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Abstract: In recent years, molecular biology and biochemistry have been a focus of studies on the ototoxic side
effects of cisplatin. In this paper, the application of cisplatin for 4 h and 72 h was studied from the perspective of
electrophysiological function. Patch clamp experiments and immunofluorescence staining were performed on inner
hair cells of the cochlea. The patch-clamp results showed that the calcium current amplitude decreased significantly
at 4 h and 72 h after cisplatin treatment, the reversal potential was negatively polarized, and the activation time
decreased. We suspected that intracellular calcium accumulation was responsible for this result and confirmed
this hypothesis by using calpain to measure intracellular calcium concentrations. We tested membrane capacitive
function, whose levels after cisplatin application were significantly lower than those in the control group, thus indi-
cating dysfunctional cytoplasmic effervescent function. CtBP2 staining was used to verify this result and indicated
a decrease in ribbon synapses. Simultaneously, we observed dysfunction of vesicle circulation after cisplatin appli-
cation. We found that cisplatin induces the accumulation of calcium ions in inner hair cells by calpain staining and
fluoresce intensity calculation, thus decreasing calcium current and synaptic vesicle release, and impairing vesicles

cycling, all of which are important mechanisms of cisplatin-induced hearing loss.

Keywords: Cisplatin, ototoxicity, inner hair cell, calcium ions, ribbon synapse, exocytosis

Introduction

Cisplatin chemotherapy has been the primary
treatment for cancer since it was approved by
the US Food and Drug Administration (FDA) in
1978. It has been widely used as a first-line
anti-cancer and chemotherapy drug for ovarian
cancer, prostate cancer, testicular cancer, lung
cancer, thyroid cancer, head and neck cancer,
and esophageal tumors. However, cisplatin has
considerable toxic side effects despite its
effectiveness in treating cancer. Among these
side effects, the ototoxicity of cisplatin is clear:
93% of treated patients have sensorineural
hearing loss [1], which leads to permanent
hearing loss in 40-80% of patients [2]. Cisplatin
enters the inner ear cochlear organ of Corti
through several transporters. Owing to the spe-
cial structure of the cochlea, the drug is not

easily cleared through metabolism. Therefore,
cisplatin is retained in the cochlea and causes
continuous damage to hearing cells [3, 4]. The
loss of outer hair cells and spiral ganglia is a
serious condition. Although there no clear loss
of inner hair cells (IHCs) has been observed,
whether their functions might be altered re-
mains unknown [5].

Inner hair cells play an important physiological
role as the first station of acoustic signal trans-
mission. Calcium currents and synaptic vesicle
release in inner hair cells provide the basis of
signal transduction. However, in research on
the functional changes in inner hair cells caused
by cisplatin, most researchers have focused on
molecular biology, whereas relatively little re-
search has been performed on the electrophys-
iological alterations of inner hair cells, especial-
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ly the fine structures, such as synapses, that
are important in signal transmission [6-8]. The
reason for the absence of electrophysiological
studies may be that the cochlea in mammals is
buried deep in the temporal bone and has a
hard volute covering, thus making collection of
materials difficult. Therefore, studies on the
electrophysiological functions of auditory or-
gans have mainly focused on the dorsal root
ganglia, hippocampus and other central audi-
tory organs that are easily collected [9, 10].
Notably, the patch-clamp technique has not
often been used to study the changes in ion
channel characteristics of the hair cells of the
cochlea. Therefore, in this study, electrophysio-
logical recording was performed directly on the
inner hair cells of mice treated with cisplatin to
observe the changes in ion channel character-
istics. This study focused on the calcium cur-
rent amplitude and conductance, the activation
time of calcium channels and the changes in
synaptic vesicle release after short term and
long-term cisplatin treatment.

Currently, there are two main hypotheses re-
garding apoptosis induced by cisplatin: the
death receptor pathway and the mitochondrial
pathway [11]. Recently, hair cell apoptosis cau-
sed by reactive oxygen species generated in
cells after medication is administered has been
suggested to be a possible mechanism of cis-
platin induced hearing injury [12]. In addition,
apoptosis through the mitochondrial pathway is
a mechanism of cisplatin in the treatment of
tumors and may also lead to the apoptosis of
cochlear hair cells, thus resulting in sensori-
neural deafness [13]. However, as described
above, the specific mechanism underlying how
cisplatin damages the inner hair cell is not yet
known. Therefore, this study aimed to establish
a reliable model in mice after cisplatin treat-
ment, both 4 h after the acute phase and 72 h
after the chronic phase; observe the fine struc-
tures of inner hair cells through immunofluores-
cence staining; and use patch-clamp experi-
ments to observe the changes in calcium influx
and membrane exocytosis. We attempted to
reveal the mechanism through which cisplatin,
through excessive accumulation of calcium
ions, leads to an imbalance in calcium influx,
the abnormal release of synaptic vesicles and
the apoptosis of inner hair cells. This study may
provide a reference for the prevention and
treatment of ototoxic side effects caused by
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cisplatin in clinical practice as well as a theo-
retical basis for relevant pharmacological
studies.

Materials and methods

All animal experiments were approved and fol-
lowed the guidelines of the Animal Care and
Use Committee of the Shanghai Jiaotong Uni-
versity School of Medicine (Shanghai, China). In
total, 80 C57BL/6 mice, bred in the animal
facility at the Shanghai ninth people’s hospital,
were used in this study.

Establishment of a cisplatin-induced hearing
loss mouse model

C57/BL6 mice were treated with a single dose
of cisplatin (12 mg/kg, intraperitoneal injec-
tion, IP) to induce hearing loss [14]. The optimal
ototoxic dose of cisplatin exhibited the desired
ototoxicity with an acceptable mortality rate.
Specifically, 15 C57/BL6 mice were randomly
assigned to the control (pre injection), 4 h after
injection and 72 h after injection groups (n =5
per group). Auditory brainstem response (ABR)
thresholds, body weight, MyosinVlla staining
was performed on day O and day 3 after cispla-
tin treatment to verify the effectiveness of the
model, as described below.

ABR test

ABRs are auditory evoked potentials derived
from the activity of the auditory nerve and the
central auditory pathways (brainstem/midbrain
regions) in response to transient sound. ABRs
were recorded from mice anesthetized with
an intra-peritoneal (IP) injection of 480 mg/
kg chloral hydrate (Sigma Aldrich-Fluka, St.
Louis, MO, USA). Body temperature was moni-
tored and maintained at 37°C with a Ho-
meothermic Monitoring System (Harvard App-
aratus, 55-7020, Massachusetts, USA) th-
roughout the experiment. Three needle elec-
trodes were positioned subdermally at the ver-
tex (record), mastoid region (reference) and
opposite shoulder (ground). Stimuli were gener-
ated with an RZ6 workstation (Tucker-Davis
Technologies, Alachua, FL, USA) ranging from 4
kHz to 22 kHz, and a free-field was presented
via an MF1 speaker (TDT) 10 cm from the ver-
tex. Differentially recorded signals were ampli-
fied (100,000x%), band-pass-filtered (0.03-10
kHz) and digitized at a 20 kHz sampling rate
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over a 15 ms epoch. The sound level was
decreased from a 90 to O dB sound pressure
level (decibels SPL) in 5-dB steps. Four hun-
dred responses were averaged at each level.
Audiograms were determined according to the
disappearance of all peaks at 4000 Hz, 5656
Hz, 8000 Hz, 11314 Hz, 16000 Hz and 22627
Hz.

Latencies (ms) and amplitudes (uV) of peak of
wave | at 8000 Hz were measured and ana-
lyzed between groups in BioSigRZ software
(TDT). Latency referred to the time from the
onset of the signal to the peak, and amplitude
was determined by averaging the AV of both
sides of the peak.

Whole-mount cochlear staining

Anesthetized mice were euthanized via cervical
dislocation, and the cochleae of both sides
were harvested and placed in culture dishes
with 4% paraformaldehyde in PBS (pH 7.4). A
small opening was made at the apex of the
cochlea by gently rotating the tip of a needle.
The cochleae were quickly perfused with 4%
PFA via application to the oval and round win-
dows and the opening at the apex. After fixation
overnight at 4°C, cochleae were decalcified
with 10% EDTA in phosphate buffered saline for
20-30 h at 4°C, and then the sensory epitheli-
um was dissected and cut into three turns for
further immunofluorescence staining. For cal-
pain staining, cochleae were directly dissected
into three turns after fixation without deca-
[cification.

After dissection, each cochlear turn was per-
meabilized and blocked in 10% goat ser-
um/0.1% Triton X-100/PBS at 4°C overnight on
a rotator for 60 minutes at room temperature.
After incubation with rabbit anti-MyosinVlla
(1:500, 25-6790, Proteus BioSciences Inc) and
mouse (IgG1) anti-CTBP2 (1:400, 612044, BD
Biosciences) or rabbit anti-calpain 1 (1:100,
ab39170, Abcam) and mouse (IgG1l) anti-
CTBP2 (1:400, 612044, BD Biosciences) at
4°C overnight, all tissues were rinsed three
times for 5 minutes in PBS, then incubated with
secondary antibodies Alexa Fluor 633-conju-
gated goat anti-rabbit 1gG (H+L) (1:500, A21-
124, Invitrogen) or Alexa Fluor 568 goat anti-
mouse (IgG1) (1:500, A21070, Invitrogen) at
room temperature for 2 h. Both the primary and
secondary antibodies were dissolved in 5%
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goat serum/0.1% Triton X-100/PBS. After being
washed three times in PBS, specimens were
mounted in ProLongTM Gold Antifade Mountant
with DAPI (P36935, Invitrogen) on a glass slide.
Images were acquired with a Zeiss LSM 880
laser confocal microscope (Carl Zeiss Micro-
scopy). CTBP2 puncta loss per IHC were mea-
sured in three or four different regions of every
turn of the cochlea. Calpain intensity was nor-
malized by the control group and analyzed in
Imaris 9.3 (Oxford instruments).

Electrophysiological recording

Dissected basilar membranes were placed in a
custom-made recording chamber and viewed
under an OLYMPUS LUMPIanFL upright micro-
scope (Olympus, Japan) equipped with a 60x
water-immersion lens and differential interface
contrast optics and filmed with a U-CMAD3
CCD camera (Olympus, Japan). Standard exter-
nal solution contained (in mM): 106 NaCl, 35
TEA-CI, 2.8 KCI, 10 HEPES, 5 CaCl,, 1 MgCl,
and 10 D-glucose (300 mOsm/kg, pH 7.40)
(adjusted with NaOH). Recording pipettes were
pulled from 1B150F-4 borosilicate glass tubes
(World Precision Instruments, Sarasota, CA,
USA) with a two-stage vertical pipette puller
(PC-100; Narishige, Tokyo, Japan). Recording
pipettes were coated with dental wax and filled
with standard internal solution that contained
(in mM): 118.4 cesium methane sulfonate, 10
CsCl, 10 TEA-CI, 3 MgATP, 0.5 NaATP, 10 HEPES
and 2 EGTA (290 mOsm, pH 7.20). Data from
hair cells in the apical turns of basilar mem-
branes were recorded with an EPC10 amplifier
(HEKA Elektronik, Lambrecht/Pfalz, Germany)
driven by a Patchmaster (HEKA Electronics).
Cells were held at -80 mV (unless otherwise
indicated), and the signals were low pass fil-
tered at 2 kHz and sampled at 20 kHz or higher.
Traces were recorded immediately after the cell
membrane was broken through at a giga-ohm
(GQ) seal. All electrophysiological recordings
were performed at room temperature (23-
25°C). Liquid junction potentials were adjusted
offline for all membrane potentials. Offline
analysis of electrophysiological data was per-
formed primarily with Igor Pro 6.22 software
(Wavemetrics, Lake Oswego, OR, USA) and
GraphPad Prism 8.0.2 (GraphPad, La Jolla, CA).
Most of the stimulus protocols applied in elec-
trophysiology study are described in the figure
legends.
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Inner hair cell whole cell patch-clamp

Whole-cell membrane capacitance measure-
ments were performed with the lock-in feature
and “Sine + DC” method in Patchmaster
(HEKA). Sine waves of 1 kHz and 70 mV (peak-
to-peak) were superposed on the holding
potential briefly. The net increase in Cm before
and after stimulation (A ) was used to assess
exocytosis from IHCs in the offline analysis in
Igor Pro 6.22 [18].

Conductance-voltage relationships were calcu-
lated point-by-point from calcium current res-
ponses to ramp the stimulation from -70 mV to
+60 mV and fitted to the Boltzmann equation:

Gmax

f(v) =
Vhair =V
e—

1 " ks/ope

where V is the command membrane potential,
Gmax is the maximum conductance, Vhalf is the
half-activation voltage, and ksIope is the slope
factor that defines the steepness of voltage
dependence in current activation. The activa-
tion time constant (1) was determined by fitting
a single exponential function to the step stimu-
lation at -5 mV and fitted to the single exponen-
tial equation:

y=y0+ Aexp{ _(X;Xo) }

Data analysis

Statistical significance was assessed with
unpaired Student’s t-test (after the reported
values passed Kolmogorov-Smirnov normality
and log-normality tests (alpha = 0.05)), Ordinary
One-way ANOVA followed by Tukey’s multiple
comparisons test or two-way ANOVA followed
by Tukey’s multiple comparisons test, and the
level of significance was set to P<0.05. All data
are reported as mean * standard deviation
(SD) in the text and mean + standard error of
the mean (SEM) in the figures.

Results
Establishment of CDDP treated mice

ABR tests were performed to assess auditory
function in control and cisplatin treated mice.
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Figure 1A shows the raw waveform in control
and CDDP treated mice. Threshold compari-
sons revealed significant changes of thresholds
in CDDP and control mice (Figure 1B). The aver-
age thresholds in control group were 56.43 +
7.48, 42.86 + 4.88, 36.43 + 4.76, 25.00 £
10.00, 22.86 + 5.67 and 28.57 + 3.78 in
response to 4.0, 5.6, 8, 11, 16 and 22.6 kHz,
respectively. The average thresholds were
72.78 + 4.41, 58.33 + 9.68, 45.00 = 8.66,
39.44 £6.35,35.00 £ 5.00 and 42.78 £ 11.76
for the CDDP 4 h mice and 80.00 +9.13, 71.00
+ 15.06, 64.50 + 15.17, 55.00 £ 19.86, 45.50
+ 15.89 and 53.00 + 14.76 for the CDDP 72 h
mice, respectively. Significant differences were
found between control mice and both the CDDP
4 h and CDDP 72 h groups at all frequencies,
according to two-way ANOVA (P<0.05).

The amplitude and latency of wave | were ana-
lyzed at 8000 Hz by measuring the peaks at dif-
ferent intensities (Figure 1C and 1D). Significant
differences were observed between the control
group and the CDDP 72 h group for the wave
| amplitude and latency (P<0.05, two-way
ANOVA).

In addition, the body weight changed signifi-
cantly 72 h after CDDP was injected (P<0.05,
one-way ANOVA) (Figure 1E).

Inner hair cells stayed intact while outer hair
cells were lost after cisplatin administration

Inner and outer hair cells were stained for
MyosinVlla and counted at O, 4 and 72 h after
cisplatin treatment. No significant hair cell loss
was observed at 4 h after cisplatin treatment.
However, significant outer hair cell loss was
observed at 72 h after cisplatin treatment in
the apical, middle and basal turns (P<0.05,
two-way ANOVA) (Figure 2A and 2B). The inner
hair cells remained intact after cisplatin treat-
ment at 4 h and 72 h in all the regions of the
basilar membrane.

Cisplatin altered the properties of calcium
channels

A voltage ramp from -70 mV to +60 mV was
applied, and the Ca?" current response was
recorded to investigate the properties of cal-
cium channel (Figure 3A). The Ca?* current
(I.,) amplitude was significantly reduced from
-206.61 + 20.89 pA for the control group (n =
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Figure 1. Establishment of a cisplatin-induced hearing loss mouse model. A. Representative auditory brainstem
responses (ABRs) recorded from C57/BL6 control and cisplatin intraperitoneally injected mice (single dose (12
mg/kg) after 4 h and 72 h). B. Comparison of ABR threshold shifts after a single dose of intraperitoneal cisplatin.
Two-way ANOVA followed by Tukey’s multiple comparisons test, *P<0.05, **P<0.01. C and D. Comparison of ABR
wave | amplitude and latency at 8 KHz. Two-way ANOVA followed by Tukey’s multiple comparisons test, *P<0.05,
**P<0.01, ***P<0.001. E. Loss of weight after cisplatin treatment. **P<0.01, one-way ANOVA. For all figures, data
are depicted as mean + SEM, N.S. means P>0.05, *P<0.05, **P<0.01 and ***P<0.001 as compared with the
control group. (n, the number of mice used in this experiment).
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Figure 2. Loss of outer hair cells after cisplatin treatment. A. Representative images show immunolabeling for Myo-
sinVlla examined 4 h and 72 h after cisplatin injection. Images comprise 40X Z-stack projections taken from the
apical, middle and basal turns. Red: MyosinVlla labeled IHCs; scale bar in bottom-right corner = 20 uym. B. Outer
hair cell number changed significantly after 4 h and 72 h of cisplatin treatment. Data are shown as means + SEM.
Two-way ANOVA followed by Tukey’s multiple comparisons test, *P<0.05, **P<0.01, ***P<0.001. (Number of mice
used in this experiment: 5 for each group).

7) to -145.71 + 27.69 pA for 4 h (n

8)

and -130.49 + 27.36 pA for the 72 h group
(n = 8) (one-way ANOVA, P<0.001, Figure 3B).
The reversal potential (Vr) significantly chang-
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ed from 34.65 = 4.13 mV in the control group
(n=7)1029.99 + 3.85 mV for4 h (n=7)and
28.16 £ 4.37 mVin the 72 h group (n = 7) (one-
way ANOVA, P<0.05, Figure 3C). Normalized
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Figure 3. Alterations in calcium currents in inner hair cells of control and CDDP treated mice. (A) Representative
calcium currents recorded from three IHCs (control, 4 h and 72 h), induced by a voltage ramp from -70 to +60 mV
under a voltage-clamp. (B) According to the Ca?* current shown in (A), the conductance was calculated point by point
and plotted against the membrane potential applied. The dashed lines in red depict Boltzmann fitting. (C-G) The Ca*
current in IHCs from cisplatin treated mice has a smaller peak amplitude (C), a more negative reversal potential (D)
and a steeper voltage dependency (E). No statistical significance was found in the half-activation voltage of the Ca?*
current (V, ) among the three groups (F). Normalize calcium currents were shown in (G). (Number of cells used in
this experiment: control = 7, CDDP 4 h = 8, CDDP 3 d = 8). (H) Representative calcium currents recorded from three
IHCs (control, 4 h and 72 h), induced by a voltage step clamped at -5 mV. The dashed lines in red were fitted with
a single exponential equation. (I) A significant difference was found in the activation time constant (1) of calcium
channel from the CDDP 72 h group. *P<0.05, **P<0.01, ***P<0.001, one-way ANOVA.

control 4h 3d

calcium currents were calculated by dividing activation slope than those of the control (6.25
the currents to the cell size (1, in pA/pF, con- +0.31 mV, n=7)and 4 h groups (6.66 + 0.26
trol: -19.98 + 2.22; 4 h: -14.68 + 2.78; 3 d: mV, n = 8) (P<0.05, one-way ANOVA, Figure 3E).
-15.51 + 3.19, Figure 3G). Nevertheless, no significant differences were
found in the V, . @mong the control, 4hand 72
We converted I, to conductance point by point h groups (P>0.05, one-way ANOVA, Figure 3F).
and fitted the conductance-voltage relationship
to the Boltzmann function (Figure 3B), thus The activation time (1) of the calcium channel
yielding the half-activation voltage (V) and was calculated by fitting the single calcium cur-
the slope of activation (k) for the voltage depen- rent to a single exponential equation (Figure
dence analysis. We found that | in the 72 h 3G) (see methods). Significance was found
group (7.93 + 0.95 mV, n = 8) had a steeper betweenthe 4 h (0.73+£0.22ms,n=7)and 72
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Figure 4. Alterations in exocytosis in inner hair cells of control and CDDP treated mice. A. Representative Ca?* cur-
rents and whole-cell capacitance measurements from IHCs (control, 4 h and 72 h). The stimulus protocol is shown
on the top panel. Small sine waves were superposed on the holding potential before and after a step depolarization.
The step depolarization induced a Ca?* current (I.,) and triggered exocytosis, which can be quantified with capaci-
tance increase (A ). B. Both exocytosis (A, , upper panel) and Ca* influx (Q_,, lower panel) are significantly lower in
IHCs from cisplatin treated mice. *P<0.05; ***P<0.001. One-way ANOVA followed by Tukey’s multiple comparisons

test.

h group (0.46 + 0.15 ms, n = 7) (P<0.05, one-
way ANOVA, Figure 3H), and the result was
more significant between the control (0.80 +
0.19ms,n=7)and 72 h (0.46 £ 0.15 ms, n =
7) groups (P<0.01, one-way ANOVA).

Exocytosis decreased after cisplatin adminis-
tration

To quantify exocytosis in IHCs before and after
CDDP treatment, we applied step stimulation
and conducted whole-cell membrane capaci-
tance measurements [15] to determine the
membrane area increase (A, , Figure 4A). To
examine both the rapid and sustained release
of synaptic vesicles, we applied strong depolar-
izing pulses (i.e., 0 mV, for which the potential
resulted in a maximal Ca?* current) and calcu-
lated A, for different stimulation durations
from 10 ms to 1000 ms [16, 17]. For rapid and
intermediate stimulation of 10, 20, 50 and 100
ms, A, was similar between the treatment
group and the control group (P>0.05, one-way
ANOVA, Figure 4B; Table 1). For longer stimula-
tions, exocytosis was significantly reduced in
the 4 h (96.57 + 32.58 fF vs. control: 200.22 +
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70.55, n = 5, P<0.001 at 500 ms for example,
one-way ANOVA) and 72 h (82.56 + 37.67 fF, n
=5, P<0.05, one-way ANOVA) groups. Moreover,
the Ca?" influx, assessed according to the Ca?*
charge (Q,,) was altered in the both 4 h and 72
h group (n = 5, P<0.05 of stimulation from 200
ms to 1000 ms, one-way ANOVA).

To directly examine synaptic vesicle replenish-
ment, we applied double-pulse stimulation
(each stimulation depolarized IHCs for 500 ms
to maximally deplete synaptic vesicles) with dif-
ferent intervals and built recovery curves of
exocytosis for IHCs [18] (Figure 5). For an inter-
val of 1000 ms, the A in control mice recov-
ered to 0.88 + 0.12 (n = 7), whereas the A in
72 h group mice recovered to 0.58 + 0.21 (n =
6, P<0.05, one-way ANOVA).

The number of ribbon synapses decreased,
and calcium ions accumulated in CDDP treat-
ed mice

In this study, we focused on presynaptic rib-

bons (labeled with CtBP2) [19]. Cisplatin de-
creased synaptic ribbons at areas correspond-
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Table 1. Summary of A Qca, and ACm/QCa in IHCs

10 ms 20 ms 50 ms 100 ms 200 ms 500 ms 1000 ms
A, (fF) Control 11.43+8.06 18.04 + 6.96 33.90+13.96 55.57+30.08 92.58+61.17 200.22+70.55 341.40 +63.47
CDDP 4 h 6.34 £ 6.04 11.02 +7.81 23.11+721 4218 +6.21 60.36 £+ 21.01  96.57 +32.58  147.73 + 66.65
CDDP 3d 8.42 +7.29 13.41 + 10.61 29.96 + 5.81 40.32 +16.89  43.08 + 24.82 82.56 + 37.67 121.76 + 47.71
P value control (n = 6) vs. CDDP 4 h (n = 5) 0.9705 0.9390 0.8623 0.7567 0.1545 <0.0001 <0.0001
Tukey’s multiple comparisons test  control (n = 6) vs. CDDP 3 d (n=7) 0.9876 0.9730 0.9743 0.6966 0.0136 <0.0001 <0.0001
CDDP4 h(n=5)vs.CDDP3d (n=7) 0.9950 0.9932 0.9443 0.9952 0.6244 0.7562 0.4270
Q. (PC) Control -1.92 +0.22 -3.89 + 0.54 -9.30 £ 1.20 -17.41 + 1.02 -32.15 + 1.60 -7119+6.86  -122.43 + 15.09
CDDP 4 h -1.03 +£0.34 -2.02 +0.64 -5.11+1.86 -9.72 £ 3.57 -17.51 + 6.20 -40.27 £ 15.22  -72.36 + 27.80
CDDP 3d -1.38+£0.31 -2.45 + 0.38 -5.93 £ 0.99 -11.06 + 1.69 -19.40 + 3.46 -43.18 £ 9.40 -69.52 + 21.55
P value control (n =5) vs. CDDP 4 h (n = 12) 0.9840 0.9315 0.6954 0.2967 0.0153 <0.0001 <0.0001
Tukey’s multiple comparisons test  control (n = 5) vs. CODP 3 d (n = 8) 0.9945 0.9644 0.8065 0.4677 0.0498 <0.0001 <0.0001
CDDP 4 h (n=12)vs.CDDP 3 d (n = 8) 0.9966 0.9956 0.9810 0.9499 0.9053 0.7797 0.7942

Summary of A, , Q_, and A, /Q_ from patch-clamp recordings in IHCs (Figure 4). Data are presented mean + SD; n = number of IHCs; statistical tests and p-values are presented for each dataset.
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Figure 5. Alterations in synaptic vesicle replenishment in IHCs. A. Representative current responses of three IHCs
to double pulse stimulation (control, 4 h and 72 h). Both pulses (500 ms) depleted synaptic vesicles and induced
notable |, and A, , and the ratio of A, /A, . can be calculated and used to quantify synaptic vesicle replenish-
ment. B. Synaptic vesicle replenishment was significantly slower in IHCs from cisplatin treated 72 h mice. *P<0.05.
One-way ANOVA followed by Tukey’s multiple comparisons test.
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Figure 6. Cisplatin-induced loss of synaptic ribbons after 4 h and 72 h. A. Representative images revealing immu-
nolabeling for CtBP2 examined 4 h and 72 h after cisplatin injection. Images comprise 120X Z-stack projections
taken from the apical, middle and basal turn. Red: MyosinVlla labeled IHCs, green: CtBP2-labeled synaptic ribbons
and nuclei of IHCs, blue: DAPI labeled nuclei; scale bar = 5 ym. B. Quantification of CtBP2-immunolabeled ribbon
particles in IHCs showed a significant reduction 4 h and 72 h after injection. n = 4 mice per group with one cochlea
used per mouse. **P<0.01, ***P<0.001. (Number of mice used in this experiment: 5 for each group).

ing to 4-23 kHz. One-way ANOVA analysis of
three groups (control, 4 h and 72 h) showed sig-
nificant differences at low, middle and high fre-
quency regions (P<0.05) (Figure 6).

As shown in Figure 6, the number of ribbon syn-
apses per IHC was significantly decreased from
13.86 + 1.31 (apex, Mean + SD, N = 6), 15.28
+ 1.04 (middle, N =6) and 14.98 + 1.24 (basal,
N = 6) for pretreatment to 10.85 + 0.20 (apex,
N =D5), 12.69 + 1.19 (middle, N = 8) and 11.20
+ 1.16 (basal, N = 5) for 4 h (two-way ANOVA,
P<0.01) and to 11.28 + 0.99 (apex, N = 5),
10.95 + 1.64 (middle, N = 5) and 10.28 + 1.79
(basal, N =6) for 72 h (two-way ANOVA, P<0.01),
coinciding with the greatest ABR threshold
shift.
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We labeled the intracellular calcium ions with
calpain | and observed calcium levels (Figure
7). In the 4 h and 72 h groups, the calcium ion
levels were significantly higher than those in
the control group (For basal group after 72 h:
1.47 £ 0.16, N = 4) (P<0.01 compared to con-
trol group, P<0.05 for apex and middle group),
thus indicating that calcium ions accumulated
only in basal turn inside the cochlea after 4 h
cisplatin administration and in all turns after 72
h.

Discussion
The exact mechanisms underlying how cisplat-

in affects the inner hair cells are not fully eluci-
dated [5]. Studies are increasingly focusing on
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Figure 7. An increase in intracellular calcium concentration in IHCs induced by cisplatin. A. Representative images
revealing immunolabeling for Calpain I. Images comprise 189X (63X oil objective and 3X zoom) Z-stack projections.
Red: CtBP2-labeled synaptic ribbons and nuclei of IHCs, green: Calpain | labeled calpain proteins; scale bar =5 uym.
B. The CtBP2 region marked by the small white balls was used to calculate the surrounding fluorescence intensity of
calpain in Imaris 9.3. C. Calpain l-immunolabeled calcium concentration in IHCs was normalize by the control group
and showed a significant increase after 72 h cisplatin injection in all turns inside the cochlea. Significant difference
was found only in the basal turn in the 4 h group. n = 4 mice per group with one cochlea used per mouse. *P<0.05,
**P<0.01, ***P<0.001. (Number of mice used in this experiment: 5 for each group).

changes regarding molecular biology and bio-
chemistry [6, 20]. In the present study, we stud-
ied the plasticity changes in terms of the elec-
trophysiology of inner hair cells in the cochlea.

We choose 12 mg/kg for an optimal dose which
exhibited the desired ototoxicity with an accept-
able mortality rate [14].

Cisplatin altered the properties of calcium
channels in IHCs

Here we generated an ideal cisplatin-induced
hearing loss mouse model and investigated the
hearing performance and extent of hair cell
loss according to cisplatin injection time (after
4 h and 72 h, to determine the short-term and
long-term effects). In terms of overall perfor-
mance, mice injected after 72 h showed a sig-
nificant loss of appetite, weight and hair, results
similar to those from previous studies [21]. In
terms of hearing performance, the threshold of
the auditory brainstem response shifted app-
roximately 30 dB at all frequencies after cispla-
tin injection and was accompanied by the loss
of outer hair cells (Figures 1 and 2). Moreover,
the amplitude and latency of ABR wave |
decreased while the inner hair cells stayed
intact. Given that the sound evoked discharges
of all responding afferent fibers were reflected
by the amplitude and latency of ABR wave |
[22], we wondered whether this decrease might
have been due to functional alterations in inner
hair cells and a loss of ribbon synapses in IHCs.
Ca?* influx through voltage-gated calcium chan-
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nels triggers precise transmission of auditory
signals in IHC ribbon synapses [23], we there-
fore characterized the biophysical properties of
Ca?* channels in IHCs to verify whether function
had been altered [24]. We found that the ampli-
tude of I, in both the 4 h and 72 h groups was
lower than that in the control group. The rever-
sal potential became more negative in the 72 h
group (Figure 3), thus suggesting that Ca?*
channels in 4 hand 72 h IHCs brought less Ca?*
into the cell. These results, combined with the
finding that |, had a steeper slope (k) and
shorter activation time constant (1) in the 72 h
group, we hypothesized that calcium ions accu-
mulated in cells under the influence of cisplat-
in, which affected the equilibrium concentra-
tions of calcium ions inside and outside cells.
Therefore, according to the Nernst equation,
the inflow of calcium ions outside cells reached
equilibrium faster because of the change in
concentration gradient. For other changes in
calcium channels after cisplatin treatment,
although we cannot rule out the possibility of
changes in single channel conductance and/or
the open probability [25], we favor the interpre-
tation of the reduction of the Ca?* current in
IHCs being a result of the loss of ribbon
synapses.

Cisplatin perturbed the release and circulation
of synaptic vesicles

., has been reported to participate in the regu-
lation of exocytosis of inner hair cells [26]. If
cisplatin affects not only the calcium current
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but also the exocytosis of inner hair cells, then
the results of the hearing loss could be further
interpreted. In this study, we varied the stimula-
tion duration from 10 to 1000 ms to study both
the rapidly released pool, readily released pool
and slowly released pool of ribbon synapses in
IHCs after CDDP administration. Cisplatin did
not affect the rapid and intermediate exocyto-
sis for stimulation from 10 to 100 ms; however,
A was significantly lower in both the 4 h and
72 h groups at 200, 500 and 1000 ms than the
control group (Figure 4), thus indicating that
IHCs from the CDDP treated group had fewer
synaptic vesicles and a poorer ability to contin-
uously release vesicles. Calcium influx (Q.,) in
IHCs from cisplatin treated mice was dimin-
ished (Table 1 and Figure 4), in agreement with
the aforementioned finding that | _ in the treat-
ed group had a lower peak amplitude. Hence,
we investigated synaptic vesicle replenishment
in IHCs by applying a paired pulse protocol for
stimulation and used the ratio of the first and
second capacitance increase (4, /A, to
assess the synaptic vesicle replenishment. As
shown in Figure 5, the ability of synaptic vesi-
cles to replenishment is weakened and could
not recover to 100% after enough rest (with an
interval as short as 1000 ms) after 72 h admin-
istration of cisplatin. Consequently, cisplatin
caused a decrease in the ribbons, thereby lead-
ing to a decrease in the number of synaptic
vesicles after 72 h administration. However, in
contrast, the fast and slow replenishment
recovery showed no significant differences
between the 4 h group and control group.

Considering that the ABR wave | amplitude
represents the sound-evoked discharges of
all responding afferent fibers, we wondered
whether its reduction might have been due to
the loss of ribbon synapses in the inner hair
cells. We also estimated the number of ribbon
synapses through CtBP2 staining [19] and
found that cisplatin led to a decrease in the
number of synapses and the number of vesi-
cles released. Moreover, examination of the
number of nuclei indicated no apparent loss of
IHCs after the cisplatin administration (Figure
6).

The accumulation of calcium ions may be the
fundamental mechanism through which cis-
platin leads to electrophysiological dysfunction
in IHCs

Calpain, a calcium-dependent cysteine prote-
ase, is activated when intracellular calcium lev-
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elsincrease [27, 28]. In this study we found that
the calpain fluorescence intensity increased in
the cisplatin treated group. Cisplatin entered in
the inner hair cells through stereocilium or cell
membrane and caused the increase in intracel-
lular calcium due to the special cochlear struc-
tures prevent it from being released, which
eventually lead to oxidative stress, inflamma-
tion, caspase activation and apoptosis [1]. This
suggested that cisplatin treatment might result
in accumulation of calcium ions in IHCs and
prevent calcium influx according to the Nernst
equation. Thus, we propose that the downregu-
lation of calcium currents leads to dysfunction
of synaptic release and vesicle replenishment,
thereby resulting in hearing loss.

In conclusion, cisplatin appears to inactivate
calcium transporters on inner hair cells, thus
leading to accumulation of calcium ions, which
in turn decrease calcium current amplitude and
vesicle release, and consequently result in
hearing loss. We will carry out studies on calci-
um transporters and calcium channel blockers
in the future, with the goal of laying a founda-
tion for elucidating pharmacological mecha-
nisms and clinical prevention.
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