 
that the activation of IHC NMDA auto receptors as a unique 
mechanism of salicylate action. The result that an mGluR2/3 
agonist significantly reverses the expression of the dysfunc-
tional NMDAR in the MK-801 model of schizophrenia 
indicates a direct competitive inhibition (39). These findings 
were consistent with the data presented in the present study. 
Furthermore, it was demonstrated that the number of IHC 
ribbon synapses increased on the 14th day following salicylate 
exposure, whereas CtBP2 increased in a synchronous manner 
with PSD95. However, a dramatic reduction in the number of 
Glu2/3 occurred at the 14th day.

Researchers demonstrated that salicylate increased auditory 
nerve fiber spontaneous activity. During perilymphatic perfu-
sion of salicylate an increase in the spontaneous spiking rate was 
noted that may occur in part due to an activation of the NMDA 

Figure 4. Salicylate reduces the number of post synaptic AMPARs, which causes mismatch between pre and post synapses. (A) CtBP2 of the control group, the 
presynaptic marker of IHC ribbon synapses, is labeled by an anti-CtBP2 antibody in green beneath the IHCs. Postsynaptic receptors are labeled by a GluR2/3 
antibody in red beneath the IHCs. Merged image indicates an intact ribbon synapse in orange fluorescence beneath the IHCs. Scale bar=10 µm. (B) CtBP2 of 
the SA group at the 14th day following salicylate treatment, the presynaptic marker of IHC ribbon synapses (CtBP2) increased, while the postsynaptic marker 
(GluR2/3) decreased. Solitary green marks indicate a mismatched synapse beneath the IHCs indicated by white arrow. (C) Numbers of pre- and post-synaptic 
receptors of the SA group were compared to the control group at the 14th day following treatment. Results are presented as the mean ± standard error of the 
mean of SPL (dB). The merged image labeling RIBEYE/CtBP2 and PSD95 was 16.4±1.73 and 21.4±1.70 in the control group and tinnitus group at the 14th 
day following treatment. However, decrease of AMPARs was detected in tinnitus group. The number of GluR2/3 was 16.40±1.73, 3.9±3.95, at the 14th day 
following treatment, respectively; *P<0.05 vs. the control. (D) There was a significant correlation between the number of mismatched synapses and the hearing 
threshold (r=-0.904, P<0.01). PSD95, postsynaptic density protein 95; CtBP2, c-terminal binding protein 2; AMPARs, α-amino-3-hydroxy-5-methyl-4-isoxa-
zole-propionate receptors; IHC, inner hair cells; Cont, control; SA, salicylate.
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auto receptors on the IHCs. This process would in turn increase 
glutamate release in the central nervous system, as described in 
previous studies (40-43). In addition, the overall responsiveness 
of a fiber of the spiral ganglion neuron (SGN) may be regu-
lated postsynaptically. This mechanism has previously been 
demonstrated to exist in the postsynaptic boutons of SGN (44) 
indicating that the activation of the NMDAR by salicylate 
increases the glutamate receptor activity in the IHC synaptic 
region. This may provide an explanation of the protective effect 
of salicylate on mice against hearing loss caused by gentamicin 
ototoxicity (45). However, the present study is consistent with 
other studies that demonstrated a hearing loss following salicy-
late treatment. The data suggest that the hearing loss is due to 
the mismatch between the presynapses and postsynapses of the 
AMPR. The mismatch between pre and post synapses would 
be expected to be functionally destructive, due to the lack of 
synaptic transmission of the pre-synaptic ribbons (46).

Since inhibitory synapse has been demonstrated 
before (47,48), a great deal was known about the molecular 
control of excitatory synapse formation. It was speculated that 
functional circuits depend on the proper balance of synaptic 
excitation and inhibition to process sensory information and 
to perform motor and cognitive tasks. Excitatory-inhibitory 
imbalances and synaptic dysfunction lead to neurological 
and psychiatric disorders (47,48). The latest discovery of 
Zugaib et al (49) demonstrated endocannabinoid-dependent 
depolarization-induced suppression of excitation in glycinergic 
neurons were enhanced as mice were exposed to prolonged 
high doses of salicylate. The results pointed to an increased 
inhibition of the dorsal cochlear nucleus (DCN) inhibitory 
cartwheel neuron during depolarizations, which is potentially 
significant for DCN hyperactivity and tinnitus generation. 
Therefore, whether the enhanced NMDARs in the present study 
were inhibitory synapses as demonstrated with DCN remains 
unclear. Further molecular tests are required to verify it.

The current study demonstrates the previously mentioned 
hypothesis and offers a comprehensive analysis regarding 
the explanation of the exact etiology of the hearing loss. The 
alteration in the number of AMPR as opposed to the number of 
ribbons appears to be the primary reason for hearing loss.

In conclusion, the present study suggests that a different 
degree of damage of the first synapse occurs within the auditory 
pathway and the IHC synapse. The data revealed that exposure 
to a low-dose of salicylate over a long-duration could induce 
quantitative alterations in the number of the pre and postsyn-
aptic ribbons of IHCs, while it did not affect the number of 
the cochlear hair cells. IHC ribbon synapses were the primary 
targets of salicylate and may be responsible for tinnitus and 
hearing loss. The current study provides direct evidence of a 
novel pharmacological profile of salicylate that induces an 
increase in arachidonic acid levels. This increase enabled the 
activation of NMDAR at the IHC ribbons. The present study 
hypothesized that the increase in the ribbon synapses that is 
caused by excessive activation of NMDAR may induce abnormal 
spontaneous activity of auditory nerve fibers, which could lead 
to the induction of tinnitus. The present study further indicated 
a competitive inhibition between NMDAR and AMPAR that 
induced a mismatch between ribbons and AMPAR that in turn 
caused hearing loss. Although, the mechanism of the modulation 
of the NMDA/AMPAR ratio in IHC cells remains unknown, 

the present study provides a novel molecular mechanism that 
accounts for the formation of tinnitus at the periphery of the 
auditory system.
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