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Abstract: Neuroglial activation has been recognized as a pathological hallmark of a variety of neurological diseases, 
yet the role of neuroglia in tinnitus hasn’t been well established so far. To explore the potential roles of two types of 
glia cells (astrocyte and microglia) in the development of tinnitus, we examined markers associated with them in the 
primary auditory (A1) cortex and medial geniculate body (MGB) of rats with salicylate-induced tinnitus. The results 
demonstrated that acute and chronic administrations of salicylate could cause reversible tinnitus-like behavior in 
rats. The expression level of GFAP markedly increased in the A1 cortex of rats following acute and chronic treatments 
of salicylate, accompanied by increased endpoint and process length of astrocyte. The expression level of GFAP and 
the morphology of astrocyte in the rat MGB remained almost constant following salicylate treatment. On the other 
hand, the expression level of Iba1 markedly increased in the rat A1 cortex and MGB following acute and chronic 
treatments of salicylate, together with increased endpoint and process length of microglia in the MGB. Additionally, 
interleukin 1β (IL-1β), a pro-inflammatory cytokine released by activated glia was significantly up-regulated in the 
A1 cortex and MGB of rats after salicylate treatments. These findings highlight astrocyte activation and microglia 
proliferation in the central auditory system of rats experiencing tinnitus, which potently implicate an indispensable 
glial regulation in tinnitus development. 
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Introduction

Tinnitus, the perception of sound in the absen- 
ce of external auditory stimulus, is a phantom 
sensation with debilitating problems such as 
depression, anxiety, frustration and insomnia 
that severely affect the sufferer’s quality of life 
[1-4]. Changes in structure and function of mul-
tiple auditory and non-auditory brain regions 
have been revealed in tinnitus individuals [5-7]. 
Hyperactivity in the central auditory system has 
been proved to be key neural correlates of tin-
nitus generation and maintenance, which is 
regarded as a consequence of excitatory-inhib-
itory synaptic imbalance [8-10]. Auditory cortex 
is part of the circuit involved in noise-induced 
tinnitus, and homeostatic reduction of cortical 
GAD65 expression plays a pivotal role in tinni-
tus generation [11]. Abnormal activation and 

cortical map reorganization in the auditory cor-
tex are correlated with the occurrence and 
severity of noise-induced tinnitus [12, 13]. 
Salicylate (an active ingredient in aspirin) is 
capable of inducing tinnitus in humans [14, 15] 
as well as in laboratory animals [16-18]. 
Salicylate-induced hearing disturbances are 
often associated with tonotopic-map reorgani-
zation and neural activity modulation in the 
auditory cortex [19]. Salicylate perfusion in  
vitro can increase neuronal excitability in pri-
mary auditory (A1) cortex by inhibiting the 
GABAergic transmission [20]. In addition to the 
well-known contribution of A1 cortex in tinnitus 
pathogenesis, medial geniculate body (MGB, 
projects to A1 cortex and limbic structures), 
known as an obligate auditory center to gate 
the percept of sound, has been concerned in 
recent years. Tonic GABAAR currents and spike 
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frequency increase in the MGB of animals with 
noise-induced tinnitus [21]. Salicylate perfu-
sion can alter neuronal intrinsic properties in 
MGB [22], and subsequently lead to aberrant 
thalamic outputs to the auditory cortex. 

With the exception of neurons, glia cells play a 
crucial role in maintaining homeostasis in the 
central nervous system. Astrocytes, the most 
abundant cell type in the mammalian brain, are 
responsible for diverse functions in blood-brain 
barrier maintenance, neural circuitry function 
and metabolic regulation [23]. In rats with salic-
ylate-induced tinnitus, the number of GFAP-
immunoreactive astrocytes increases in the 
ventral cochlear nucleus [24]. Microglias, as 
the immune competent cells, maintain normal 
brain function against diverse pathogenic fac-
tors [25]. A recent study has reported that 
noise-induced hearing loss is associated with 
elevated microglial activation in the A1 cortex, 
blockade of proinflammatory cytokines can  
prevent neuroinflammation and ameliorate 
noised-induced tinnitus [26]. These studies 
provide an evidence for activation of glia cells 
and glia-neuron interaction in the auditory sys-
tem are emerging as potential mechanisms 
underlying tinnitus. The present study aims to 
investigate whether and how astrocyte and 
microglia in the A1 cortex and MGB are involved 
in salicylate-induced tinnitus. 

Materials and methods

Animals

All the experimental procedures for present 
study were in accordance with the National 
Institutes of Health (NIH) guidelines for the 
Care and Use of Laboratory Animals, and were 
approved by the Ethics Committee of Ninth 
People’s Hospital, Shanghai Jiao Tong Univer- 
sity School of Medicine (SH9H-2019-A377-1). 
Male Sprague-Dawley rats (weighing 230-250 
g) from Jiesijie Laboratory Animal Co. Ltd. 
(Shanghai, China) were housed on a 12 h light/
dark schedule, with standard food and water 
provided ad libitum. 

Salicylate administration

Sodium salicylate (Sigma-Aldrich, St. Louis, 
MO, USA) was dissolved in saline just before 
use (200 mg/mL). The procedure of salicylate 
treatment is similar as described previously 

[18]. Briefly, in the experiment of acute treat-
ment (AT), rats were randomly divided to control 
group (AT-control), 2 h group (AT-2 h), 4 h group 
(AT-4 h), 8 h group (AT-8 h) and 24 h group (AT-
24 h). The rats from four groups (AT-2 h, 4 h,  
8 h, and 24 h) were intraperitoneally injected 
with 350 mg/kg salicylate, and the rats from 
control group were treated with the same vol-
ume of saline. In the experiment of long-term 
chronic treatment (CT), rats were randomly 
divided to CT-control, CT-7 d group and CT-7  
d+7 d group. The rats from CT-7 d group and 
CT-control group were respectively treated with 
salicylate (200 mg/kg) and saline, twice daily 
(8:00 and 20:00) for 7 consecutive days. The 
rats from CT-7 d+7 d group were given injection 
of salicylate with the same manipulation to 
those from CT-7 d group, and subsequently 
accompanied with 7-days recovery period. 

Behavioral assessment of tinnitus

Tinnitus-like behavior was assessed using  
the gap pre-pulse inhibition of acoustic startle 
(GPIAS) and pre-pulse inhibition (PPI) as de- 
scribed in detail in previous studies [18, 27, 
28], via the Acoustic Startle Reflex Starter 
Package for Rat or Mouse (Med Associates, St. 
Albans, VT, USA). Rats were put into a plastic 
holder placed in a sound-attenuating chamber. 
A piezoelectric platform was used to translate 
the downward force generated by animals to 
voltage proportionally. The amplitude of the 
startle response calculated as the peak-to-
peak values. GPIAS paradigm was performed 
using narrow bandpass sound with a 1-kHz 
bandwidth centered at 6, 12, 16 kHz present- 
ed at 65 dB SPL and was composed of 30 gap 
trials and 30 non-gap trials randomly. Startle 
responses were elicited by acoustic startle 
stimuli (white noise, 110 dB SPL, 20 ms, in an 
interval of 30-35 s). A 50-ms sound gap was 
introduced into the narrowband noise 100 ms 
before the startle stimulus in gap trials (Fi- 
gure 1B). GPIAS value was calculated using the 
formula: [(AvgTno-gap-AvgTgap)/AvgTno-gap] × 100% 
(AvgTgap and AvgTno-gap mean the average ampli-
tude of gap and no-gap trials, respectively). PPI 
was performed in parallel to GPIAS to con- 
firm that gap detection deficits were not attrib-
uted to temporal processing impairment or 
inability to hear the background sounds. PPI 
was tested in a quiet background and com-
posed of 30 startle trials without pre-pulse and 
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30 startle trials with pulse-pulse randomly. A 
50-ms noise-burst pre-pulse (65 dB SPL) was 
presented 100 ms before the startle stimulus 
in pre-pulse trials (Figure 1A). PPI value was 
calculated using the formula: [(AvgTstartle-AvgTpre-

pulse)/AvgTstartle] × 100% (AvgTpre-pulse and AvgTstartle 
mean the average amplitude during the pre-
pulse trials and startle trials, respectively). 

Western blotting

Rat bilateral A1 cortex and MGB were collected 
according to The rat brain in stereotaxic coordi-
nates (5th edn). For whole-cell protein extrac-

tion, tissues were lysed in RIPA buffer contain-
ing protease inhibitor cocktail (Beyotime 
Biotechnology, Shanghai, China), the superna-
tant was collected after centrifugation. The 
concentration of proteins was estimated using 
BCA assay kit (Beyotime). The extracted protein 
samples were separated via sodium dodecyl 
sulfate-polyacrylamide gel (SDS-PAGE) and 
then transferred to PVDF membranes (Im- 
mobilon-P, Millipore, Billerica, MA, USA). After 
blocking, the following primary antibodies were 
used: monoclonal mouse anti-β-actin (abs- 
137975, 1:1000, Absin, Shanghai, China), 
monoclonal mouse anti-GFAP (3670S, 1:1000, 

Figure 1. Pre-pulse inhibition (PPI) and gap pre-pulse inhibition of acoustic startle (GPIAS) paradigm. A. Diagram 
illustrate for PPI assay. B. Diagram illustrate for GPIAS assay. C. Percent of PPI at 6, 12 and 16 kHz after acute 
treatment of salicylate. No significant differences were detected among these five groups. D. Percent of GPIAS at 
6, 12 and 16 kHz after acute treatment of salicylate. Three groups (AT-2 h, AT-4 h and AT-8 h) showed a significant 
decrease in percent of GPIAS compared with the AT-control group at 12 kHz (P < 0.01, P < 0.001, P < 0.01) and 16 
kHz (P < 0.001, P < 0.001, P < 0.001) (n=4 rats in each group). E. Percent of PPI at 6, 12 and 16 kHz for rats after 
chronic treatment of salicylate. No significant differences were demonstrated among the three groups. F. Percent of 
GPIAS at 6, 12 and 16 kHz after chronic treatment of salicylate. The CT-7 d group showed a significant decrease in 
percent of GPIAS compared with the CT-control group at 12 kHz (P < 0.01) and 16 kHz (P < 0.01), but not at 6 kHz 
(n=6 rats in each group). Two-way analysis of variance (ANOVA) followed by post hoc Scheffé test was used for mul-
tiple comparisons of the five or three groups, *P < 0.05, **P < 0.01, ***P < 0.001, compared with control group. 
Data are presented as the mean ± SEM. 
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Cell Signaling Technology, Danvers, USA), poly-
clonal goat anti-Iba1 (ab5076, 1:2000, Abcam, 
Cambridge, USA). The membranes were incu-
bated with HRP-conjugated secondary antibod-
ies for 2 h at room temperature. Protein blots 
were detected by using enhanced chemilumi-
nescent (ECL) kit (Beyotime) and imaged by  
the ECL system (Tanon 4600, Tanon Science & 
Technology Co. Ltd., Shanghai, China). The 
blots were quantified by densitometry with 
Image J software (National Institutes of Health, 
Bethesda, MD, USA). The ‘n’ described in this 
experiment represents the number of blots for 
data analysis. 

Quantitative PCR (qPCR)

Total RNA was extracted using Trizol (Invitro- 
gen, Carlsbad, CA,USA) according to manufac-
turer’s protocol. Synthesis of first-strand cDNA 
was performed using PrimeScript™ RT reagent 
Kit with gDNA Eraser (Takara, Dalian, Hebei, 
China) and qPCR was performed using TB 
Green Premix Ex Taq™ (Takara). The PCR prim-
ers were synthesized by Genscript (Nanjing, 
Jiangsu, China): IL-1β-S: 5’CTCACAGCAGCATC- 
TCGACAAGAG3’; IL-1β-A: 5’TCCACGGGCAAGA- 
CATAGGTAGC3’; β-actin-S: 5’ACTATCGGCAATG- 
AGCGGTTCC3’; β-actin-A: 5’AGCACTGTGTTGG- 
CATAGAGGTC3’. Relative expression levels were 
calculated by the 2-ΔΔCT method. The expression 
level of IL-1β was normalized using β-actin as 
endogenous controls. The “n” value represents 
the number of normalized values. 

Immunohistochemical staining

Rats were perfused with 0.9% normal saline 
and 4% paraformaldehyde after anesthesia. 
The brain was collected and post-fixed in the 
same fixative for 24 h, and subsequently  
dehydrated in 20% and 30% sucrose in 0.1 M 
phosphate buffer. After being frozen, cryostat 
coronal sections (16 μm) were obtained using  
a freezing microtome (Leica CM3050S, Leica 
Biosystems Inc., Wetzlar, Germany). After 
quenching with 0.05% hydrogen peroxide for 
30 min and blocking with 5% goat serum (GS) 
for 1 h at room temperature, the slices were 
rinsed using 0.01 M phosphate buffered solu-
tion (PBS) and incubated with appropriate pri-
mary antibodies (GFAP, 1:400; Iba1, 1:1000; 
IL-1β, 1:400, ab9722, Abcam,) overnight at 
4°C. After washing, the sections were incubat-
ed with secondary antibodies. Subsequently, 

the sections were rinsed and incubated with 
streptavidin biotin-peroxidase complex (SABC) 
(Boster, SA1020, SA1023, Wuhan, China). The 
immunohistological positive stainings were 
visualized by 3, 3’-diaminobenzidine (DAB) kit 
(Absin, abs9210). The sections were washed, 
dehydrated and mounted with Permount 
(Boster, AR0038). Images were taken with an 
optical microscope (Nikon, Japan) under stan-
dardized conditions by controlling the lamp 
brightness and camera white balance. Bila- 
teral A1 cortex (Layer I-VI) and MGB (dorsal (d)
MGB, ventral (v)MGB, medial (m)MGB) area of 
each slice were chosen for analysis. The aver-
age optical density (Integrated Optical Density 
(IOD)/area) of four randomly selected, non-
overlapping fields (300 μm × 200 μm) at × 400 
magnification were assessed using Image J 
software. The ‘n’ represents the number of slic-
es used for data collection in whole A1 cortex 
and whole MGB, while that represents the num-
ber of collected fields in subdivision analysis. 

Cellular skeleton analysis

Samples preparation were similar with the pro-
cedures mentioned above (30 μm coronal slic-
es, thickness is different from the slices used 
for immunohistochemical staining) and cap-
tured by a confocal microscope (Olympus 
FV1000, Japan) under 40 × objective. Images 
(20 μm Z-stack with 2 μm intervals) were 
acquired in the A1 cortex and MGB, four fields 
without overlapping were captured randomly in 
each area of one slice. Image J software and 
appropriate plugins (bandpass filter, unsharp 
mask, despeckle) were used following previous 
studies [29-32]. The Analyze Skeleton Plugin 
(http://imagej.net/AnalyzeSkeleton) was app- 
lied to skeletonized images converted by Image 
J to collect data of process length and number 
of endpoints per frame. To quantify the end-
points and process length of glia cells, the  
total number of process length and endpoints 
were normalized by the number of cell somas  
in each field. These data were used for assess 
the morphology changes of glial cells. The ‘n’ 
described in this experiment represents the 
number of fields collected for data analysis. 

Statistical analysis

Data are presented as mean ± SEM and ana-
lyzed using GraphPad Prism v.8.0 software 
(GraphPad Software Inc., San Diego, USA). One-
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way and two-way analysis of variance (ANOVA) 
followed by post hoc Scheffé test were used for 
data analysis. P < 0.05 was considered to be 
statistically significant. 

Results

Tinnitus-like behaviors in rats following salicy-
late treatment

To explore the role of glia cells in tinnitus pa- 
thogenesis, two tinnitus models via salicylate 
administration were employed. Here, behavior-
al evidence of tinnitus was assessed using  
gap detection deficit, with significantly de- 
creased GPIAS value. Compared with rats from 
control group, rats from three groups showed 
significant gap detection deficit at 12 kHz (AT-2 
h, P < 0.01; AT-4 h, P < 0.001; AT-8 h, P < 0.01) 
and 16 kHz (AT-2 h, P < 0.001; AT-4 h, P < 
0.001; AT-8 h, P < 0.001), but not at 6 kHz 
background sounds following acute salicylate 
treatment (Figure 1D), the gap detection abi- 
lity of rats from AT-24 h group was recovered to 
normal level. Importantly, there was no signifi-
cant difference in PPI value of rats among the 
five groups (Figure 1C), which indicated that 
gap detection deficits of tinnitus rats are not 
due to inability to hear the background sounds. 
On the other hand, following chronic salicylate 
treatment, the rats showed significant gap 
detection deficit at 12 kHz (P < 0.01) and 16 
kHz (P < 0.01), but not at 6 kHz, the gap de- 
tection ability was tended to normal level after 
7-days recovery (Figure 1F). Meanwhile, PPI val-
ues of rats from CT-control, CT-7 d, and CT-7+7 
d groups had no significant difference (Figure 
1E). The behavioral tests demonstrate that 
acute and chronic salicylate treatments can 
both induce reversible high-frequency tinnitus, 
which is consistent with previous study [18]. 

GFAP expression and astrocyte morphology in 
the A1 cortex after salicylate treatment 

Astrocyte activation is widely defined as up-
regulation of the specific marker (GFAP), which 
is often, but not always, associated with mor-
phological changes (such as hypertrophy, pro- 
liferation and process extension) [33]. Using 
western blotting (WB) and immunohistochemi-
cal staining (IHC), it was found that at 4 h after 
acute salicylate treatment, the expression level 
of GFAP in the A1 cortex significantly increased 
(P < 0.05 in WB, P < 0.05 in IHC), the elevated 

GFAP expression recovered to control level at 8 
h (Figure 2A-E, 2I and 2J). By laminar-analysis, 
GFAP was found to be up-regulated in layers II/
III, IV, V, and VI of the A1 cortex at 4 h after 
acute salicylate treatment (P < 0.05, P < 0.05, 
P < 0.01, P < 0.01, respectively) (Figure 2M). 
After chronic salicylate treatment, the expres-
sion level of GFAP in the A1 cortex significan- 
tly increased (P < 0.05 in WB, P < 0.001 in IHC), 
the rising tendency was tend to normal level 
after 7-days recovery (Figure 2F-H, 2K and 2L). 
The up-regulation of GFAP was presented 
across from layer I to layer VI of the A1 cor- 
tex after chronic salicylate treatment (P < 
0.001, P < 0.001, P < 0.001, P < 0.001, P < 
0.001, respectively) (Figure 2N). On the other 
hand, the morphological changes of astrocyte 
in the A1 cortex were identified. Astrocytic 
hypertrophy and glia scar in the A1 cortex were 
undetectable following salicylate treatment 
(Figure 4A and 4B). However, the number of 
endpoints/cell (EP/C) and the process length/
cell (LE/C) of astrocyte significantly increased 
at 2 h (P < 0.01, P < 0.01) and 4 h (P < 0.05, P 
< 0.05), but at 8 h after acute salicylate treat-
ment, only the number of EP/C of astrocyte  
(P < 0.05) increased. The changed morphology 
of astrocyte in the A1 cortex was recovered to 
normal pattern at 24 h after salicylate treat-
ment (Figure 4C and 4E). In the case of chro- 
nic salicylate treatment, the number of EP/C  
of astrocyte in the A1 cortex significantly 
increased (P < 0.01), and returned to normal 
level after 7-days recovery, without changes of 
LE/C (Figure 4D and 4F). These results clearly 
indicate that astrocytes in the rat A1 cortex are 
into an activated-state phase following salicy-
late treatment. 

GFAP expression and astrocyte morphology in 
the MGB after salicylate treatment

WB experiments showed that the expression 
level of GFAP in the MGB was slightly increas- 
ed at 4 h after acute salicylate treatment, but 
with no statistically difference compared with 
control group (P=0.0587) (Figure 3I). IHC 
experiments showed that the expression level 
of GFAP in the MGB was significantly increased 
at 4 h (P < 0.05), the up-regulation of GFAP 
recovered to control level at 8 h after acute 
salicylate treatment (Figure 3A-E, 3J). Sub- 
division analysis found that the up-regulation of 
GFAP in the MGB at 4 h after salicylate treat-
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ment was only presented in the mMGB (P < 
0.01) (Figure 3M). There was no statistically  
difference of GFAP expression in the MGB of 
rats from CT-control, CT-7 d and CT-7+7 d 
(Figure 3F-H, 3K, 3L and 3N). Morphological 
analysis showed that acute and chronic admin-
istrations of salicylate have no effect on the 
morphology of astrocyte in MGB (Figure 4A, 4B 
and 4G-J). The results suggest that astrocyte in 

the mMGB maybe transiently into activated-
state phase at 4 h, and recover to resting state 
at 8 h after salicylate treatment. 

Iba1 expression and microglia morphology in 
the A1 cortex after salicylate treatment

Microglia activation is widely defined as up-reg-
ulation of the specific marker (such as Iba1) 

Figure 2. Changes in GFAP expression in the A1 cortex following salicylate treatment. A-H. Example coronal sec-
tions of A1 cortex stained with GFAP. I. Quantitative analysis of GFAP in the A1 cortex from AT group using western 
blot. Bar graph shows the protein level of GFAP against β-actin in the A1 cortex, data are normalized to control. J. 
Quantitative analysis of GFAP in the A1 cortex from AT group using immunohistochemical staining. Bar graph shows 
the total IOD/area quantification of GFAP in the A1 cortex. M. The expression levels of GFAP in five layers (I, II/III, IV, 
V, and VI) of the A1 cortex. K. Quantitative analysis of GFAP in the A1 cortex from CT group using western blot. Bar 
graph shows the protein level of GFAP in the A1 cortex by normalizing against the mean of β-actin, data are normal-
ized to control. L. Quantitative analysis of GFAP in the A1 cortex from CT group using immunohistochemical staining. 
Bar graph shows the total IOD/area quantification of GFAP in the A1 cortex. N. The expression levels of GFAP in five 
layers (I, II/III, IV, V, and VI) of the A1 cortex. One-way analysis of variance (ANOVA) followed by post hoc Scheffé test 
was used for multiple comparisons of total expression level in the five or three groups. Two-way analysis of variance 
(ANOVA) followed by post hoc Scheffé test was used for multiple comparisons of different A1 cortical layers across 
the five or three groups. Data are presented as mean ± SEM, n value are shown in each bar. *P < 0.05, **P < 0.01, 
***P < 0.001, compared with control group.
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and morphological changes from the ramified 
shape to a nonramified, amoeboid shape [26]. 
After acute salicylate treatment, the expression 
level of Iba1 showed a significant increasement 
in the A1 cortex of rats from AT-4 h (P < 0.01 in 
WB, P < 0.05 in IHC), AT-8 h (P < 0.001 in WB, P 

< 0.01 in IHC) and AT-24 h (P < 0.001 in WB, P 
< 0.05 in IHC) groups, compared with that  
from AT-control group (Figure 5A-E, 5I and 5J). 
Through laminar-analysis, it was found that the 
up-regulation of Iba1 were presented across 
five layers of the rat A1 cortex after acute salic-

Figure 3. Changes in GFAP expression in the MGB following salicylate treatment. A-H. Example coronal sections 
including MGB stained with GFAP. I. Quantitative analysis of GFAP in the MGB from AT group using western blot. Bar 
graph shows the protein level of GFAP against β-actin in the MGB, data are normalized to control. J. Quantitative 
analysis of GFAP in the MGB from AT group using immunohistochemical staining. Bar graph shows the total IOD/
area quantification of GFAP in the MGB. M. The expression levels of GFAP in the subdivisions (mMGB, vMGB and 
dMGB) of the MGB. K. Quantitative analysis of GFAP in the MGB from CT group using western blot. Bar graph shows 
the protein level of GFAP in the MGB by normalizing against the mean of β-actin, data are normalized to control. 
L. Quantitative analysis of GFAP in the MGB from CT group using immunohistochemical staining. Bar graph shows 
the total IOD/area quantification of GFAP in the MGB. N. The expression levels of GFAP in three subdivisions of the 
MGB. One-way analysis of variance (ANOVA) followed by post hoc Scheffé test was used for multiple comparisons of 
total expression level in the five or three groups. Two-way analysis of variance (ANOVA) followed by post hoc Scheffé 
test was used for multiple comparisons of different MGB subdivisions across the five or three groups. Data are 
presented as mean ± SEM, n value are shown in each bar. *P < 0.05, **P < 0.01, ***P < 0.001, compared with 
control group. 
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ylate treatment (Figure 5M). After chronic salic-
ylate treatment, the expression level of Iba1 in 
the A1 cortex was significant increased verified 
by WB (P < 0.01) and IHC (P < 0.01). The 
increased expression of Iba1 in the A1 cortex 
was recovered to control level after 7-days 

recovery (Figure 5F-H, 5K and 5L). In addition, 
the up-regulation of Iba 1 was mainly present-
ed in the layer II/III (P < 0.001), IV (P < 0.01), V 
(P < 0.05) and VI (P < 0.01) of the A1 cortex 
after chronic salicylate treatment (Figure 5N). 
The obvious hypertrophy and nonramified, 

Figure 4. Skeleton analysis of astrocyte morphology in the A1 cortex and MGB following salicylate treatment. A. 
Example images of GFAP stained in A1 cortex from AT group. Scale bars: 30 μm. B. GFAP stained images were con-
verted to binary images and skeletonized by image J for analysis. Scale bars: 15 μm. C-F. Quantitative analysis of 
endpoints and length of processes of astrocyte in the A1 cortex after salicylate treatment. G-J. Quantitative analysis 
of endpoints and length of processes of astrocyte in the MGB after salicylate treatment. The number of astrocyte 
in each field was quantified in order to normalize skeleton data, the number of (EP/C) and the process length/cell 
(LE/C) were analyzed. One-way analysis of variance (ANOVA) followed by post hoc Scheffé test was used for multiple 
comparisons of total expression level in the five or three groups. Data were presented as mean ± SEM, n value are 
shown in each bar. *P < 0.05, **P < 0.01, compared with control group. 
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amoeboid shape of microglia in the A1 cortex 
was undetectable following salicylate treat-
ment (Figure 7A and 7B). Besides, the number 
of EP/C and the LE/C of microglia remained 
unchanged in the A1 cortex following salicylate 
treatment (Figure 7C-F). These results point 
out that microglia are not activated, but possi-
bly shown with a novel pathological state in the 
A1 cortex following salicylate treatment. 

Iba1 expression and microglia morphology in 
the MGB after salicylate treatment

The expression level of Iba1 in the MGB signifi-
cantly increased at 4 h (P < 0.01 in WB, P < 
0.01 in IHC), 8 h (P < 0.01 in WB, P < 0.01 in 
IHC) and 24 h (P < 0.001 in WB, P < 0.001 in 
IHC) after acute salicylate treatment (Figure 
6A-E, 6I and 6J). Subdivision analysis showed 

Figure 5. Changes in Iba1 expression in the A1 cortex following salicylate treatment. A-H. Example coronal sections 
of A1 cortex stained with Iba1. I. Quantitative analysis of Iba1 in the A1 cortex from AT group using western blot. Bar 
graph shows the protein level of Iba1 against β-actin in the A1 cortex, data are normalized to control. J. Quantitative 
analysis of Iba1 in the A1 cortex from AT group using immunohistochemical staining. Bar graph shows the total IOD/
area quantification of Iba1 in the A1 cortex. M. The expression levels of Iba1 in five layers (I, II/III, IV, V, and VI) of 
the A1 cortex. K. Quantitative analysis of Iba1 in the A1 cortex from CT group using western blot. Bar graph shows 
the protein level of Iba1 in the A1 cortex by normalizing against the mean of β-actin, data are normalized to control. 
L. Quantitative analysis of Iba1 in the A1 cortex from CT group using immunohistochemical staining. Bar graph 
shows the total IOD/area quantification of Iba1 in the A1 cortex. N. The expression levels of Iba1 in five layers of the 
A1 cortex. The n value (italics) of each group is presented in the bar graph. One-way analysis of variance (ANOVA) 
followed by post hoc Scheffé test was used for multiple comparisons of total expression level in the five or three 
groups. Two-way analysis of variance (ANOVA) followed by post hoc Scheffé test was used for multiple comparisons 
of different A1 cortical layers across the five or three groups. Data are presented as mean ± SEM, n value are shown 
in each bar. *P < 0.05, **P < 0.01, ***P < 0.001, compared with control group. 
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that the up-regulation of Iba1 mainly presented 
in the dMGB and vMGB after acute salicylate 
treatment (Figure 6M). After chronic salicylate 
treatment, the expression level of Iba1 in the 
MGB was significantly increased detected by 
WB (P < 0.05) and IHC (P < 0.001), and the up-
regulation was returned to normal level after 

7-days recovery (Figure 6F-H, 6K, 6L). In addi-
tion, it was found that the expression level of 
Iba1 was mainly up-regulated in the mMGB  
and dMGB after chronic salicylate treatment 
(Figure 6N). The obvious hypertrophy and non-
ramified, amoeboid shape of microglia in the 
MGB was undetectable following salicylate 

Figure 6. Changes in Iba1 expression in the MGB following salicylate treatment. A-H. Example coronal sections 
including MGB stained with Iba1. I. Quantitative analysis of Iba1 in the MGB from AT group using western blot. Bar 
graph shows the protein level of Iba1 against β-actin in the MGB, data are normalized to control. J. Quantitative 
analysis of Iba1 in the MGB from AT group using immunohistochemical staining. Bar graph shows the total IOD/area 
quantification of Iba1 in the MGB. M. The expression levels of Iba1 in the subdivisions (mMGB, vMGB and dMGB) 
of the MGB. K. Quantitative analysis of Iba1 in the MGB cortex from CT group using western blot. Bar graph shows 
the protein level of Iba1 in the MGB by normalizing against the mean of β-actin, data are normalized to control. L. 
Quantitative analysis of Iba1 in the MGB from CT group using immunohistochemical staining. Bar graph shows the 
total IOD/area quantification of Iba1 in the A1 cortex. N. The expression levels of Iba1 in three subdivisions of the 
MGB. One-way analysis of variance (ANOVA) followed by post hoc Scheffé test was used for multiple comparisons of 
total expression level in the five or three groups. Two-way analysis of variance (ANOVA) followed by post hoc Scheffé 
test was used for multiple comparisons of different MGB subdivisions across the five or three groups. Data are 
presented as mean ± SEM, n value are shown in each bar. *P < 0.05, **P < 0.01, ***P < 0.001, compared with 
control group.
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treatment. The number of EP/C of microglia 
increased at 2 h (P < 0.001) and 4 h (P < 0.05), 
and the LE/C of microglia increased at 4 h (P < 
0.01) after acute salicylate treatment (Figure 
7G and 7I). In addition, the number of EP/C of 

microglia in the MGB increased following chron-
ic salicylate treatment (P < 0.05), and recover 
to normal level after 7-days recovery, but the 
LE/C of microglia remained unchanged (Figure 
7H and 7J). These results point out that microg-

Figure 7. Skeleton analysis of microglia morphology in the A1 cortex and MGB following salicylate treatment. A. 
Example images of Iba1 stained in A1 cortex from AT group. Scale bars: 30 μm. B. Iba1 stained images were con-
verted to binary images and skeletonized by image J for analysis. Scale bars: 15 μm. C-F. Quantitative analysis of 
endpoints and length of processes of microglia in the A1 cortex after salicylate treatment. G-J. Quantitative analysis 
of endpoints and length of processes of microglia in the MGB after salicylate treatment. The number of astrocyte 
in each field was quantified in order to normalize skeleton data, the number of (EP/C) and the process length/cell 
(LE/C) were analyzed. One-way analysis of variance (ANOVA) followed by post hoc Scheffé test was used for multiple 
comparisons. Data were presented as mean ± SEM, n value are shown in each bar. *P < 0.05, **P < 0.01, ***P 
< 0.001, compared with control group. 
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lia are not activated, but are proliferated 
accompanied with increased number of branch 
in the MGB following salicylate treatment. 

IL-1β expression in the A1 cortex and MGB af-
ter salicylate treatment

Pathological astrocyte and microglia can pro-
duce and release multiple proinflammatory 
mediators [34]. Here, the expression level of 
IL-1β was examined in the A1 cortex and MGB. 
The mRNA level of IL-1β in the A1 cortex 
decreased at 2 h (P < 0.001) and 4 h (P < 
0.001), recovered at 8 h after acute salicylate 
treatment (Figure 8C), but that of IL-1β re- 
mained unchanged after chronic salicylate 
treatment (Figure 8E). The protein level of IL- 
1β in the A1 cortex significantly increased at 4 
h (P < 0.01), 8 h (P < 0.05) and 24 h (P < 0.05) 
after acute treatment of salicylate (Figure 8A 
and 8D), as well significantly increased after 
chronic salicylate treatment (P < 0.01) and the 
elevated IL-1β protein recovered to normal level 
following 7-days recovery (Figure 8F). In the 
MGB, the mRNA level of IL-1β increased at 8 h 

and 24 h, while the protein level of IL-1β 
increased at 4 h after acute salicylate treat-
ment (Figure 8B, 8G and 8H). The mRNA and 
protein levels of IL-1β were both almost con-
stant after chronic salicylate treatment (Figure 
8I and 8J). 

Discussion

In the present study, gap-prepulse inhibition  
of the acoustic startle reflex (GPIAS) [35], a 
widely used behavioral test was employed to 
assess behavioral evidence of tinnitus in rats 
following acute or chronic treatment of salicy-
late. As is well-known, GPIAS is based on the 
acoustic startle reflex evoked by a short  
and intense sound following a constant back-
ground sound, the reflex can be inhibited in  
the presence of a silent gap embedded before 
startle stimulus. Moreover, the pre-pulse inhibi-
tion (PPI) of the startle reflex has been high-
lighted as one of the most reliable paradigms 
for evaluating sensorimotor gating [35]. For PPI 
evaluation, a short duration sound-burst with 
the same amplitude of background sound used 

Figure 8. Changes in IL-1β expression in the A1 cortex and MGB following salicylate treatment. A, B. Example coronal 
sections of A1 cortex and MGB stained with IL-1β. C, D. Quantitative analysis of mRNA and protein of IL-1β in the 
A1 cortex from AT group. E, F. Quantitative analysis of mRNA and protein of IL-1β in the A1 cortex from CT group. G, 
H. Quantitative analysis of mRNA and protein of IL-1β in the MGB from AT group. I, J. Quantitative analysis of mRNA 
and protein of IL-1β in the MGB from CT group. One-way analysis of variance (ANOVA) followed by post hoc Scheffé 
test was used for multiple comparisons. Data are presented as mean ± SEM, n value of each group is presented in 
each bar graph. *P < 0.05, **P < 0.01 and ***P < 0.001, compared with control group.
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in GPIAS test is presented prior to the startle 
stimulus, which can inhibit the startle reflex  
reliably. Therefore, it is assumed that behavior 
evidence of tinnitus characterized by signifi- 
cant gap detection deficit is not due to tempo-
ral processing impairment or inability to hear 
the background sounds. High doses of salicy-
late can elevate ABR thresholds to approxi-
mately 20 dB SPL (< 15 dB threshold shift) [36, 
37]. Since gap detection performance is near 
its optimal level 40 dB above thresholds [38], 
the 65 dB background noise used in GPIAS in 
the current study would be ~40 dB above 
thresholds, the slightly elevated hearing th- 
reshold caused by salicylate has limited influ-
ence on the gap detection performance. In the 
present study, we confirmed that acute treat-
ment of high dose of salicylate (350 mg/kg) is 
capable of inducing transient, reversible tinni-
tus at the frequency of 12 kHz and 16 kHz, the 
tinnitus-like behavior in rats was observed 
starting at 2 h, lasting to 8 h, and disappear- 
ing at 24 h post-salicylate administration, which 
is consistent with previous studies [22, 36]. In 
addition, chronic treatment of salicylate (200 
mg/kg, twice per day, 7 consecutive days) also 
could cause tinnitus-like behavior in rats, and 
the tinnitus completely eliminated 7 days after 
the last drug injection. The two paradigms of 
tinnitus established in the present study may 
allow us to learn the neural mechanisms under-
lying the salicylate-induced tinnitus. 

Tinnitus, as a phantom sensation, has many 
similarities with neuropathic pain, which are 
often caused by hyperactivity and re-routing of 
information in the central nervous system [39]. 
Chronic pain is caused by long-term plastic 
changes of peripheral and central systems, and 
possibly involves both neurons and glial cells 
[33]. Glial cells, an important part of the ner-
vous system, have been emerging as indis-
pensable contributors to normal physiological 
function of neuronal circuit, including auditory 
brainstem circuit assembly [40]. The potential 
role of glia cells (including astrocyte and mi- 
croglia) has attracted increasing attention in 
noise-induced hearing loss and tinnitus recent-
ly [24, 26, 41]. Physiologically, astrocytes par-
ticipate in maintaining neural homeostasis via 
facilitating intercellular transmission of Ca2+ 
signaling and exchanging of cytosolic contents, 
and displaying oscillations in ion permeability 
through astrocytic networks. After pathological 

injuries, astrocytes exhibit variable alterations 
in functions and morphologies, subsequently 
cause neural dyshomeostasis [33]. Sensory 
information mainly propagates through the cor-
tical column along the layer IV→II/III→V/VI 
pathway [42, 43]. To date, tinnitus-associated 
hyperactivity in the layer II/III of A1 cortex has 
been well documented [20], but not in other 
cortical layers so far. The present study demon-
strated the elevated GFAP expression as well 
as increased endpoints and process length of 
astrocyte in the A1 cortex following salicylate 
treatment, strongly indicating obvious astro-
cyte reaction in the auditory cortex when the 
rats are experiencing tinnitus. Notably, the 
identified astrocyte activation presented at all 
the layers of A1 cortex during tinnitus, includ- 
ing layer II/III. The result likely hint a potential 
role of astrocyte involved in tinnitus-associated 
neuronal hyper-excitability in auditory cortex. 
Hyperactivity in the auditory cortex during tin-
nitus process may due to the reduction of  
GABA concentration [44-46]. Glutamine deriv- 
ed by astrocyte can serve as the precursor for 
neurotransmitters including glutamate and 
GABA [47-49]. The key enzyme for glutamine 
generating is glutamine synthetase, which is 
essentially only expressed in astrocytes [49, 
50]. Therefore, the present study may indicate 
that astrocyte involves in regulating excitatory 
and inhibitory neurotransmission and contrib-
ute to tinnitus-associated hyper-excitability in 
the A1 cortex. 

MGB, consisted of three subdivisions: lemnis-
calvMGB, non-lemniscal dMGB, and mMGB 
[51, 52], is an obligate acoustic relay to trans-
mit sensory information to higher-order audito-
ry and limbic centers. Tinnitus-related mal-
adaptive plasticity in MGB may alter the gating 
function of MGB and lead to enhanced gain  
in central auditory and non-auditory centers 
[53]. Tinnitus-related abnormal neural activity 
in vMGB and dMGB has been documented [21, 
22], but that in mMGB needs to be verified.  
The present study demonstrated that GFAP 
expression was almost constant in vMGB  
and dMGB, instead only slightly increased in 
mMGB at 4 h following acute salicylate treat-
ment. mMGB receives from and projects to 
non-auditory areas, changes in mMGB may 
contribute to emotion during tinnitus, resulting 
in tinnitus-related depression [52, 54]. How- 
ever, whether mMGB involves in tinnitus-asso-
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ciated events and the potential role of activat-
ed astrocyte in mMGB needs to be further 
approached. 

Microglia, the brain-resident immune cells, 
plays key roles in physiological neural develop-
ment and homeostasis, but also in the occur-
rence and development of diseases [25]. In the 
absence of pathological insult, microglia inter-
acts with axonal terminals and dendritic spin- 
es, and regulates neuronal activity in the sen-
sory cortex [55]. Microglial activation occurs 
under any case of pathologic insult in the  
brain, which is driven by pro- or anti-inflamma-
tory molecules, cytokines or other signaling 
molecules [56]. The present study demonstrat-
ed the significantly increased of Iba1 expres-
sion in the A1 cortex (from layer I to layer VI) 
and MGB (including mMGB, dMGB and vMGB) 
of rats with tinnitus. Noteworthy, during the  
up-regulation of Iba1, the ramified microglial 
morphology was not transitioned into nonrami-
fied and amoeboid shapes in the A1 cortex as 
well as MGB. It is well known that microglia  
activation is widely characterized by elevated 
expression of specific marker and nonramifi- 
ed/amoeboid shapes [26, 57], the microglia in 
the A1 cortex and MGB following salicylate 
treatment seem impossible to define as acti-
vated state, but they were transformed in- 
to pathological state absolutely. The results 
found in the present study are inconsistent with 
a previous studies report that microglia are 
obviously activated in the cochlear nucleus  
and A1 cortex of rodents with noise-induced 
hearing loss [26, 58, 59], which might be  
attributed to salicylate, an aspirin metabolite 
used for tinnitus induction. There are emerging 
evidences indicating that the elongation of 
microglial process is associated with the  
transformation of microglia from a pro-inflam-
matory to an anti-inflammatory state [60]. In 
the present study, the elongation of microglia 
process was found in the MGB at 2 h, and that 
recovered to control level quickly after acute 
salicylate treatment. This interesting phenom-
enon possibly hints a protective role of microg-
lia in the MGB at the early stage of tinnitus 
induced by acute salicylate treatment. 

Neuroinflammation is a hallmark of multiple 
pathologies in peripheral and central systems, 
it often has two defining features including ele-
vated expression of proinflammatory cytokines 

and microglial activation [61]. A recent study 
reporting elevated expression of proinflamma-
tory cytokines (TNF-α, IL-1β and IL-18) in mice 
A1 cortex following noise exposure highlights a 
potential role of neuroinflammation in noise-
induced hearing disorders. The present study 
showed markedly elevated IL-1β protein in the 
A1 cortex after salicylate treatment. Confu- 
singly, the changing tendency of IL-1β mRNA 
was inconsistent with that of IL-1β protein in  
the A1 cortex after salicylate treatment, which 
may possibly be attributed to dynamic varia- 
tion in DNA transcription efficiency and/or pro-
tein degradation rate. In addition, IL-1β was 
also up-regulated at mRNA and protein level  
in the MGB after acute salicylate treatment. It 
has been well-documented that IL-1β is able  
to act on IL-1β receptors expressed in microglia 
and astrocytes in an autocrine and paracrine 
manner, subsequently resulting in further acti-
vation of glial cells and enhanced neuronal  
activation in the spinal dorsal horn [62]. IL-1β 
can also directly regulate both excitatory and 
inhibitory neurotransmission in the spinal dor-
sal horn. Pharmacological blockade of IL-1 sig-
naling can relief chronic pain [63-65]. There- 
fore, whether elevated IL-1β involves in mediat-
ing tinnitus-related aberrant neuronal activity  
in central auditory system is worth exploring. 
The results mentioned above potently implicate 
that anti-inflammation may be an attractive 
therapeutic strategy for prevention and treat-
ment of tinnitus. 

Inflammatory responses common in both 
Alzheimer’s disease (AD) and cerebral stroke 
include gliosis and up-regulation of inflamma-
tory cytokines [66-68]. As anti-inflammatory 
drug, aspirin has been proved to be a potential 
therapeutic agent of AD and stroke by con- 
trolling the spread of inflammation [69, 70]. 
Interestingly, the present study revealed the 
up-regulation of IL-1β in the central auditory 
system after salicylate treatment, which was 
speculated as a subsequent pathological reac-
tion of tinnitus via salicylate treatment. Cer- 
tainly, the expression patterns of nuclear fac-
tor-kappa B and other inflammatory cytokines 
in central auditory system following salicylate 
treatment needs to be further investigated, and 
the mechanical link between inflammatory 
responses and tinnitus deserves to be pro-
foundly approached. 
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Conclusion

The present study demonstrated a significant 
and close relationship between glia activation/
proliferation in the central auditory system  
and salicylate-induced tinnitus-like behavior in 
rats, which may help to shed light on a novel 
perspective for understanding tinnitus patho- 
genesis. 
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