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Abstract: Tinnitus is associated with neural hyperactivity, which is regulated by neuronal plasticity in the auditory
central system, especially the auditory cortex (AC). Excitatory neurons constitute approximately 70-85% of the total
populations of neuronal cells. However, few reports have focused on the AMPA receptor (AMPAR) and the GABA,
receptor (GABA,R) on the excitatory neuron in animal model of tinnitus. In this study, we gave rats a single or long-
term of salicylate administrations. The tinnitus-like behavior was assessed by combination of the gap prepulse
inhibition of acoustic startle (GPIAS) and the pre-pulse inhibition (PPI) tests. Using immunofluorescent staining, we
examined whether the AMPAR and the GABA,R on the calcium/calmodulin-dependent protein kinase lla (CaMKIlx)
-labeled excitatory neurons in the auditory cortex underwent changes following salicylate treatment. The rats with
14 days of salicylate administration showed evidence of experiencing tinnitus, while the rats receiving a single dose
of salicylate manifested no tinnitus-like behavior. Furthermore, the AMPAR and GABA,R responded in a homeostatic
manner after a single dose of salicylate while those showing in a Hebbian way after long-term salicylate administra-
tion. Thus, the different patterns of plasticity change in cortical excitatory neurons might affect the generating of

salicylate-induced tinnitus.
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Introduction

Tinnitus is the phantom perception of sound
in the absence of an actual external auditory
stimulus [1]. With prevalence ranging from 10%
to 15%, tinnitus severely affects quality of life
and causes a mass of psychological disorders
[2]. Salicylate, a widely applied anti-inflammato-
ry drug in clinical scenarios, can cause revers-
ible tinnitus and induced animal model of
tinnitus reliably [3]. Amounts of studies have
revealed that salicylate can exert pathological
influences on almost all the constitute relays
along the auditory pathway [1, 4]. Cochlear mal-
function has been regarded as the trigger of tin-
nitus. The altered peripheral auditory stimuli
continuously transmit from the cochlea to the
central auditory system, which increase spon-

taneous neuronal activity at various auditory
pathway relays [5]. The neural maladaption in
the central auditory system is more likely to
form and maintain tinnitus [6]. Consistent
with the “tinnitus-centralization” mechanism,
we previously found: augmented cubic distor-
tion product of 2f1-f2 and increased expression
of prestin in the cochlea [7, 8], increased spon-
taneous cochleoneural activity [9], and synapse
alterations in the inferior colliculus and the AC
[10]. As a crucial part of the auditory system,
the AC is demonstrated to play a significant
role in tinnitus generating [11, 12]. Salicylate
increases the amplitude of sound-evoked local
field potentials recorded from the AC in vivo
[13], and attenuates the GABAergic synaptic
transmissionin ACslices in vitro [14]. Frequency-
map reorganization appears in several sub-
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fields of mouse AC after injection of salicy-
late [15]. In our previous study, we demonstrat-
ed that long-term salicylate administration
reversibly elevated the 18F-FDG uptake [10],
increased the expression of early response
genes and altered the synaptic structure in
AC [10, 16]. What is more, these functional
and morphological changes synchronized the
tinnitus-like behavior in time phase. These evi-
dences strongly indicated that salicylate-
induced tinnitus might be generated at AC level
due to neuronal plasticity associated cortical
heperactivity.

In the cerebral cortex, excitatory neurons con-
stitute approximately 70-85% of the total
populations of neuronal cells [17]. Excitatory
neurons emanate axon and dendrites, making
excitatory glutamatergic synaptic contacts
along their length, while receiving inhibitory
GABAergic inputs from cortical interneurons in
feedforward or feedback manner. The dynamic
change between excitation and inhibition of
the excitatory neuron, mediates its excitatory
neuronal plasticity, firing pattern and excitabili-
ty, which may be involved in various of patho-
physiological processes [18-20]. Salicylate can
depress both the evoked and miniature inhibi-
tory postsynaptic currents (elPSCs and mlIP-
SCs) recorded from pyramidal cells of the AC in
a concentration-dependent manner [14]. The
voltage-gated ion channel currents are also
demonstrated to be reduced by salicylate in
freshly dissociated rat pyramidal neurons [21].
Furthermore, salicylate is indicated to influence
the firing rate in AC pyramidal neurons in vitro
[22].

Although these studies seem to imply a corre-
lation between the excitatory neuronal plastici-
ty associated excitability and the salicylate-
induced tinnitus, there are few reports about
dynamic alterations of excitatory and inhibitory
receptors on the excitatory neurons, which are
pivotal factors in regulating neuronal plasticity
and excitability. In the present study, we aimed
to determine changes in GIUA1R and GABA,
receptors on excitatory cortical neurons after a
single dose and during a long-term administra-
tion of salicylate respectively. Cortical neurons
were labeled with calcium/calmodulin-depen-
dent protein kinase lla (CaMKlla) which had
been proved to stain only excitatory neurons
but not inhibitory neurons. We also observed
the excitatory neuronal expression of immedi-
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ate early genes, and Na*-K"-2Cl- (NKCC1) and
K*-CI- (KCC2) cotransporters which were known
to be involved in strength and polarity of
GABAergic transmission. Tinnitus-like behav-
iour was detected by the gap pre-pulse inhibi-
tion of acoustic startle (GPIAS) and the pre-
pulse inhibition (PPI) tests. The results of the
current study will help us understand the role of
neural plasticity in AC involvement in salicylate-
induced tinnitus.

Materials and methods
Animals

All the experimental procedures were conduct-
ed with the approval of the Animal Care and
Use Committee of the Shanghai Jiaotong
University School of Medicine. Male Sprague-
Dawley rats, 5-6 weeks old, were purchased
from Shanghai Slac Laboratory Animal Co., Ltd.
(Shanghai, China), and housed at the animal
center of Shanghai Jiaotong University School
of Medicine Affiliated Ninth People’s Hospital in
a standard 12-hour reverse day/night cycle at
an ambient temperature of 19-26°C. The rats
had free access to stock laboratory diet and
tap water. After a recovery period of 2 weeks,
the rats were entered into subsequent study.

Salicylate administration

Sodium salicylate (Sigma-Aldrich, Shanghai,
China) was dissolved in normal saline to achieve
a concentration of 200 mg/ml. In an experi-
ment of single dose injection, rats were ran-
domly assigned to control group (Con group), 2
h group, 4 h group and 8 h group. Half of the
animals underwent behavioral test of tinnitus
(n=6 per group), while the other half were
sacrificed for further analysis (n=6 per group) in
the Con group (receiving no treatment), and at
2 (2 h group), 4 (4 h group) and 8 (8 h group)
hour after a single dose of salicylate (200
mg/kg, intraperitoneally). In an experiment of
long-term administration, rats were randomly
assigned to NS group, SS group and RE group.
Animals were given intraperitoneal injections of
salicylate (200 mg/kg) twice daily at 8:00 and
16:00 for 14 consecutive days (SS group), the
same volume of normal saline for 14 consecu-
tive days (NS group) and 14 consecutive days
of salicylate injection followed by 14-day recov-
ery period (RE group). Then the animals under-
went behavioral test of tinnitus (n=6 per group)
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Figure 1. Gap pre-pulse inhibition of acoustic startle (GPIAS) and pre-pulse
inhibition (PPI) paradigm. The data are presented as mean * SD. A. Percent
of GPIAS at 6, 12 and 16 kHz for rats after a single dose of salicylate. No sig-
nificant differences were demonstrated among the four groups. B. Percent
of PPl at 6, 12 and 16 kHz for rats after a single dose of salicylate. No sig-
nificant differences were demonstrated among the four groups. C. Percent
of GPIAS at 6, 12 and 16 kHz for rats during long-term administration of
salicylate. The SS group showed a significant decrease in percent of GPIAS
compared with the NS group at 12 kHz (*P<0.05) and 16 kHz (*P<0.05),
but not at 6 kHz (P>0.05). There were no significant differences between
NS group and RE group in percent of GPIAS. D. Percent of PPl at 6, 12 and
16 kHz for rats during long-term administration of salicylate. No significant
differences were demonstrated among the three groups.

or 16 kHz) was presented at
65 dB SPL. Startle responses
were elicited by acoustic star-
tle stimuli (white noise, 110
dB SPL, 20 ms, in an interval
of 30-35 s randomly). In 50%
of trials, a gap was introduced
into the narrowband noise
100 ms before the acoustic
startle stimulus and lasted
for 50 ms (5 ms rise/fall ti-
me). The percentage of GPIAS

and were sacrificed for further analysis (n=6
per group) at 8:00 on day 15 after normal saline
injection (NS group), day 15 (SS group) and day
29 (RE group) after salicylate injection.

Behavioral test for tinnitus

Behavioral evidence for tinnitus was tested by
the gap pre-pulse inhibition of acoustic startle
(GPIAS) and pre-pulse inhibition (PPI) paradigm
as described in previous studies [23-26]. The
GPIAS and PPI test was performed using the
Acoustic Startle Reflex Starter Package for Rat
or Mouse (Med Associates, St. Albans, VT,
USA). The PPI test was performed in parallel to
the GPIAS test to confirm that the GPIAS defi-
cits were not due to temporal processing
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was calculated in each frequ-

ency by the following formula:
[(AvgTnogap-AvgTgap)/AvgTnogap]x100%, whe-
re Avglgap is the average amplitude of the
gap trials, while AvgTnogap is the average
amplitude of the no-gap trials.

For PPI test, the acoustic startle stimulus (the
same frequencies and levels used for GPIAS
test) was preceded by a noise-burst pre-pulse
(1 kHz narrowband, 1 kHz bandwidth centered
at 6, 12 or 16 kHz, 50 ms, 5 ms rise/fall time,
65 dB SPL), which began 100 ms before the
acoustic startle stimulus in 50% of trials. While
startle stimulus was presented without pre-
pulse in the other half of the trials. The percent-
age of PPl was calculated in each frequency by
the following formula: [(AvgT without pre-pulse-
AvgT pre-pulse)/AvgT without pre-pulsex100%],

Am J Transl Res 2018;10(12):3941-3955
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Figure 2. GIUALR expression of excitatory neurons. A. Fluorescent microscopic images of sections dual-immunos-
tained for GIUALR (red), and CaMKII-a (green) in auditory cortex of rats after a single dose of salicylate. B. Percent of
GluA1R+/CaMKIl-a+ neurons for rats after a single dose of salicylate. There were no significant differences among
the four groups. C. Intensity of GIUALR staining for rats after a single dose of salicylate. The 2 h group showed a sig-
nificant decrease in intensity of GIUALR staining compared with the Con group (*P<0.01). No significant differences
were demonstrated in the 4 h group or the 8 h group compared with the Con group. D. Fluorescent microscopic im-
ages of sections dual-immunostained for GIUALR (red), and CaMKII-a (green) in auditory cortex of rats during long-
term administration of salicylate. E. Percent of GIuA1R+/CaMKII-a+ neurons for rats during long-term administra-
tion of salicylate. The SS group showed a significant increase in percent of GluA1R+/CaMKII-a+ neurons compared
with the NS group (*P<0.01). There were no significant differences between NS group and RE group. F. Intensity of
GIUuA1R staining for rats during long-term administration of salicylate. The SS group showed a significant increase in
intensity of GIUALR staining compared with the NS group (*P<0.05). There were no significant differences between
NS group and RE group. Scale bar, 20 um.

where AvgT pre-pulse is the average amplitude Immunofluorescence

of the starle trials with pre-pulse, while AvgT

without pre-pulse is the average amplitude of Rats were anesthetized with an intraperitoneal
the startle trials without pre-pulse. injection of ketamine (100 mg/kg) and xylazine
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Figure 3. GABA R expression of excitatory neurons. A. Fluorescent microscopic images of sections dual-immunos-
tained for GABA,R (green), and CaMKIl-a (red) in auditory cortex of rats after a single dose of salicylate. B. Percent
of GABA,R+/CaMKIl-a+ neurons for rats after a single dose of salicylate. The 2 h group and the 4 h group showed
significant increases in percent of GABA,R +/CaMKIl-a+ neurons compared with the Con group (Con group vs. 2 h
group, *P<0.001; Con group vs. 4 h group, *P<0.001). No significant difference was demonstrated between the
Con group and the 8 h group. C. Intensity of GABA,R staining for rats after a single dose of salicylate. The 2 h group
and the 4 h group showed significant increases in intensity of GABA,R staining compared with the Con group (Con
group vs. 2 h group, *P<0.05; Con group vs. 4 h group, *P<0.01). No significant difference was demonstrated
between the Con group and the 8 h group. D. Fluorescent microscopic images of sections dual-immunostained for
GABA,R (green), and CaMKiIl-a (red) in auditory cortex of rats during long-term administration of salicylate. E. Per-
cent of GABA R+/CaMKIl-a+ neurons for rats during long-term administration of salicylate. The SS group showed a
significant increase in percent of GABA,R+/CaMKIl-a+ neurons compared with the NS group (*P<0.01). There were
no significant differences between NS group and RE group. F. Intensity of GABA,R staining for rats during long-term
administration of salicylate. The SS group showed a significant increase in intensity of GABA,R staining compared
with the NS group (*P<0.001). There were no significant differences between NS group and RE group. Scale bar,
20 ym.

(10 mg/kg), and perfused via the ascending (Sakura Finetek, Torrance, CA, USA). Coronal
aorta with normal saline followed by 4% para- sections were cut with a freezing microtome at
formaldehyde. Brains were removed, cut into 20 um thickness through the auditory cortex
two hemispheres, post-fixed in 4% paraformal- according to the stereotaxic atlas (approxi-
dehyde, dehydrated successively in 10%, 20% mately bregma -3.96 to -6.24 mm). Every 20th
and 30% sucrose solution at 4°C, and frozen section was used for immunohistochemistry in
in Optimal Cutting Temperature compound one series, such that the sections were sepa-
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Figure 4. The proportions of excitatory neurons in total numbers of neurons.
A. Fluorescent microscopic images of sections dual-immunostained for
CaMKIl-a (green), and NeuN (red) in auditory cortex of rats during long-term
administration of salicylate. B. Percent of CaMKIl-a+/NeuN+ neurons for
rats during long-term administration of salicylate. There were no significant
differences among the three groups. Scale bar, 20 pm.

rated by 400 um intervals in each series. For
immunolabelling, sections were rinsed three
times in 0.1% TBST (TBS with 0.1% Tween 20)
and blocked in 6% normal donkey serum/1%
TBST at room temperature for 1 hour. Then
the sections were incubated with combina-
tions of two of the following antibodies in
1% normal donkey serum/1% TBST at 4°C
overnight: mouse anti-CaMKIl-a (1:200, Cell
Signaling Technology, 13185S); rabbit anti-
CaMKIl-a (1:20, Thermo Fisher Scientific, PA5-
14315); rabbit anti-NeuN (1:500, Abcam, Ab-
177487); rabbit anti-GIUALR (1:500, Millipore,
AB1504); mouse anti-B2-3 chain subunits
GABA,R (1:100, Millipore, MAB341); rabbit
anti-KCC2 (1:100, Cell Signaling Technology,
947258S); rabbit anti-NKCC1 (1:200, Cell Sig-
naling Technology, 85403); rabbit anti-c-Fos
(1:2000, Cell Signaling Technology, 2250S);
rabbit anti-EGR1 (1:1000, Cell Signaling Tech-
nology, 4153S). After rinsing three times in
0.1% TBST, the sections were incubated at
room temperature for 1 hour with combinations
of appropriate following secondary antibodies:
Alexa-Fluor 488-conjugated donkey anti-mouse
(1:200, Jackson Immunoresearch laborato-
ries); Alexa-Fluor 594-conjugated donkey anti-
rabbit (1:400, Invitrogen); Alexa-Fluor 488-con-
jugated donkey anti-rabbit (1:200, Invitrogen);
Alexa-Fluor 594-conjugated donkey anti-mouse
(1:400, Invitrogen). Following rinsing in 0.1%
TBST, the sections were mounted with mount-
ing solution (Invitrogen, S36936), coverslipped
and examined with confocal laser scanning
microscopy (Leica, TCS SP8). We used same
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settings of exposure and gain
adjustment for image captur-
ing. For cell counting, 25 fields
of 10 sections at a magnifica-
tion of 630X were randomly
selected for each subject in
one series. CaMKII-a positive
cells were counted for colo-
calization with GIUA1R, GAB-
AR, KCC2, NKCC1, c-Fos and
EGR1 respectively, and report-
ed as a percentage of the
number of CaMKII-a positive
cells; NeuN positive cells were
counted for colocalization with
CaMKIl-a and reported as a
percentage of the number of
NeuN positive cells. To quan-
tify the fluorescence intensity
level of GIUALR, GABA,R, KC-
C2 and NKCC1, CaMKIl-a positive cells were
outlined and the intensity levels were mea-
sured after background subtraction using
Image J. The background immunofluorescence
was measured by calculating the fluorescence
intensity in a selected area devoid of neurons
or any other stained structures. Where indicat-
ed these data were normalized relative to data
for Con group and NS group. The investigator
who performed the image acquisition and
quantification, were blind to the experimental
conditions.

Statistical analysis

Results are expressed as the means + SD.
Differences among groups were examined by
one-way analysis of variance followed by the
Bonferroni post-tests for data that had homo-
geneity of variance, or Dunnett T3 post-tests
for data that exhibited heterogeneity of vari-
ance when indicated by significance of differ-
ence. All statistical analyses were performed
using SPSS Statistics for Windows (version
22.0, IBM-SPSS, Inc., Chicago, IL, USA). Curve
fitting and bar charts were performed by
GraphPad Prism v5.0 (GraphPad Software Inc.,
San Diego, CA, USA).

Results

Salicylate-induced tinnitus-like behavior in rats

After a single dose of salicylate, there were no
significant differences among the four groups
in percent of GPIAS values or PPl values (Figure

Am J Transl Res 2018;10(12):3941-3955
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Figure 5. KCC2 expression of excitatory neurons. A. Fluorescent microscopic images of sections dual-immunostained
for KCC2 (green), and CaMKIl-a (red) in auditory cortex of rats after a single dose of salicylate. B and C. Percent of
KCC2+/CaMKiIl-a+ neurons and intensity of KCC2 staining for rats after a single dose of salicylate. There were no
significant differences among the four groups in percent of KCC2+/CaMKII-a+ neurons or intensity of KCC2 stain-
ing. D. Fluorescent microscopic images of sections dual-immunostained for KCC2 (green), and CaMKIl-a (red) in
auditory cortex of rats during long-term administration of salicylate. E and F. Percent of KCC2+/CaMKIl-a+ neurons
and intensity of KCC2 staining for rats during long-term administration of salicylate. The SS group showed signifi-
cant decreases in percent of GABA R+/CaMKIl-a+ neurons (*P<0.001) and intensity of KCC2 staining (*P<0.001)
compared with the NS group. There were no significant differences between NS group and RE group. F. Intensity of
GABA,R staining for rats during long-term administration of salicylate. The SS group showed a significant increase
in intensity of GABA R staining compared with the NS group (*P<0.001). There were no significant differences be-
tween NS group and RE group. Scale bar, 20 ym.

1A, 1B). During long-term administration of
salicylate, the SS group showed a statistically
significant decrease in percent of GPIAS values
relative to the NS group at 12 kHz (P<0.05) and
16 kHz (P<0.05), but not at 6 kHz. There was no
significant difference in percent of GPIAS val-
ues between the NS group and the RE group, or
in percent of PPl values among the three groups

3947

(Figure 1C, 1D). This indicated that these rats
in the SS group were experiencing tinnitus.

Changes in AMPAR and GABA R after adminis-
tration of salicylate

After a single dose of salicylate, no significant
differences were demonstrated in the propor-

Am J Transl Res 2018;10(12):3941-3955
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Figure 6. NKCC1 expression of excitatory neurons. A. Fluorescent microscopic images of sections dual-immunos-
tained for NKCC1 (green), and CaMKIl-a (red) in auditory cortex of rats after a single dose of salicylate. B and C.
Percent of NKCC1+/CaMKIl-a+ neurons and intensity of NKCC1 staining for rats after a single dose of salicylate.
There were no significant differences among the four groups in percent of NKCC1+/CaMKII-a+ neurons or intensity
of NKCC1 staining. D. Fluorescent microscopic images of sections dual-immunostained for NKCC1 (green), and
CaMKiII-« (red) in auditory cortex of rats during long-term administration of salicylate. E and F. Percent of NKCC1+/
CaMKII-a+ neurons and intensity of NKCC1 staining for rats during long-term administration of salicylate. There
were no significant differences among the three groups in percent of NKCC1+/CaMKII-a+ neurons or intensity of

NKCC1 staining. Scale bar, 20 pm.

tion of GIuA1R/CaMKIl-a+ neurons among the
four groups (Figure 2B). The intensity of GIUA1R
staining in 2 h group was significantly decreased
(P<0.01) while those in 4 h and 8 h group
were not significantly different compared with
the Con group (Figure 2C). The proportions of
GABA R+/CaMKII-a+ neurons and the intensity
of GABA,R staining in 2 h and 4 h group were
significantly increased (Con group vs. 2 h group,
P<0.001; Con group vs. 4 h group, P<0.001)
while that in 8 h group was not significantly

3948

different compared with the Con group (Figure
3B, 3C). During long-term administration of
salicylate, the proportion of GIuA1R/CaMKII-a+
neurons (P<0.001) and the intensity of GIUA1R
staining (P<0.05) in SS group were significantly
increased while those in RE group was not sig-
nificantly different compared with the NS group
(Figure 2E, 2F). The proportion of GABA R+/
CaMKIl-a+ neurons (P<0.001) and the intensity
of GABA R staining (P<0.001) in SS group was
significantly elevated while that in RE group

Am J Transl Res 2018;10(12):3941-3955
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Figure 7. c-Fos expression of excitatory neurons. A. Fluorescent microscopic images of sections dual-immunostained
for c-Fos (green), and CaMKII-« (red) in auditory cortex of rats after a single dose of salicylate. B. Percent of c-Fos+/
CaMKII-a+ neurons for rats after a single dose of salicylate. The 2 h group and the 4 h group showed significant in-
creases in percent of c-Fos+/CaMKIl-a+ neurons compared with the Con group (Con group vs. 2 h group, *P<0.001;
Con group vs. 4 h group, *P<0.001). No significant differences were demonstrated between the Con group and the
8 h group. C. Fluorescent microscopic images of sections dual-immunostained for c-Fos (green), and CaMKiII-o (red)
in auditory cortex of rats during long-term administration of salicylate. D. Percent of c-Fos+/CaMKII-a+ neurons for
rats during long-term administration of salicylate. The SS group showed a significant increase in percent of c-Fos+/
CaMKII-a+ neurons compared with the NS group (*P<0.001). There were no significant differences between NS
group and RE group. Scale bar, 20 ym.

was not significantly different compared with
the NS group (Figure 3E, 3F). There was no
significantly difference in the proportion of
CaMKIl-a+/NeuN cells among the three groups
during long-term of salicylate administration
(Figure 4).
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Changes in chloride co-transporters after ad-
ministration of salicylate

There was a decreased proportion of KCC2+/

CaMKIl-a+ neurons and intensity of KCC2
staining after 14 days of salicylate administra-

Am J Transl Res 2018;10(12):3941-3955



Receptor plasticity of auditory cortical excitatory neurons in tinnitus

A EGR-1 CaMKlla Merge Cc
Coii . EGR-1 CaMKlla Merge
i -
) .
i .
B 50+ D 40
+
2 e
¥ =
= £
% ©
o 3]
< .1
14 ” 14
o :
w i 8
x ; X
L]
o i oy ¥ 3

Figure 8. EGR-1 expression of excitatory neurons. A. Fluorescent microscopic images of sections dual-immunos-
tained for EGR-1 (green), and CaMKII-a (red) in auditory cortex of rats after a single dose of salicylate. B. Percent of
EGR-1+/CaMKIl-a+ neurons for rats after a single dose of salicylate. The 2 h group showed a significant increase
in percent of EGR-1+/CaMKII-a+ neurons compared with the Con group (*P<0.001). No significant differences
were demonstrated between the Con group and the 4 h group or the Con group and the 8 h group in percent of
EGR-1+/CaMKII-a+ neurons. C. Fluorescent microscopic images of sections dual-immunostained for EGR-1 (green),
and CaMKIl-a (red) in auditory cortex of rats during long-term administration of salicylate. D. Percent of EGR-1+/
CaMKIl-o+ neurons for rats during long-term administration of salicylate. The SS group showed a significant de-
crease in percent of EGR-1+/CaMKII-a+ neurons compared with the NS group (*P<0.01). There were no significant
differences between NS group and RE group. Scale bar, 20 um.

tion (SS group) compared with the NS group
(P<0.001), there was no change in proportion
of KCC2+/CaMKII-a+ neurons intensity of KCC2
staining in the RE group compared with the NS
group (Figure 5E, 5F) or among the four groups
after a single administration of salicylate (Fig-
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ure 5B, 5C). There were no significant differen-
ces in the proportion of NKCC1+/CaMKIl-o+
neurons or intensity of NKCC1 staining among
the four groups within 8 hours after salicylate
injection or during long-term administration
(Figure 6).

Am J Transl Res 2018;10(12):3941-3955



Receptor plasticity of auditory cortical excitatory neurons in tinnitus

Changes in immediate early genes after ad-
ministration of salicylate

After a single dose of salicylate, the proportions
of c-Fos+/CaMKIl-a+ neurons in 2 h and 4 h
group were significantly increased (Con group
vs. 2 h group, P<0.001; Con group vs. 4 h
group, P<0.001) while that in 8 h group was not
significantly different compared with the Con
group (Figure 7B). The proportion of EGR1+/
CaMKIl-a+ neurons in 2 h group was signifi-
cantly elevated (P<0.001) while those in 4 h
and 8 h group were not significantly different
compared with the Con group (Figure 8B).
During long-term administration of salicylate,
the proportion of c-Fos+/CaMKII-a+ neurons in
SS group was significantly increased (P<0.001)
while those in RE group was not significantly
different compared with the NS group (Figure
7D). The proportions of EGR1+/CaMKIl-a+ neu-
rons in SS group was significantly downregulat-
ed (P<0.01) while that in RE group was not sig-
nificantly different compared with the NS group
(Figure 8D).

Discussion

The exact mechanisms that give rise to tinnitus
are not fully elucidated. An increasing num-
bers of researches have focused on changes
regarding to neuroplasticity in central auditory
system [3, 12, 16]. In the present study, we
studied the plasticity changes on membrane
receptors of excitatory neurons in the AC.
We found that GABA,Rs were increased with
decreased AMPARs on the membrane of the
excitatory cortical neurons within 8 hours
after a single dose of 200 mg/kg salicylate.
However, both GABA Rs and AMPARs were
increased with decreased expression of KCC2
on excitatory cortical neurons after a long-term
of salicylate which induced tinnitus-like behav-
ior. The transition from homeostatic to Hebbian
manner of receptor changes might partially
underline the machenism of salicylate-induced
tinnitus.

AMPAR and GABA R changes after a single
dose of salicylate

We previous found that AC shown an augment
of F18-FDG uptake, which indicated increased
metabolic activity 2 h after a single dose of
salicylate administration [10]. The hyperactive
state of the AC was thought to be a stress
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response to acute administration of salicylate,
as we had not detected any synaptic structural
alterations or tinnitus-like behavioral manifes-
tation. Consistent with the evidences indicating
increased excitability of AC, we found increased
proportion of c-Fos+/CaMKIla+ cells 2 h after
salicylate administration. The expression of
IEGs (c-Fos and EGR-1) is associated with neu-
ral activity, synaptic efficacy and plasticity
changes in neurons [26], and also they have
been validated as indirect markers of cellular
activity [27]. However the increased GABA Rs
expression and decreased AMPARs expression
of the excitatory neurons observed after a sin-
gle dose of salicylate seemed to contradict the
long-standing recognition of salicylate-induced
neural hyperactivity. This opposite response
of receptors to neural activity might reflect a
feedback in a homeostatic process [28]. The
dynamic changes in GABA,Rs seen here can be
an analogy to the increased receptor clusters
on the membrane responding to increased
activity induced by pharmacological or electro-
physiological stimulus in neuronal cultures
[29]. Moreover, increases in GABA,Rs have
been seen in pyramidal neurons and motor tri-
geminal neurons following sleep deprivation
induced hyperactivity in vivo [30, 31]. The 2-3
chain subunit of the GABA,Rs as labeled here,
exists in both synaptic and extrasynaptic sites
[32]. Thus the augmentation of GABA,Rs would
result in enhancement of inhibitory postsynap-
tic currents which derives synaptically; and
increased phasic and tonic GABAergic inhibi-
tion which origins from extrasynaptic GABA,Rs.
AMPARs changed in a different manner, butin a
homeostatic way. The homeostatic changes of
the excitatory receptors have also been report-
ed in vivo and in vitro before [33, 34]. In addi-
tion, increased proportion of EGR-1+/CaMKlla+
neurons were observed 2 h after salicylate
administration. Besides being a molecular
marker of cellular activity, EGR-1 plays an
important role in mediating the homeostatic
scaling of AMPA receptor by enhancing en-
docytosis [35]. The increased ERG-1 expres-
sion in the excitatory neurons, as shown here,
might be responsible for down scaling of AMPA
receptor. By such compensatory regulation of
GABAergic and glutamatergic receptors, the
excitatory neurons are allowed to dampening
its excitability and activity in a homeostatic
manner when faced with the stimulus of salicy-
late. For this reason, the animals receiving a
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single dose of salicylate showed no sign of tin-
nitus-like behavior.

AMPAR and GABA R changes during long-term
administration of salicylate

Long-term administration of salicylate didn’t
change the proportion of excitatory neurons in
the AC. Showing a discrepancy from the chang-
es occurred during the ‘single dose’ experi-
ment, both the expressions of AMPARs and
GABA Rs in the excitatory neurons were incre-
ased after 14 days of salicylate administration,
and returned to baseline following 14 days’
cease of administration. In parallel with this,
the proportion of ERG-1+/CaMKIla+ neurons,
which were supposed to mediate AMPA recep-
tor endocytosis, was downregulated. While the
augment of AMPARs on auditory cortical excit-
atory neurons reflecting the previous recogni-
tion of salicylate-induced neural hyperactivity,
the increased GABA R seemed to be counter to
the hypothesis of central hyperactivity. Long-
term of salicylate administration was demon-
strated to reduce the expression of GABA, and
GABA, receptors in auditory center in rat show-
ing tinnitus-like behavior [36, 37]. However they
measured the total expression of GABA recep-
tors and could not distinguish excitatory versus
inhibitory neurons.

Interestingly, we found an elevated proportion
of KCC2+/CaMKlIla+ neurons with no change of
NKCC1+/CaMKIlla+ neurons after 14 days of
salicylate administration. KCC2 (a chloride
importer) and NKCC1 (a chloride exporter) are
two major chloride co-transporters which are
crucial for maintaining the concentration gradi-
ent of chloride anions between the outside and
the inside part of the cellular membrane [38].
The combination of GABA and GABA, receptors
activates the chloride channel, allowing CI
entering the cell to induce a hyperpolarizing
inward chloride current. Importantly, the influx
of Cl'through chloride channel is supported by
the low intracellular concentration of Cl. Owing
to less expression of KCC2 during develop-
ment, GABA, receptor shows a depolarizing
response to GABA as a consequence of rela-
tively high concentration of intracellular CI- [39].
After maturation, the increasing expression of
KCC2 leads to the switch of GABA, receptor’s
function from excitation to inhibition. Several
studies have confirmed that under pathological
state, a depolarizing response to GABA induced
by reduction in KCC2 expression contributes to
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local neuronal excitability [40, 41]. Thus the
increased GABA, receptors and decreased
KCC2 we observed here would enhance the
neuronal excitability, instead of dampening it
with normal expression of KCC2. In addition, we
previously reported activation of BDNF-TrkB
signaling in the AC after the same long-term
salicylate regimen applied in this study [42].
What is more, the upregulation of BDNF-TrkB
signaling correlated with the synaptic structural
changes and behavioral manifestation. As a
neurotrophic factor, upregulation of BDNF can
act on TrkB receptor to cause a depolarization
effect of GABA,R activation through downregu-
lation of KCC2, turning the GABAergic activity to
be excitatory at this circumstance [43]. Both
the increased excitatory receptor AMPAR and
the increased inhibitory GABA, receptor which
showing an excitatory property enhanced activ-
ity of the excitatory neurons, contributing to the
hyperactivity of the AC. In parallel with this, the
proportion of c-Fos+/CaMKlla+ elevated after
14 days of salicylate injection, and returned to
baseline after recovery from salicylate adminis-
tration. And the hyperactivity of the excitatory
neurons here resulted in reversible tinnitus-like
behavior indicated in the GPIAS and PPI test.

Neural plasticity in salicylate-induced tinnitus

Neural plasticity regulates neuronal excitability,
synaptic strength and synapse formation. It is
composed of two complementary but opposite
forces: one that regulates neuronal properties
to stabilize the neural activity, and another that
modifies the neuronal elements to progressive-
ly destabilize the neural network [28]. A battery
of experimental efforts aimed at exploring the
biological basis of tinnitus, especially salicylate
associated tinnitus, have focused on Hebbian
plasticity, which was supposed to increase syn-
aptic strength and lead to unrestricted hyper-
activity in the auditory center [44]. We previ-
ously had verified the synaptic plasticity associ-
ated hyperactivity in the AC underlining the tin-
nitus generation [10]. However we did not dis-
tinguish the excitatory neurons from the inhibi-
tory neurons, nor the excitatory synapse from
the inhibitory one in those studies.

Cortical excitatory neurons locate in complex
neural network with extensive excitatory and
inhibitory feedbacks [17]. Activity of the excit-
atory neurons reflects the combined action of
excitatory inputs from other excitatory neurons
and inhibitory inputs from GABAergic neurons.
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Salicylate was reported to attenuate inhibitory
postsynaptic currents recorded from pyramidal
neurons of the AC in brain slices [22]. What is
more, it was demonstrated that salicylate sig-
nificantly increased the action potential firing
rates in the cortical excitatory neurons through
affecting the voltage-gated ion channels [14].
In the present study, we showed augmentation
of both AMPAR and GABA R which showing an
excitatory property on excitatory neurons after
long-term salicylate administration. The recep-
tor changes synchronized with the reversible
tinnitus-like behavioral manifestation. The in-
crease in excitatory components of receptors
on the excitatory neurons, which are liken to
Hebbian plasticity, may thus play a partial role
in the generation of tinnitus development. On
the contrary, the AMPAR and GABA,R (with on
change of KCC2) responded in a homeostatic
manner to excitatory stimulation after a single
dose of salicylate. The homeostatic plasticity
changes of AMPAR and GABA,R here share
some similarity with the results in the study of
sleep deprivation and recovery [30]. They found
an increased ratio of GABA R/AMPAR during
sleep deprivation which was supposed to excite
excitatory neurons in the barrel cortex and an
opposite ratio during sleep recovery which
helped to recover the state of the neurons.
Similar homeostatic plasticity can be revealed
in the hippocampus during sensory deprivation
[45], the rostral cingulate cortex during esopha-
geal acid exposure [46] and other pathological
conditions [47].

Like other systems in the organism, the audito-
ry system functions from compensatory way to
decompensatory way when confronted with
damage factors. We speculate that, after the
single dose of salicylate, the excitatory neurons
in the AC are able to make homeostatic chang-
es to maintain their own steady state and the
normal function of the auditory center. Whereas
the repeated doses of salicylate gradually over-
whelms the excitatory neuron, makes them be
prone to undergo Hebbian plasticity and dis-
turbs the balance between excitation and inhi-
bition. It was the different pattern of neuronal
plasticity the excitatory neurons express that
affected the auditory reactions to salicylate.
Actually we had demonstrated different electro-
motility of outer hair cell in response to a single
dose or long-term administration of salicylate
(the same regimen of salicylate used in the
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present study) before [7]. These phenomenons
we observed may coincide with the data from
clinical researches that patients with occurrent
or early stage of tinnitus had a favourable prog-
nosis while those with chronic tinnitus showed
resistance to various interventions [4]; and
the data from tinnitus animal studies that ben-
zodiazepines, a GABA receptor agonist, showed
some efficacy [48]. However, these correlations
need firm evidence from further study.

In summary, we studied the effects of salicylate
on the AMPAR and the GABA R of the excitatory
neurons in the AC. We found that a single dose
and long-term administration of salicylate had
different impacts on the the expression and
feature of the membranous receptors. This
study suggests that plasticity of the cortical
excitatory neurons might be involved in the
generation of salicylate-induced tinnitus. These
finding will help to further reveal the mecha-
nism of tinnitus, and to develop precise inter-
ventions for tinnitus.
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