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Abstract Sodium salicylate is an anti-inflammatory med-

ication with a side-effect of tinnitus. Here, we used mouse

cochlear cultures to explore the effects of salicylate

treatment on cochlear inner hair cells (IHCs). We found

that IHCs showed significant damage after exposure to a

high concentration of salicylate. Whole-cell patch clamp

recordings showed that 1–5 mmol/L salicylate did not

affect the exocytosis of IHCs, indicating that IHCs are not

involved in tinnitus generation by enhancing their neuronal

input. Instead, salicylate induced a larger peak amplitude, a

more negative half-activation voltage, and a steeper slope

factor of Ca2? current. Using noise analysis of Ca2? tail

currents and qRT-PCR, we further found that salicylate

increased the number of Ca2? channels along with CaV1.3

expression. All these changes could act synergistically to

enhance the Ca2? influx into IHCs. Inhibition of intracel-

lular Ca2? overload significantly attenuated IHC death

after 10 mmol/L salicylate treatment. These results

implicate a cellular mechanism for tinnitus generation in

the peripheral auditory system.

Keywords Salicylate � Tinnitus � Inner hair cell � Calcium
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Introduction

Sodium salicylate, the active ingredient of the commonly

used nonsteroidal anti-inflammatory drug aspirin, can

induce transient tinnitus in patients during the course of

medication [1], and thus has been widely adopted to

establish animal models and study the mechanisms of

tinnitus [2–5]. Tinnitus is a phantom sensation character-

ized by hearing sound without corresponding objective

external stimulation [6]; it is closely associated with

anxiety, depression, and insomnia [7]. The prevalence of

tinnitus ranges between 10% and 15% in the adult

population [6], and can reach up to 42.7% in the elderly

[8]. Although the number of published reports on tinnitus

has shown remarkable growth due to the development of

functional imaging and electrophysiological techniques,

the underlying mechanisms of this disorder remain unclear.

It is widely accepted that changes in spontaneous neural

activity in the auditory system play important roles in

tinnitus generation. In fact, identifying the neural genera-

tor(s) has long been one of the major topics in tinnitus

research. Using the whole-cell patch clamp technique,

electrophysiological characteristics has been studied in

various regions in the auditory pathway under salicylate

treatment, including the auditory cortex [3, 9], inferior

colliculus [10], dorsal cochlear nucleus [5, 11], spiral

ganglion neurons [2, 4, 12, 13], and cochlear hair cells
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[14, 15]. Although numerous animal models of tinnitus

have provided evidence for a cortical origin, cochlear hair

cells are also considered to play a critical role in its

generation. Kakehata and Santos-Sacchi found that salicy-

late affects the motility and capacitance of cochlear outer

hair cells (OHCs) through direct interactions with its

sensor/motor [16]. In addition, salicylate directly blocks

the K? outflow in isolated inner hair cells (IHCs) [14].

However, the effects of salicylate on Ca2? currents and

exocytosis in IHCs have not been reported. IHCs are

peripheral mechanosensory cells that transform mechanical

stimuli into neuronal signals [17]. The exocytosis of IHCs

is mediated by inward Ca2? current through the CaV1.3

type of Ca2? channels [18], constituting the basis of

cochlear neural output, and may also be involved in the

generation of tinnitus. To fill this knowledge gap, we used

cochlear cultures to study the electrophysiological changes

of IHCs induced by salicylate, aiming to explore the

molecular mechanism for the generation of tinnitus in the

peripheral auditory system.

Materials and Methods

Animals

C57BL/6J mice 6 days old (P6) were obtained from the

Department of Laboratory Animal Science of Fudan

University. After inhalation anesthesia, mice were acutely

decapitated with dissecting scissors, and then quickly used

for dissection and further experiments. All the experimen-

tal procedures were in accordance with the Guide for the

Care and Use of Laboratory Animals published by the

National Institutes of Health (NIH, USA) and were

approved by the Shanghai Medical Experimental Animal

Administrative Committee. We have made every effort to

keep the number of experimental animals used and their

pain to a minimum.

Cochlear Cultures and Drug Administration

The intact sensory epithelia of the cochlea (stria vascularis

and spiral ganglion removed) were carefully dissected in

pre-cooled phosphate-buffered saline (PBS) and then stuck

on coverslips coated with Cell-Tak (BD Biosciences,

Franklin Lakes, NJ, USA). We retained the whole sensory

epithelia to make it easier to identify the middle turn when

performing patch clamp recordings (Fig. 1B). The culture

medium and culture conditions were as previously

described [19]. After 3-day incubation for stabilization,

the explants were randomly divided into blank control and

experimental groups treated with different concentrations

of sodium salicylate (1 mmol/L, 3 mmol/L, 5 mmol/L, 10

mmol/L, and 20 mmol/L; Sigma-Aldrich, St. Louis, MO,

USA, 71945) and incubated for another 2 days. In

experiments using BAPTA-AM (Sigma-Aldrich, A1076)

to chelate intracellular Ca2?, the explants were exposed to

10 lmol/L BAPTA-AM 15 min prior to incubation with

salicylate. The timeline of the experimental process is

shown in Fig. 1A.

Cochlear Immunofluorescence

For immunofluorescence, the basilar membrane of the

cochlea was fixed in 4% paraformaldehyde for 1 h,

permeabilized with 1% Triton X-100 for 30 min, and

blocked with 10% donkey serum for 2 h at room

temperature. The cochlear samples were then incubated

overnight at 4�C with two primary antibodies, rabbit anti-

myosin 7a (Proteus Biosciences, Ramona, CA, USA;

1:400) and goat anti-prestin (Santa Cruz, San Francisco,

CA, USA; 1:200). The next day, after three washes in PBS,

the samples were incubated with secondary fluorescent

antibodies for 2 h, and then with DAPI (Sigma-Aldrich,

D9542) for 5 min for nucleic acid staining. The sensory

epithelia were cover-slipped and dried, and the middle turn

was used for examination under a Zeiss confocal micro-

scope (LSM 800).

Cell Counts

Hair cells with normal nuclei and stained with myosin 7a

were recognized as surviving hair cells, among which

myosin 7a/prestin double-labeled cells were OHCs and the

others were IHCs. For hair cell quantification, we imaged

the entire middle cochlea under a Zeiss microscope with a

409 lens and the immunopositive cells were quantified by

ImageJ software. The numbers of IHCs and OHCs were

counted every 100 lm along the middle turn of the

cochlear explants. Three cochlear explants were used for

cell counting in each group, and the average value was

calculated.

Whole-Cell Patch Clamp Recordings

After culture, the cochleas were rinsed with ice-cooled PBS

and then transferred to the microscope chamber. As shown

in Fig. 1C, voltage-clamp recordings were performed in

IHCs at their basolateral face through an EPC10/2 ampli-

fier (HEKA Electronics, Lambrecht Pfalz, Germany),

driven by Patchmaster (HEKA Electronics). Recording

pipettes were pulled from borosilicate glass capillaries

(BF150-86-10, Sutter Instrument, Novato, CA, USA) using

a horizontal microelectrode puller (P-97, Sutter Instrument)

and coated with dental wax. The pipettes had a typical

resistance of 5–7 MX when filled with pipette solution
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containing (in mmol/L) 135 Cs-methane sulfonate, 10

CsCl, 10 HEPES, 10 TEA-Cl, 2 EGTA (unless otherwise

specified in the figure legend), 3 Mg-ATP, and 0.5 Na-GTP

(290 mOsm, pH 7.20). The standard extracellular solution

contained the following (in mmol/L): 125 NaCl, 2.8 KCl, 5

CaCl2, 1 MgCl2, 10 HEPES, 2 Na-pyruvate, and 5.6

D-glucose (295 mOsm, pH 7.40). When recording Ca2?

tail currents, we included the Ca2? channel agonist (±)-

BayK8644 (5 lmol/L; Sigma-Aldrich, B112) in the

extracellular solution. (±)-BayK8644 increases the Ca2?

influx at voltage-gated Ca2? channels, enabling faithful

assessment of the whole-cell recordings [20, 21]. All patch-

clamp experiments were carried out at room temperature

(20�C–25�C) and the liquid junction potential was cor-

rected offline.

IHCs were generally held at - 90 mV. The conduc-

tance–voltage relationship was determined from the Ca2?

current response to ramp stimulation from - 90 mV to ?

50 mV, and was then used to calculate the peak amplitude

(ICa), half-activation voltage (Vhalf), and slope factor (kslope)

as described previously [22]. Whole-cell membrane capac-

itance (Cm) was measured using a lock-in feature and the

‘‘Sine ? DC’’ method [22]. The net increase of Cm after

stimulation (DCm) was used to assess the total synaptic

vesicle exocytosis from IHCs. Noise analysis of Ca2? tail

currents was used to estimate the total number of Ca2?

channels and their single-channel current [23]. For each

hair cell, after 100 consecutive Ca2? current recordings, the

mean (Imean) and variance (var) of these currents were

calculated using a custom-made program in Igor Pro

(WaveMetrics, Lake Oswego, OR, USA). The data were

fitted to a parabolic function according to the equation var

= iCa�Imean - Imean
2/NCa ? Enoise, where iCa is the single-

channel current, NCa is the number of Ca2? channels per

IHC, and Enoise is the electrical noise (5.57 ± 2.35 pA in

the present study).

Reverse Transcription Quantitative Polymerase

Chain Reaction (RT-qPCR)

After incubation, the middle turn of the basilar membrane

was placed in TRIzol reagent (Ambion, Carlsbad, CA,

USA). Total mRNA was extracted using the manufac-

turer’s protocol and then reverse-transcribed into the cDNA

using PrimeScriptTM II 1st Strand cDNA Synthesis Kit

(Takara Bio, Dalian, China). Quantitative real-time PCR

was performed using TB Green Premix Ex Taq II (Takara

Bio) on a 7500 Real Time PCR System (Applied Biosys-

tems, CA, USA). The reaction mixture (20 lL) was as

follows: 10 lL TB Green Premix Ex Taq II, 1 lL forward

Fig. 1 Experimental design. A Timeline of the experimental

protocol. P6, postnatal day 6; IF, immunofluorescence; qPCR, reverse

transcription quantitative polymerase chain reaction. BMiddle turn of

a cochlear explant used for further experiments marked ROI (region

of interest) (scale bar, 100 lm). C High magnification of a cochlea

after 5 days in culture showing three rows of outer hair cells (OHCs),

one row of inner hair cells (IHCs), and the approach to an inner hair

cell with a recording pipette (409 water-immersion lens) (scale bar,

10 lm).
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primer (10 lmol/L), 1 lL reverse primer (10 lmol/L), 0.4

lL ROX Reference Dye II, 2 lL cDNA template, and 5.6

lL RNase-free ddH2O. The PCR amplification procedure

included two stages: pre-denaturation at 95�C for 30 s, and

then 40 cycles of denaturation at 95�C for 5 s, and

annealing and extension at 60�C for 34 s. The primer

sequences of CaV1.3 were: 50-GCTTACGTTAGGAATG-
GATGGAA-30 forward and 50-GAAGTGGTCTTAA-
CACTCGGAAG-30 reverse. Relative mRNA transcript

abundance was calculated by the standard curve method

and standardized by the corresponding quantity of the

housekeeping gene GAPDH (forward: 50-
TGGCCTTCCGTGTTCCTAC-30, reverse: 50-
TGGCCTTCCGTGTTCCTAC-30). Experiments in each

group were repeated three times in an independent manner.

Data Analysis and Statistical Tests

The patch clamp measurements were estimated and

analyzed in Igor Pro (WaveMetrics) with home-made

macros. The statistical tests were performed in SPSS

Statistics v.25 (IBM Corp, Armonk, NY, USA) with built-

in functions. On the basis of the features of the data set,

statistical significance was evaluated with unpaired Stu-

dent’s t-test or one-way ANOVA followed by the Least

Significant Difference test. Data are presented as the mean

± SD in the text and as the mean ± SEM in the figures.

The level of significance was defined as P\0.05.

Results

IHCs are More Susceptible to Salicylate Damage

than OHCs

The typical status of cochlear hair cells in control medium

and cultures treated with 1 mmol/L, 3 mmol/L, 5 mmol/L,

10 mmol/L, or 20 mmol/L of salicylate for 48 h is shown in

Fig. 2A. Three rows of OHCs and one row of IHCs grew

well and maintained their normal locations in the control

group. Treatment with 1 mmol/L–5 mmol/L salicylate had

no noticeable effect on hair cell survival or morphology.

After 2 days of treatment with 10 mmol/L salicylate,

although OHCs remained intact, IHCs were dramatically

damaged, showing markedly swollen, disrupted, or shrun-

ken morphology. At 20 mmol/L, salicylate destroyed both

IHCs and OHCs. Besides hair cell loss, the remaining hair

cells showed significant chromatin condensation and cell

shrinkage. To quantitatively determine the degree of

cochlear hair cell damage, we counted the living IHCs

and OHCs in each treatment group. The results showed that

the number of IHCs was significantly lower in the 10

mmol/L and 20 mmol/L salicylate groups than in the other

four groups (Fig. 2B). Although the 20 mmol/L salicylate

group showed evident OHC death, the number of OHCs

per 100 lm did not significantly differ from the other

groups (one-way ANOVA, F = 1.547, P = 0.248, Fig. 2C).

The main reason for this might be that the severe cell

shrinkage resulted in decreased cell volume, which negated

the impact of OHC loss and kept the number of OHCs per

100 lm intact. Given the severe IHC damage after 10

mmol/L or 20 mmol/L salicylate treatment, the subsequent

experiments were only conducted at concentrations ranging

from 0 mmol/L to 5 mmol/L.

Salicylate Increases the Ca21 Current in IHCs

in a Dose-dependent Manner

We made whole-cell patch-clamp recordings in IHCs from

the middle turn of cochlear explants. First, ramp stimula-

tion was applied to record the Ca2? current (ICa; Fig. 3A).

We found that salicylate treatment induced a larger peak

amplitude of ICa in a dose-dependent manner (Fig. 3B).

The average ICa was - 255 ± 52.0 pA, - 253 ± 67.1 pA,

- 329 ± 66.7 pA, and - 447 ± 40.3 pA after 0 mmol/L, 1

mmol/L, 3 mmol/L, and 5 mmol/L salicylate treatment,

respectively. Next, to characterize the functional status of

IHCs more comprehensively, the Vhalf and kslope were

calculated to define the steepness of voltage dependence in

Ca2? current activation. We found that Ca2? current had a

more negative Vhalf after 3 mmol/L and 5 mmol/L

salicylate treatment (Fig. 3C), and a steeper kslope after 5

mmol/L salicylate treatment (Fig. 3D), suggesting that

Ca2? channels in IHCs had a higher Ca2? sensitivity after

salicylate treatment. In detail, after 0 mmol/L, 1 mmol/L, 3

mmol/L, and 5 mmol/L salicylate treatment, the average

Vhalf was - 29.2 ± 3.14 mV, - 29.7 ± 3.39 mV, - 32.4 ±

2.65 mV, and - 33.5 ± 2.41 mV and the average kslope was

5.05 ± 0.971 mV, 5.26 ± 0.890 mV, 4.60 ± 0.962 mV, and

4.06 ± 0.948 mV, respectively.

Salicylate Does Not Affect Exocytosis of IHCs,

but Decreases the Efficiency of Ca21 in Triggering

Exocytosis

To assess exocytosis in IHCs after salicylate treatment, we

applied step stimulation and measured the capacitance

increase (DCm, Fig. 4A), which can be used to assess the

surface area change and synaptic vesicle release of IHCs.

We varied the stimulus duration from 20 ms to 200 ms and

found more Ca2? influx (QCa) in IHCs after salicylate

treatment under varying conditions (Table 1 and Fig. 4B),

consistent with the above finding that Ca2? current had a

larger peak amplitude after salicylate treatment. Multiple

comparisons showed that QCa increased significantly after

5 mmol/L salicylate treatment compared with the three
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other groups (all P \0.01, least significant difference).

Although Ca2? entry provides the necessary trigger for

exocytosis, no significant difference in DCm was found

among the four groups (Table 1 and Fig. 4C). One might

argue that the lack of enhanced exocytosis was

attributable to a relatively high concentration of intracel-

lular EGTA (2 mmol/L). However, we showed here that

decreasing the intracellular EGTA concentration (0.2

mmol/L) did not change the exocytosis in IHCs

(Fig. 4D). We conclude that salicylate has little effect on

vesicle release from IHCs.

Because of the increased QCa and unchanged DCm, the

resulting efficiency of Ca2? in triggering exocytosis, i.e.,

the DCm/QCa ratio, was significantly decreased in the

3mmol/L and 5 mmol/L salicylate treatment groups

compared with the control group (Table 1). Furthermore,

the decrease of DCm/QCa ratio was found for stimuli of 20

ms, 50 ms, and 100 ms (Table 1 and Fig. 4E–G),

suggesting that salicylate affects the efficiency of Ca2? in

triggering exocytosis for both relatively short (20 ms) and

long (100 ms) stimuli.

Salicylate Enhances Ca21 Current by Increasing

the Number of L-type Ca21 Channels and Up-

regulating CaV1.3 Expression in IHCs

We estimated the total number of Ca2? channels in each

hair cell using non-stationary noise analysis of Ca2? tail

currents. The IHC was initially kept at - 90 mV,

transiently hyperpolarized to - 100 mV to relieve the

inactivation of any steady-state, and then depolarized to ?

40 mV for 10 ms to turn on all Ca2? channels (Fig. 5A).

We also included (±)-BayK8644, an L-type Ca2? channel

agonist, in the extracellular solution to maximize the open

probability of Ca2? channels and stabilize the recordings.

Fig. 5A shows representative Ca2? tail currents evoked in

IHCs after different salicylate treatments. An ensemble of

100 repeated current sweeps was analyzed as one

Fig. 2 Morphological changes of cochlear hair cells induced by

different concentrations of salicylate. A Representative images of

immunofluorescence staining for prestin (green), myosin 7a (red), and

DAPI (blue) in the middle turn of the cochlea in different groups

(arrowheads, damaged inner or outer hair cells; scale bars, 10 lm).

B Quantification of inner hair cells from different groups

(****P\0.0001 vs control, 1, 3, and 5 mmol/L salicylate group,

one-way ANOVA). C Numbers of outer hair cells per 100 lm show

no significant difference among the six groups. Data are presented as

the mean ± SEM; n = 3 cochlear explants per group; statistical

significance by one-way ANOVA followed by the Least Significant

Difference test.
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recording. By calculating and plotting the variance of the

Ca2? tail current against its mean (Fig. 5B, C), the total

number of Ca2? channels in one IHC (NCa) and their

single-channel current (iCa) were estimated by fitting the

data using a parabolic function (see Materials and Meth-

ods). Table 2 summarizes the findings from each IHC. The

average iCa differed little among all four groups (one-way

ANOVA, F = 0.823, P = 0.489, Fig. 5D). However, the

number of Ca2? channels in single IHCs increased

remarkably after 3 or 5 mmol/L salicylate treatment

(Fig. 5E), suggesting that changes in the number of Ca2?

channels might be the reason why IHCs have a larger peak

amplitude of Ca2? current after salicylate treatment.

As the main Ca2? channel of immature mouse cochlear

IHCs is the CaV1.3 type [24], we used RT-qPCR to

determine its mRNA expression level. We found that the

expression of CaV1.3 was significantly increased after 5

mmol/L salicylate treatment compared with the three other

groups (Fig. 5F). Specifically, we found approximately 1.5-

fold increases compared with the control and 1 mmol/L

group, and a 1.3-fold increase compared with the 3 mmol/L

group. The above results suggested that a transcription

regulation mechanism might be involved in the electro-

physiological change induced by salicylate treatment.

Inhibition of Ca21 Overload Attenuates IHC Death

Induced by Salicylate

Intracellular Ca2? is a ubiquitous second messenger and

Ca2? overload is considered to be one of the most

important mechanisms of cell injury. We used BAPTA-

AM pretreatment to study the mechanism of the salicylate-

induced electrophysiological and morphological changes in

IHCs. Our data showed that pretreatment with BAPTA-

AM, an intracellular Ca2? chelator, protected IHCs from

the cell death induced by 10 mmol/L salicylate (Fig. 6A,

Fig. 3 Ca2? current in inner hair cells (IHCs) after exposure to

different concentrations of salicylate. A Representative Ca2? currents

recorded from four IHCs, one from each treatment group. B Peak

amplitude (ICa) of Ca
2? current. C Half-activation voltage (Vhalf) of

Ca2? current. D Slope factor (kslope) of Ca2? current. Data are

presented as the mean ± SEM. ns, P[0.05, *P\0.05, **P\0.01,

***P\0.001, ****P\0.0001, unpaired Student’s t-test; n = 14, 10,

11, and 11 IHCs in control, 1, 3, and 5 mmol/L salicylate groups,

respectively.
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B), indicating that Ca2? serves as a critical mediator

linking the electrophysiological and morphological

changes in IHCs.

Moreover, we found that BAPTA-AM attenuated the

salicylate-induced effects on the activation gating

properties of Ca2? channels, including Vhalf (Fig. 6C),

kslope (Fig. 6D), and ICa (Fig. 6E). However, BAPTA-AM

pretreatment did not reverse the increase in the number of

Ca2? channels (Fig. 6F), or the up-regulation of CaV1.3

expression (Fig. 6G). These data suggest that free Ca2? is

Fig. 4 Exocytosis from inner hair cells (IHCs) after exposure to

different concentrations of salicylate. A Representative Ca2? currents

(upper panel) and exocytotic capacitance increase (DCm, lower panel)

in response to 100 ms depolarization recorded from four IHCs, one

from each treatment group. B Ca2? influx (QCa) of IHCs in response

to stimulation from 20 to 200 ms. C Capacitance change (DCm) of

IHCs with 2 mmol/L intracellular EGTA. D Capacitance change

(DCm) of IHCs with 0.2 mmol/L intracellular EGTA. E–G The

efficiency of exocytosis, i.e., the DCm/QCa ratio, in response to

stimulation for 20 ms (E), 50 ms (F), and 100 ms (G). Data are

presented as the mean ± SEM; ns P[0.05, *P\0.05, **P\0.01,

***P\0.001, ****P\0.0001, one-way ANOVA (B–D) followed by

Least Significant Difference test (E–G).

Table 1 Summary of DCm, QCa, and DCm/QCa of inner hair cells in different groups for stimulation from 20 to 200 ms.

Group 20 ms 50 ms 100 ms 200 ms

DCm (fF) Control 6.20 ± 3.04 (n = 16) 11.3 ± 2.76 (n = 14) 17.6 ± 4.68 (n = 12) 21.8 ± 3.67 (n = 9)

1 mmol/L 5.68 ± 3.63 (n = 21) 11.8 ± 5.69 (n = 19) 17.7 ± 7.16 (n = 18) 24.5 ± 10.1 (n = 16)

3 mmol/L 4.02 ± 2.08 (n = 9) 12.2 ± 4.02 (n = 10) 18.0 ± 5.46 (n = 9) 25.1 ± 7.17 (n = 8)

5 mmol/L 5.91 ± 3.07 (n = 13) 12.5 ± 4.72 (n = 14) 19.5 ± 4.77 (n = 9) 26.6 ± 7.36 (n = 8)

F 0.989 0.182 0.234 0.523

P 0.405 0.908 0.872 0.669

QCa (pC) Control –4.09 ± 1.23 (n = 16) **** –9.68 ± 2.71 (n = 14) **** –16.9 ± 5.06 (n = 12) **** –30.8 ± 10.3 (n = 9) ***

1 mmol/L –4.00 ± 1.48 (n = 21) **** –9.04 ± 3.04 (n = 19) **** –16.8 ± 5.83 (n = 18) **** –29.2 ± 10.6 (n = 16) ****

3 mmol/L –5.26 ± 1.59 (n = 9) **** –11.5 ± 3.63 (n = 10) **** –20.2 ± 7.26 (n = 9) *** –37.0 ± 13.5(n = 8) **

5 mmol/L –10.1 ± 3.97 (n = 13) –19.7 ± 5.14 (n = 14) –33.6 ± 9.46 (n = 9) –58.3 ± 23.4 (n = 8)

F 23.4 26.1 14.2 8.19

P \ 0.0001 \ 0.0001 \ 0.0001 \ 0.001

DCm / QCa Control 1.70 ± 0.974 (n = 16) **# 1.28 ± 0.592 (n = 14) ** 1.15 ± 0.550 (n = 12) ** 0.804 ± 0.388 (n = 9)

1 mmol/L 1.49 ± 0.958 (n = 21) **# 1.32 ± 0.477 (n = 19) *** 1.09 ± 0.394 (n = 18) * 0.860 ± 0.276 (n = 16)

3 mmol/L 0.830 ± 0.580 (n = 9) 1.12 ± 0.457 (n = 10) * 0.987 ± 0.468 (n = 9) 0.795 ± 0.505 (n = 8)

5 mmol/L 0.694 ± 0.416 (n = 13) 0.687 ± 0.312 (n = 14) 0.625 ± 0.227 (n = 9) 0.500 ± 0.170 (n = 8)

F 4.89 5.61 3.03 2.11

P 0.004 0.002 0.039 0.115

DCm, net increase in whole-cell capacitance after stimulation; QCa, Ca
2? influx; DCm/QCa, ratio of DCm to QCa. Data are presented as the mean ±

SD, and n indicates the number of IHCs. *P\0.05, **P\0.01, ***P\0.001, ****P\0.0001 versus the 5 mmol/L group; #P\0.05 vs the 3

mmol/L group; one-way ANOVA for comparison among multiple groups, F and P values presented in the table; Least Significant Difference test

used for comparison between two groups.
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primarily involved in the direct effects of salicylate on

Ca2? channels, i.e., changes in voltage-dependence and

Ca2? current amplitude, but not the intracellular signaling

pathways that may drive the up-regulation of CaV1.3

expression.

Discussion

To understand the role cochlear hair cells play in tinnitus

generation, in this study, we investigated for the first time

the IHC Ca2? currents and exocytosis in salicylate-treated

cochlear explants. We showed that salicylate did not affect

synaptic vesicle exocytosis from IHCs. Instead, it had

important influences on IHC Ca2? currents, along with

upregulation of the number of Ca2? channels and the

mRNA expression level of CaV1.3. The resulting Ca2?

overload became an important driving force for IHC death

when exposed to high concentrations of salicylate. These

findings may help to understand the neural mechanisms of

salicylate-induced tinnitus.

Despite its high prevalence, most treatments are in lack

of support of convincing clinical evidence [25], making it

important to study the mechanisms underlying the

induction of tinnitus. Presently, many studies indicate that

cochlear hair cells play important roles in salicylate-

induced tinnitus, but opinions differ. One view is that

tinnitus develops as a result of active cochlear mechanics.

Supporting evidence includes that chronic salicylate

administration increases the expression of prestin (the

OHC electromotility motor protein) and OHC electro-

motility [26, 27], consistent with the finding that the

distortion product optoacoustic emission amplitudes are

enhanced after similar salicylate treatment in guinea pigs

[28]. Moreover, Zhang et al. reported specific upregulation

of vesicular glutamate transporter 3 expression in cochlear

IHCs in the rat model of tinnitus [29]. This molecule is

responsible for transporting the neurotransmitter into

secretory vesicles before synaptic transmission [30]. All

these findings suggest a mechanism by which salicylate

may induce tinnitus at the hair cell level. However, in the

present study, we found that salicylate did not cause

excessive exocytosis despite more Ca2? influx into the

IHCs. One possible reason is that the added Ca2? channels

in IHCs are nowhere near the vesicle release sites, which

may leave the efficiency of Ca2?-dependent exocytosis

unaffected. Our data indicate that cochlear hair cells are not

Fig. 5 Noise analysis of Ca2? tail currents: the numbers of Ca2?

channels and single-channel current after exposure to different

concentrations of salicylate. A The applied voltage clamp protocol

(upper trace) and representative evoked Ca2? tail currents (lower

traces) recorded from four inner hair cells (IHCs), one from each

treatment group. B The mean (Imean, solid lines) and variance (dashed

lines) calculated from the ensembles of Ca2? tail currents as in

A. C Variance plotted against the Imean (solid lines) and fitted to a

parabolic function (dashed lines). D The calculated single Ca2?

channel current (iCa) in IHCs does not significantly differ among the

four groups (P = 0.489, one-way ANOVA). E Number of Ca2?

channels in single IHCs (NCa) (*P\0.05, **P\0.01, unpaired

Student’s t-test). F RT-qPCR determination of the mRNA expression

of CaV1.3 reveals that CaV1.3 is up-regulated after salicylate

treatment. Each experiment repeated three times. Data are presented

as the mean ± SEM; *P\0.05, **P\0.01, Least Significant Dif-

ference test.
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involved in tinnitus generation by enhancing their neuronal

input.

Another view is that the role cochlear hair cells play in

tinnitus is as a trigger rather than a generator, while

hyperactivity in the central auditory pathway constitutes

the initial tinnitus signal [31]. A compelling fact is that

hearing loss, especially when due to aging or acoustic

insult, is the biggest risk factor and the most common

comorbidity of tinnitus in humans [32]. Many studies

suggest that decreased afferent input due to a peripheral

lesion may lead to a compensatory down-regulation of

inhibitory amino-acid neurotransmission, resulting in

pathological neural activity in the central auditory pathway

that underpins tinnitus [33]. In line with this hypothesis,

different forms of salicylate-induced lesion have been

reported in the auditory periphery, including shrinkage of

spiral ganglion neurons and loss of their peripheral fibers

[34, 35], loss of IHC ribbon synapses [36, 37], and

mismatch between pre- and post-ribbon synapses [36]. In

the present study, we found that IHCs were dramatically

damaged after 10 mmol/L and 20 mmol/L salicylate

treatment. Given the significantly enhanced Ca2? influx,

we supposed that excessive loading of Ca2? may be the

underlying cause of IHC death after high-dose salicylate

treatment; this provides a possible molecular mechanism

for the generation of hearing loss and subsequent tinnitus.

Table 2 Noise analysis of inner hair cell Ca2? tail currents.

Cell Control 1 mmol/L 3 mmol/L 5 mmol/L

NCa (n) iCa (n) NCa (n) iCa (n) NCa (n) iCa (n) NCa (n) iCa (n)

1 1265 ±

74 (2)

0.73 ±

0.05

(2)

972 ± 115 (3) 1.33 ± 0.52 (3) 1316 ± 263 (5) 0.84 ± 0.11 (5) 2221 ± 27 (3) 0.53 ± 0.17 (3)

2 649 ±

89 (2)

1.14 ±

0.10

(2)

1846 ± 65 (3) 0.57 ± 0.23 (3) 3337 ± 193 (2) 0.58 ± 0.19 (2) 4331 ± 192 (2) 0.44 ± 0.07 (2)

3 670 (1) 0.38 (1) 1173 ± 40 (2) 0.80 ± 0.09 (2) 1306 ± 162 (2) 1.00 ± 0.06 (2) 1509 ± 6 (2) 0.52 ± 0.04 (2)

4 1115 ±

177

(2)

0.36 ±

0.08

(2)

913 ± 67 (3) 0.94 ± 0.21 (3) 2615 ± 185 (4) 0.44 ± 0.05 (4) 1454 ± 43 (2) 0.79 ± 0.26 (2)

5 1542 ±

47 (2)

0.39 ±

0.03

(2)

1870 ± 35 (2) 1.28 ± 0.88 (2) 960 ± 33 (2) 0.89 ± 0.09 (2) 1036 ± 64 (2) 0.91 ± 0.21 (2)

6 1732 ±

5 (2)

0.34 ±

0.01

(2)

1299 ± 68 (2) 0.61 ± 0.04 (2) 1850 ± 97 (2) 0.65 ± 0.23 (2) 2578 ± 165 (2) 0.73 ± 0.37 (2)

7 8085 ±

90 (2)

0.81 ±

0.11

(2)

1169 ± 130 (2) 0.83 ± 0.08 (2) 1314 ± 251 (2) 0.66 ± 0.04 (2) 1272 ± 271 (2) 0.83 ± 0.13 (2)

8 1091 ±

43 (2)

0.53 ±

0.07

(2)

862 ± 42 (3) 0.80 ± 0.07 (3) 1342 ± 251 (2) 1.28 ± 0.41 (2) 1496 ± 95 (2) 0.53 ± 0.09 (2)

9 611 ±

88 (2)

1.23 ±

0.20

(2)

1635 ± 194 (2) 0.60 ± 0.08 (2) 1487 ± 241 (3) 0.64 ± 0.02 (3) 3297 ± 211 (3) 0.80 ± 0.22 (3)

10 1262 ±

115

(2)

0.90 ±

0.03

(2)

1491 ± 7 (2) 0.66 ± 0.09 (2) 2409 ± 61 (2) 0.27 ± 0.15 (2) 1800 ± 45 (2) 0.54 ± 0.05 (2)

11 1019 ±

96 (4)

0.70 ±

0.09

(4)

1243 ± 113 (5) 0.57 ± 0.11 (5) 1385 ± 272 (4) 0.46 ± 0.18 (4) 2180 ± 110 (2) 0.56 ± 0.14 (2)

All 1069 ±

368

(11)

0.68 ±

0.32

(11)

1316 ± 354 (11) 0.82 ± 0.27 (11) 1756 ± 727 (11) 0.69 ± 0.28 (11) 2106 ± 985 (11) 0.65 ± 0.16 (11)

Non-stationary noise analysis of Ca2? tail currents was used to estimate the total number of Ca2? channels (NCa) in each inner hair cell and the

single channel current (iCa) after different salicylate treatment. Data are presented as the mean ± SD, and n indicates the number of repeated

measurements in one IHC.
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It is well documented that long-term Ca2? overload

damages IHCs by making them more vulnerable to Ca2?-

induced cytotoxicity [38]. In this study, we found that

pretreatment with BAPTA-AM protected IHCs from cell

death induced by 10 mmol/L salicylate, which is consistent

with our speculation. However, BAPTA-AM did not

protect IHCs from 20 mmol/L salicylate exposure, indi-

cating that other mechanisms may also take part in

salicylate-induced IHC death. For example, Xu et al. found

that L-type Ca2? channels are also involved in iron

transport and iron-induced neurotoxicity [39].

It should be noted that the toxic effects of salicylate on

cochlear spiral ganglion neurons are markedly stronger

than on hair cells. Spiral ganglion neurons show significant

soma shrinkage and nuclear condensation after 3 mmol/L

salicylate exposure for 48 h when hair cells still have

normal morphology [40]. Therefore, we cannot rule out the

possibility that the electrophysiological changes we

recorded in IHCs after 3 mmol/L or 5 mmol/L salicylate

exposure were influenced indirectly by neuronal injury.

In addition, we explored possible reasons for more Ca2?

influx in salicylate-treated IHCs. On the one hand,

salicylate caused a hyperpolarizing shift and steeper

voltage-dependence in Ca2? current activation, associated

with a significantly decreased Vhalf and a steeper kslope.

These data suggest a role for salicylate in directly

regulating CaV1.3 channel gating, which may act

synergistically to cause considerably more Ca2? influx

into IHCs.

On the other hand, we investigated the number of L-type

Ca2? channels in each IHC. Using non-stationary fluctu-

ation analysis of Ca2? tail currents, we estimated that a

single middle IHC in the P6 mouse cochlea contained 1069

Ca2? channels. After 3 mmol/L or 5 mmol/L salicylate

treatment, the channel count reached 1756 or 2106, which

was equivalent to or even more than the channel count in

the P13–P20 mouse cochlea (1711 in apical IHCs [20]).

Combined with the increased CaV1.3 mRNA level, we

supposed that salicylate enhances IHC Ca2? influx by

upregulating CaV1.3 expression. Interestingly, whole-cell

patch clamp recordings of rat medial geniculate body slices

have shown that salicylate (1.4 mmol/L) has no effect on

the Ca2? current mediated by T-type Ca2? channels [41].

Unlike conventional synapses, IHC exocytosis is mainly

mediated by Ca2? influx through CaV1.3 L-type Ca2?

channel [19]. The Ca2? channel type-specificity might be a

factor causing the difference in mechanisms between

peripheral and central auditory pathways in salicylate-

induced tinnitus. Further studies are required to determine

the specific Ca2? channel type targeted by salicylate.

Moreover, we found that attenuation of intracellular Ca2?

using BAPTA-AM did not affect the up-regulation of

CaV1.3 expression, which did not support Ca2?-dependent

feed-forward signaling during salicylate treatment. Further

Fig. 6 Effects of BAPTA-AM on salicylate-exposed inner hair cells

(IHCs). A Immunofluorescence staining for prestin (green), myosin

7a (red), and DAPI (blue) in the middle turn of the cochlea in

different groups (arrowheads, damaged IHCs; scale bar, 10 lm).

B Quantification of IHCs from different groups. C–E Half-activation

voltage (Vhalf, C), slope factor (kslope, D), and peak amplitude (ICa,

E) of Ca2? current in IHCs with or without BAPTA-AM pretreat-

ment. F Numbers of Ca2? channels (NCa) in IHCs with or without

BAPTA-AM pretreatment. G RT-qPCR determination of the mRNA

expression of CaV1.3 with or without BAPTA-AM pretreatment. Data

are presented as the mean ± SEM. NS, P [0.05, *P\0.05,

**P\0.01, unpaired Student’s t-test.
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studies are needed to explore the intracellular signal

mechanisms involved in the up-regulation of CaV1.3

expression after salicylate treatment.

The limitations of this study include the following two

aspects. First, the cochlear explants were treated with a

relatively large dose of salicylate for a very short time (48

h). However, in clinical practice, people with salicylate-

induced tinnitus, such as patients with stroke [42] or

cardiovascular diseases [43], usually take aspirin in low

doses over the long term. Jastreboff et al. found that the

maximum level of salicylate in perilymph was no more

than 3 mmol/L following intraperitoneal injection of 460

mg/kg salicylate in rats [44]. Therefore, although a

salicylate concentration gradient from 1 mmol/L to 5

mmol/L has frequently been used in in vitro studies

[14, 34], we are of the opinion that the results of related

studies need to be interpreted in caution. Especially

extension of the morphological changes we found after

10 mmol/L or 20 mmol/L salicylate exposure to the

mechanism of tinnitus generation should be treated with

caution. Secondly, due to the limitations of the cochlear

in vitro culture technique, we used mice on P6, when both

Ca2? current density (peak ICa normalized to the cell

capacitance) and DCm are maximal compared with other

ages [45]. Cochlear samples at P6 are more sensitive and

reflect any small changes in Ca2? currents and exocytosis,

but may also exaggerate the effect of salicylate on IHCs.

Further experiments using mice at an older age, especially

after the onset of hearing, will help to validate our findings.

Nonetheless, for the first time, we performed whole-cell

patch clamp on salicylate-treated cochleas from semi-intact

organs of Corti, and provide a better understanding of the

mechanisms of tinnitus.

In summary, our findings demonstrate that salicylate-

induced tinnitus does not involve excessive exocytosis in

cochlear IHCs. Instead, Ca2? influx is significantly

increased in IHCs with both the direct effects of salicylate

on Ca2? channel gating and the upregulation of CaV1.3

expression. Consequently, intracellular Ca2? overload can

cause IHC death, which may then become a trigger for

tinnitus generation.
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