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Cisplatin is a commonly used chemotherapeutic agent that causes debilitating high-frequency hearing
loss. No targeted therapies currently exist to treat cisplatin ototoxicity, partly because the underlying
mechanisms of cisplatin-induced hair cell damage are not completely defined. Zebrafish may offer key
insights to cisplatin ototoxicity because their lateral-line organ contains hair cells that are remarkably
similar to those within the cochlea but are optically accessible, permitting observation of cisplatin in-
jury in live intact hair cells. In this study, we used a combination of genetically encoded biosensors in
zebrafish larvae and fluorescent indicators to characterize changes in mitochondrial bioenergetics in re-
sponse to cisplatin. Following exposure to cisplatin, confocal imaging of live intact neuromasts demon-
strated increased mitochondrial activity. Staining with fixable fluorescent dyes that accumulate in active
mitochondria similarly showed hyperpolarized mitochondrial membrane potential. Zebrafish expressing
a calcium indicator within their hair cells revealed elevated levels of mitochondrial calcium immediately
following completion of cisplatin treatment. A fluorescent ROS indicator demonstrated that these changes
in mitochondrial function were associated with increased oxidative stress. After a period of recovery,
cisplatin-exposed zebrafish demonstrated caspase-3-mediated apoptosis. Altogether, these findings sug-
gest that cisplatin acutely disrupts mitochondrial bioenergetics and may play a key role in initiating cis-

platin ototoxicity.

© 2022 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Cisplatin is a chemotherapeutic agent that is commonly used in
the treatment of solid tumors. Cisplatin’s anti-tumor activities arise
from its ability to intercalate into DNA, thereby promoting the for-
mation of DNA adducts that block transcription and trigger apop-
tosis in rapidly dividing cells (Ciccarelli et al., 1985; Ormerod et al.,
1994; Pinto and Lippard, 1985). However, treatment with cisplatin
also causes permanent hearing loss in more than 50% of adults
(Brock et al., 2012; Schmitt and Page, 2018) and up to 60% of chil-
dren (Brock et al., 2012; Knight et al., 2017). Hair cells are not
mitotically active, but they are still susceptible to cisplatin injury,
suggesting that cross-linking of nuclear DNA may not be the pre-
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dominant mechanism of cisplatin-induced hearing loss. Numerous
studies have suggested that the pathologic generation of reactive
oxygen species (ROS) plays a critical role in cisplatin ototoxicity
(Sheth et al., 2017). However, multiple pathways can mediate ox-
idative stress, and it is unclear how cisplatin drives ROS production
(Gentilin et al., 2019; Kros and Steyger, 2019; Sheth et al., 2017).
Mitochondria are one of the main sources of endogenous ROS,
and they have been strongly implicated to play a role in cis-
platin ototoxicity. In vitro studies of cancer and non-cancer cell
lines demonstrate that cisplatin exposure generates mitochondrial-
dependent oxidative stress, and that more metabolically active
cells show greater susceptibility to cisplatin (Marullo et al., 2013).
Mitochondria are also involved in the later phases of cisplatin-
induced hair cell death. In Mongolian gerbils, cisplatin ototoxicity
was associated with increased expression of Bax, a protein that in-
duces the mitochondrial apoptotic pathway, and decreased levels
of Bcl-2, a protein that promotes cell survival, throughout all turns
of the cochlea (Alam et al., 2000). Similar findings were recapit-
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ulated in cisplatin-treated guinea pigs (Wang et al., 2004) and in
UB/OC-1 cells (Borse et al., 2017), suggesting that impaired mito-
chondrial function is a significant contributor to cisplatin ototoxi-
city. However, the specific cellular events that drive mitochondrial
dysfunction, oxidative stress, and hair cell death remain an open
question.

A major barrier to understanding the cellular mechanisms that
underlie cisplatin-induced hair cell death is an inability to ob-
serve dynamic processes within the cochlea. Research on cochlear
cisplatin ototoxicity has been complemented by studies using ze-
brafish models because they possess hair cells along the surface of
their body within the lateral-line sensory system in organs called
neuromasts (Domarecka et al., 2020; Wertman et al.,, 2020). The
superficial location of neuromasts enables reliable drug treatment
protocols and optical accessibility for live-imaging techniques to
directly observe hair cell response to cisplatin in vivo.

The goal of the present study was to investigate the effect of
cisplatin on hair cell mitochondrial activity and homeostasis within
intact neuromasts of the zebrafish lateral-line organ. Transgenic
zebrafish with genetically encoded biosensors were treated with
cisplatin for two hours and their neuromasts were imaged live
immediately after completion of drug exposure. Hair cell mito-
chondrial activity (as measured by uptake of tetramethylrhodamine
ethyl ester; TMRE) and hair cell mitochondrial calcium levels (as
measured by the genetically encoded indicator mitoGCaMP3 fluo-
rescence) were both increased in response to cisplatin treatment.
These changes in mitochondrial function were also associated with
an increase in ROS production. Subsequent canonical activation of
caspase-3-mediated apoptosis in hair cells treated with cisplatin
was observed, suggesting that mitochondrial dysfunction may be
an essential component of cisplatin ototoxicity. Cumulatively, these
results indicate that changes in hair cell mitochondrial function
may be among the first events to occur following cisplatin expo-
sure and suggest that the intrinsic (mitochondrial) apoptosis path-
way drives cisplatin-induced hair cell death.

2. Material and methods
2.1. Zebrafish husbandry and lines

All experiments and procedures on zebrafish were performed
in accordance with the Washington University Institutional Animal
Use and Care Committee.

Adult zebrafish were maintained in group housing and standard
conditions at the Washington University Zebrafish Facility. Embryos
were maintained in embryo media (EM: 15 mM NacCl, 0.5 mM KCl,
1 mM CaCl,, 1T mM MgSQy, 0.15 mM KH,POy4, 0.042 mM Na,HPOy,
0.714 mM NaHCO3) at 28 °C with a 14-hour light and 10-hour dark
cycle (Westerfield, 2000). After 4 days post-fertilization (dpf), lar-
vae were raised in 100 - 200 mL EM in 250-mL plastic beakers
and fed rotifers daily. The sex of the animal was not considered
because it cannot be determined in zebrafish larvae. Experiments
were started in the mid-morning and completed by the late af-
ternoon. At their conclusion, zebrafish were euthanized by quick
chilling to 4 °C in an ice water bath.

The transgenic lines Tg(myo6b:mitoGCaMP3) (allele number:
w119Tg) and Tg(TNKS1bp1:EGFP) (allele number: y229Gt) were
used in this study (Behra et al., 2012; Esterberg et al., 2014).
Tg(myo6b:mitoGCaMP3) fish were used to quantify mitochondrial
calcium levels in response to cisplatin. Tg(TNKS1bp1:EGFP) fish la-
bel neuromast supporting cells and were used to outline neu-
romast hair cells in live imaging experiments. This approach
was used instead of labeling hair cells with 4/,6-Diamidino-2-
Phenylindole (DAPI) in live imaging experiments because imag-
ing DAPI-labeled nuclei requires a high-frequency laser, which may
unintentionally injure hair cells during live acquisition. Larval ze-
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brafish were screened for transgenic fluorophores at 3 - 5 dpf un-
der sedation with 0.01% tricaine in EM using a Leica MZ10 F stere-
omicroscope with fluorescence equipped with a GFP and a DSR fil-
ter set.

2.2. Exposure of neuromast hair cells to cisplatin

Lateral-line hair cells were treated with cisplatin, a
chemotherapeutic drug with well-established ototoxic effects
(Domarecka et al., 2020; Ou et al, 2007), by exposing free-
swimming zebrafish larvae at 6 dpf. Groups of ~20 - 30 larvae
were placed in 25 mm cell strainers (Corning Cell Strainer) and
incubated for 2h in 30 mL of EM containing 0.1% dimethyl sul-
foxide (DMSO) with either 250 utM or 1 mM cisplatin (Abcam)
at 28 °C. A systematic review of cisplatin ototoxicity studies in
zebrafish indicated that studies used a wide range of exposure
duration (45 min to 24 h) and concentrations of cisplatin (50 uM
to 1 mM). Based on these data, a relatively shorter exposure time
of 2h and moderate to high concentrations of cisplatin were used
to produce a consistent hair cell lesion while minimizing systemic
toxicity, emulating a clinically relevant exposure protocol.

Larvae were then rinsed 3x in 30 mL EM and incubated in var-
ious fluorescent indicators for live imaging, or were maintained
in 30 mL EM for an additional 2 to 4 h, depending on the spe-
cific experiment. Control larvae underwent an identical protocol,
but were treated with 0.1% DMSO. Although DMSO increases cis-
platin potency and is not a required carrier for intracellular uptake,
zebrafish are commonly used as a model for otoprotective drugs
so experiments were designed to be generalizable to otoprotective
drug studies (Domarecka et al., 2020; Uribe et al., 2013).

2.3. Live hair cell labeling, imaging, and analysis

For live imaging experiments, larvae that had just completed
the treatment protocols described in Section 2.2 were incubated
for 30 min in either 8 mL of 250 nM TMRE (Invitrogen) in EM or
1 mL of 5 or 10 uM CellROX Deep Red (Invitrogen) in darkness and
then rinsed 2x in EM. TMRE and CellROX Deep Red were used to
measure mitochondrial activity and oxidative stress, respectively.
Two different concentrations of CellROX Deep Red were used to
account for batch-to-batch variability in the fluorescent indicator.

Larvae (6 dpf) underwent live imaging, following previously
published methods (Holmgren et al., 2021). Briefly, individual lar-
vae were sedated with 30 mL EM with 0.01% tricaine and mounted
lateral-side up within a small amount of 2% low-melt agarose on a
FluoroDish (World Precision Instruments, Cat# FD3510). Mounted
larvae were then submerged in ~0.5 - 1 mL EM with 0.01% tri-
caine. Z-stack images (step size of 1 pm) from neuromasts L3 -
L6 of the posterior lateral-line were acquired with an ORCA-Flash
4.0 V3 camera (Hamamatsu) using a Leica DM6 Fixed Stage mi-
croscope with an X-Light V2TP spinning disk confocal (60 pm pin-
holes) and a 63x/0.9 N.A. water immersion objective. TMRE imag-
ing used a 555 nm wavelength laser (RFP), operating at 20% power,
with 120 ms/frame exposure time. CellROX Deep Red imaging used
a 646 nm wavelength laser (Cy5), operating at 20% power, with
150 ms/frame exposure time. Images of mitoGCaMP3 activity were
obtained using a 470 nm wavelength laser (GFP), at 20% power
and 120 ms/frame acquisition times. TNKS1bp1:EGFP fish were im-
aged with a 470 nm wavelength laser (GFP), at 20% power and
150 ms/frame scan time. All image acquisition was controlled by
MetaMorph software (Molecular Devices).

Digital images of neuromasts were processed using Image] soft-
ware (Schneider et al., 2012) and Adobe Illustrator. Single-channel
z-stacks were individually measured for each neuromast (L3 - L6).
Background subtraction was performed using a rolling ball radius
at the following sizes: 100 pixels for TMRE, and 150 pixels for
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mitoGCaMP3 and CellROX Deep Red. Maximum intensity projec-
tions of each z-stack were generated, their corresponding neuro-
mast was outlined, and mean fluorescent pixel intensities of each
neuromast were measured. Lastly, to account for fish-to-fish vari-
ability, the mean fluorescent intensities of neuromasts originating
from the same zebrafish were averaged. Within each experimental
trial, the average intensity per zebrafish was normalized to the me-
dian value of the average intensity per control zebrafish to address
experiment-to-experiment variability.

2.4. Whole-mount immunohistochemistry, imaging, and analysis of
fixed specimens

2.4.1. MitoTracker experiments

For fixable MitoTracker experiments, neuromast hair cell la-
beling was performed as previously described (Holmgren and
Sheets, 2021). MitoTracker was used as an additional indicator of
mitochondrial activity. Briefly, larvae that had just completed 2
hr of cisplatin exposure were incubated for 4 min in 15 mL EM
with 5 pg/mL 4/,6-Diamidino-2-Phenylindole (DAPI; Invitrogen) at
28 °C in the dark, and then rinsed 2x in 30 mL EM. Larvae were
then incubated for 30 min in 15 mL EM containing 500 nM Mito-
Tracker Red CMXRos and 500 nM MitoTracker Deep Red at 28 °C in
darkness, followed by 3x rinses in 30 mL EM. At this point, speci-
mens were euthanized by rapid cooling of fish medium, and fixed
overnight in 4% paraformaldehyde in 0.1 M phosphate-buffered
solution (PBS pH = 7.4) at 4 °C. The following day, fixed speci-
mens were rinsed 3x in PBS. MitoTracker-treated larvae were then
mounted on glass slides in elvanol (13% w/v polyvinyl alcohol, 33%
w/v glycerol, 1% w/v DABCO (1,4 diazobicylo[2,2,2] octane) in 0.2 M
Tris, pH 8.5) and covered with #1.5 cover slips prior to imaging.

Larvae stained with MitoTracker dyes were imaged on an X-
Light V2TP spinning disk confocal microscope, using a 63x/0.9 N.A.
oil immersion objective (Leica). Image stacks of posterior lateral-
line neuromasts L4 - L6 were acquired, at 1 pm step size. Mi-
toTracker CMXRos Z-acquisition parameters were 555 nm wave-
length laser (RFP) set to 20% power and 120 ms/frame. MitoTracker
Deep Red data were collected with a 646 nm wavelength laser
(Cy5), at 20% power and100 ms/frame. DAPI images were acquired
with a 405 nm wavelength laser, at 20% power and 100 ms/per
frame. All image acquisition was controlled by MetaMorph soft-
ware (Molecular Devices).

Digital images were processed using Image] software (Schneider
et al., 2012) and Adobe Illustrator. Whole neuromast fluorescence
intensity was measured as in Section 2.3 with a rolling ball radius
of 200 pixels for both MitoTracker dyes. The mean intensity of the
fluorescent indicators for each neuromast was measured. Average
neuromast intensity was normalized to the median value of the
average neuromast intensity observed in DMSO controls.

2.4.2. Caspase-3 experiments

After completing a 2h exposure to cisplatin followed by a 2h
recovery period in EM, fish were euthanized by rapid chilling and
fixed in paraformaldehyde as described in Section 2.4.1. In prepara-
tion for cleaved caspase-3 labeling, fixed specimens were blocked
for 2 h with 5% normal horse serum (NHS) in PBS with 1% Triton X-
100, at room temperature and with gentle agitation. The blocking
solution was then replaced with primary antibodies diluted in PBS,
2% NHS, and 1% Triton X-100, and incubated overnight at room
temperature and with gentle agitation. The primary antibodies
were HCS-1 (hair cells, mouse monoclonal, 1:500, DSHB, Univer-
sity of lowa), and anti-cleaved caspase-3 (rabbit polyclonal, 1:400,
Cell Signaling). The following day, larval zebrafish were rinsed 3x
in PBS, incubated for 2 h in DAPI (5 ng/mL) and secondary antibod-
ies (anti-mouse IgG, conjugated to Alexa Fluor 488 and anti-rabbit
IgG, conjugated to Alexa Fluor 555; Invitrogen), both diluted 1:500
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in PBS with 2% NHS and 1% Triton X-100, at room temperature in
darkness. Specimens were then rinsed 3x in PBS and mounted as
described above.

The posterior lateral-line neuromasts (L3 - L6) of fixed ze-
brafish immunolabeled with HCS-1 and anti-cleaved caspase-3
were imaged with an LSM 700 laser scanning confocal microscope
(Carl Zeiss). Each neuromast was evaluated for the presence or ab-
sence of cleaved caspase-3 labeling in hair cells and data were ex-
pressed as the percentage of neuromasts with activated caspase-
3. Z-stack images of representative cisplatin-exposed and control
neuromasts (step size of 0.29 pm) were acquired on the scanning
confocal microscope using a 63x1.4 N.A. Plan-Apochromat oil im-
mersion objective (Carl Zeiss).

2.5. Statistical analysis

Statistical analyses were performed with Prism 9 (Graph-
Pad Software Inc). Normality of data were determined with
the D’Agostino-Pearson test. Statistical significance between two
groups was determined using an unpaired Student’s t-test or a
Mann-Whitney U test, as appropriate. Comparison of multiple
groups was evaluated by one-way ANOVA or Kruskal-Wallis test
with appropriate post hoc tests as needed.

3. Results

3.1. Cisplatin exposure causes an acute increase in mitochondrial
activity in hair cells

Although hair cells are susceptible to cisplatin injury, they
do not proliferate, suggesting that cisplatin-induced hearing loss
takes place through a mechanism other than the induction of
adducts in nuclear DNA (Martens-de Kemp et al., 2013; Ou et al.,
2007; Yimit et al., 2019). Since hair cells are highly metaboli-
cally active and cisplatin may accumulate within hair cell mito-
chondria (Yang et al., 2006), one hypothesis is that cisplatin di-
rectly affects mitochondrial bioenergetics, leading to mitochon-
drial dysfunction and subsequent oxidative stress. Initial experi-
ments characterized the association between mitochondrial activ-
ity and cisplatin exposure. Prior in vivo and in vitro studies demon-
strate increased mitochondrial ROS and upregulated proteins as-
sociated with mitochondrial-induced apoptosis after cisplatin ex-
posure (Alam et al., 2000; Borse et al.,, 2017; Wang et al., 2004).
To explore acute changes in hair cell mitochondrial activity follow-
ing cisplatin treatment, live intact neuromasts were imaged after
uptake of TMRE, a cell-permeant fluorescent indicator sequestered
by active mitochondria. Confocal imaging of Tg(TNKS1bp1:EGFP) ze-
brafish at 6 dpf captured mitochondrial activity immediately fol-
lowing a 2h exposure to 250 uM cisplatin or to 0.1% DMSO (con-
trol) (Fig. 1A - F). Each fish was considered as a single biological
sample. Data were derived from confocal images of neuromasts L3
- L6 (4 neuromasts/zebrafish, n = 15 - 16 zebrafish/group, N = 4
experimental trials), and indicate an acute increase in hair cell
TMRE intensity in cisplatin-treated zebrafish (Fig. 1G, **p = 0.0021,
unpaired t-test).

We next compared changes in mitochondrial membrane poten-
tial in response to two different doses of cisplatin. Fish (6 dpf)
were loaded with CMXRos and MitoTracker Deep Red, which are
fixable fluorescent indicators of mitochondrial membrane potential
in live cells. Following dye loading, fish were treated for 2 h with
0.1% DMSO (control), 250 pM cisplatin, or 1 mM cisplatin. They
were then rinsed in EM, stained with DAPI and MitoTracker, euth-
anized, and fixed. Confocal images of neuromasts L4 - L6 were ob-
tained, to determine the effect of cisplatin on mitochondrial mem-
brane potential (Fig. 2A - I; 3 neuromasts/zebrafish, n = 45 neu-
romasts/group, N = 3 experimental trials). Data derived from these
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Fig. 1. Hair cell mitochondrial activity increases following cisplatin exposure. Maximum-intensity projections of confocal images show TMRE-loaded Tg(TNKS1bp1:EGFP)
zebrafish neuromasts with GFP-expressing supporting cells (SC) and GFP-negative hair cells after 2h treatment with 0.1% DMSO (A-C) and 250 pM cisplatin (D - F). TMRE
labeling is observed most prominently in hair cells (A-B; p-E). Mean hair cell TMRE intensity (normalized to control) was elevated in the cisplatin-exposed neuromasts (G,
**p = 0.0021, unpaired t-test). n = 15 - 16 zebrafish. N = 4 experimental trials. Error bars = standard deviation.

images demonstrated that mitochondrial membrane hyperpolariza-
tion trended upwards in response to increasing concentrations of
cisplatin (Fig. 2] - K). However, Tukey’s multiple comparisons test
of MitoTracker CMXRos only detected a significant difference be-
tween DMSO and 1 mM cisplatin (Fig. 2], **p = 0.0039). In con-
trast, Tukey’s multiple comparisons test of MitoTracker Deep Red
showed significant differences between all three treatment con-
ditions (Fig. 2K, **p = 0.0011; ****p < 0.0001). Interestingly, hair
cells within the same neuromast appeared to heterogeneously ac-
cumulate MitoTracker regardless of treatment group instead of be-
ing equally distributed throughout the entire neuromast. This het-
erogeneous uptake may indicate that there are underlying factors
that affect individual hair cell susceptibility to cisplatin. When con-
sidered with the data from the TMRE experiments (Fig. 1), these
observations suggest that mitochondrial activity increases follow-
ing cisplatin treatment in a dose-dependent manner.

3.2. Cisplatin exposure causes acute increases in hair cell
mitochondrial calcium levels and ROS production

Mitochondria serve as buffers, sensors, and modulators of
intracellular calcium signaling (Rizzuto et al, 2012). Prior in
vitro studies on cancer cells and hair cell-like cell lines demon-
strate that dysregulated mitochondrial calcium handling in re-
sponse to cisplatin may initiate toxic levels of ROS production
and mitochondria-mediated apoptosis (Bernardi, 1999; Kleih et al.,
2019; Lu et al, 2019; Zhao et al, 2022). To investigate the ef-
fect of cisplatin on mitochondrial calcium and oxidative stress,
we employed confocal imaging of live intact neuromast hair
cells expressing the mitochondrial calcium indicator mitoGCaMP3.
Tg(myo6b:mitoGCaMP3) zebrafish at 6 dpf were treated for 2h
with 0.1% DMSO or 250 pM cisplatin, rinsed in EM, incubated
in fluorescent ROS indicator, CellROX Deep Red, and used for
live imaging. Representative images of neuromasts in the control
and cisplatin groups are depicted in Fig. 3A - F. Data were de-
rived from confocal images of neuromasts L3 - L6, demonstrat-
ing that cisplatin exposure increases hair cell mitochondrial cal-
cium levels (Fig. 3G, **p = 0.0074, Mann-Whitney U test, 4 neuro-
masts/zebrafish, n = 32 - 34 zebrafish/group, N = 8 experimental
trials) and ROS production (Fig. 3H, *p = 0.014, Mann-Whitney U
test, 4 neuromasts/zebrafish, n = 26 - 27 zebrafish/group, N = 7

experimental trials). As with the mitochondrial membrane poten-
tial assays, mitochondrial calcium levels of individual hair cells
within the same neuromast were heterogeneous regardless of
treatment group. However, the present methods were unable to
delineate whether this heterogeneity affects susceptibility to cis-
platin.

3.3. Cisplatin-induced hair cell death is mediated by activated
caspase-3

Prior studies indicate that cisplatin causes hair cell apopto-
sis by elevating the ratio of Bax to Bcl-2, resulting in mitochon-
drial membrane permeability, leakage of cytochrome-c and activa-
tion of canonical caspase-3-mediated apoptosis (Borse et al., 2017;
Devarajan et al., 2002; Wang et al., 2004). To investigate the effect
of cisplatin on mitochondrially-mediated apoptosis in neuromast
hair cells, 6 dpf zebrafish were treated for 2h with 0.1% DMSO,
250 pM cisplatin, or 1 mM cisplatin. They were then thoroughly
rinsed and maintained for an additional 2 h in EM, at which point
they were euthanized, fixed and processed for visualization of hair
cells and cleaved caspase-3. Representative confocal images of neu-
romasts L3 - L6 (4 neuromasts/fish, n = 30 neuromasts/group,
N = 3 experimental trials) are depicted in Fig. 4A - C, and demon-
strate the presence of activated caspase-3 in hair cells of cisplatin-
exposed zebrafish, but not in DMSO-exposed controls (Fig. 4D, p
< 0.0001, Kruskal-Wallis test). Analysis of the percentage of neu-
romasts containing a subset of hair cells that were immunoreac-
tive for cleaved caspase-3 suggest that cisplatin induces neuromast
hair cell apoptosis at moderate (250 ptM) and high (1 mM) doses
(Fig. 4D, **p = 0.003, ****p < 0.0001, Dunn’s multiple comparisons
test).

4. Discussion

Cisplatin is commonly used in the treatment of solid tumors
in both adult and pediatric populations. Permanent hearing loss
is a frequent consequence of cisplatin chemotherapy and no FDA-
approved methods exist to mitigate cisplatin ototoxicity. Although
mitochondria have been identified as potential drivers of cisplatin
injury in hair cells (Sheth et al., 2017), characterizing changes in
mitochondrial function in response to cisplatin will identify crit-
ical cellular events that result in apoptosis. While drug delivery
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Fig. 2. The degree of cisplatin-induced mitochondrial hyperpolarization is dose dependent. Maximume-intensity projections of confocal images show neuromasts treated with
0.1% DMSO (A - C), 250 uM cisplatin (D - F), and 1 mM cisplatin (G - I). Hair cells were labeled with DAPI and mitochondria were stained with Mitotracker CMXRos and
MitoTracker Deep Red. Mean intensities (normalized to control) increased in a dose-dependent manner across both MitoTracker CMXRos (], p = 0.0058, one-way ANOVA)
and MitoTracker Deep Red (K, p < 0.0001, one-way ANOVA) indicators. Post-hoc analysis with Tukey’s multiple comparisons test failed to detect significant changes in mean
CMXRos intensities between DMSO and 250 puM cisplatin (J, ns = 0.23) and 250 uM cisplatin and 1 mM cisplatin (J, ns = 0.24). For MitoTracker Deep Red, significant
differences were observed using Tukey’s multiple comparisons test between all treatment groups (K, **p = 0.0011, ****p < 0.0001). n = 135 neuromasts. N = 3 experimental

trials. Error bars = standard deviation.

to the inner ear, off-target effects, and appropriate patient selec-
tion continue to challenge successful translation of an otoprotec-
tive drug (Freyer et al., 2020; Hazlitt et al., 2018; Yu et al., 2020),
understanding the effect of cisplatin on mitochondria will address
a major gap in knowledge that in part, prevents the development
of otoprotective therapies.

The primary functions of mitochondria are to produce ATP and
mediate intracellular calcium homeostasis (Marullo et al., 2013;

Rizzuto et al., 2012). Prior in vitro and in vivo studies indicate that
cisplatin rapidly enters hair cells (Thomas et al., 2013), accumulates
within mitochondria (Yang et al.,, 2006), and leads to canonical
caspase-3-mediated apoptosis (Borse et al., 2017; Devarajan et al.,
2002; Wang et al., 2004). While these studies have established
an important framework for determining the contribution of mi-
tochondrial dysfunction to cisplatin ototoxicity, a common limita-
tion is that they observe the downstream effects of mitochondrial



D.S. Lee, A. Schrader, M. Warchol et al.

DMSO

Cis 250 pM

Hearing Research 426 (2022) 108513

2]

Relative MitoGCaMP3 Intensity

DMSO

Cis 250 uM

Relative CellROX Deep Red Intensity
»
1

DMSO  Cis 250 yM

Fig. 3. Cisplatin exposure causes acute increases in mitochondrial calcium levels and ROS production. Maximum-intensity projections of confocal images show mitoGCaMP3
and CellROX Deep Red fluorescence within neuromasts of Tg(myo6b:mitoGCaMP3) zebrafish treated with DMSO (A - C) and 250 uM cisplatin (D - F). Zebrafish treated
with cisplatin demonstrate elevated levels of relative mitoGCaMP3 intensity (G, **p = 0.0074, Mann-Whitney U test, n = 32 - 34 zebrafish, N = 8 experimental trials) and
increased CellROX Deep Red intensity (H, *p = 0.014, Mann-Whitney U test, n = 26 - 27 zebrafish, N = 7 experimental trials). Error bars = 95% CI.
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Fig. 4. Cisplatin activates caspase-3-mediated hair cell death. Maximum-intensity projections of confocal images showing HCS-1 staining of hair cell membranes and cleaved
caspase-3 staining within the neuromast of 6 dpf larvae treated with 0.1% DMSO (A), 250 uM cisplatin (B), and 1 mM cisplatin (C) for 2 h, followed by recovery for 2 h.
Median percentages of neuromasts with activated caspase-3 staining are greater in cisplatin-treated zebrafish compared to DMSO-treated zebrafish in a dose-dependent
manner (D, **p = 0.003, ****p < 0.0001, Dunn’s multiple comparisons test). n = 90 neuromasts. N = 3 experimental trials. Error bars = 95% CI.

dysfunction and are unable to characterize dynamic changes in mi-
tochondrial bioenergetics that occur within a live intact hair cell. In
this study, we measured the intensity of fluorescent indicators and
genetically encoded biosensors within live and fixed transgenic ze-
brafish exposed to cisplatin, in order to identify acute changes in
hair cell mitochondrial function. We found that cisplatin hyperpo-
larized hair cell mitochondria (Figs. 1 and 2), elevated hair cell mi-
tochondrial calcium levels (Fig. 3), and increased oxidative stress
(Fig. 3) within hair cells of the zebrafish lateral line. Such knowl-
edge enhances our understanding of when mitochondrial dysfunc-
tion begins, and further supports the notion that mitochondrial
dysfunction is an essential component of cisplatin ototoxicity.

The timing of mitochondrial dysfunction after exposure to cis-
platin and its association with hair cell death has not been previ-
ously characterized. A recent series of studies exploring neomycin

ototoxicity have demonstrated that mitochondrial dysfunction is
among the first events to occur after exposure to neomycin, begin-
ning with excessive mitochondrial calcium uptake and hyperpolar-
ization, followed by rapid collapse of mitochondrial membrane po-
tential within 30 min (Esterberg et al., 2014, 2016; Owens et al.,
2007). These events ultimately cause the generation of pathologic
levels of ROS and subsequent hair cell death (Esterberg et al.,
2016). Our data suggest that cisplatin may produce acute changes
in mitochondrial bioenergetics, similar to those observed after ex-
posure to neomycin, e.g., mitochondrial hyperpolarization (Fig. 2),
elevated mitochondrial calcium levels (Fig. 3), and increased hair
cell ROS production (Fig. 3). These findings are consistent with
studies of the mammalian ear that indicate cisplatin exposure
leads to calcium accumulation in the cytosol and mitochondria
of hair cells (Lu et al.,, 2019; Zhao et al., 2022). Since disrupted
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mitochondrial bioenergetics have previously been associated with
mitochondrial ROS production (Gentilin et al, 2019; Kros and
Steyger, 2019; Sheth et al., 2017) and caspase-3-mediated hair cell
death (Fig. 4), we propose that hyperpolarized membrane potential
and elevated calcium levels immediately following cisplatin expo-
sure may be initiating events in cisplatin ototoxicity.

Our data further indicate that there appears to be heterogenous
mitochondrial activity and mitochondrial calcium levels of hair
cells within the same neuromast regardless of treatment group
(Figs. 2A - 1, 3A and D). The biological and clinical significance
of this heterogeneity remains an open question. Nonetheless, we
speculate that it may represent as-yet unidentified factors that
contribute to variability in hair cell vulnerability, and that these
differences may be rooted in mitochondrial function. Prior stud-
ies of aminoglycoside ototoxicity report that hair cell vulnerabil-
ity may be linked to cumulative mitochondrial activity, rather than
acute changes in mitochondrial activity (Pickett and Raible, 2019;
Pickett et al., 2018). This notion corresponds with clinical observa-
tions that age is an independent risk factor for cisplatin ototoxic-
ity (Fernandez et al.,, 2019; Theunissen et al., 2015), and that the
more metabolically active high-frequency outer hair cells are at
greater risk of cisplatin injury than low-frequency inner hair cells
(Prayuenyong et al., 2021). A limitation of this study is that the
live imaging techniques used enable whole neuromast analysis at
a single point in time. Such techniques cannot explore the effect
of baseline mitochondrial bioenergetics on hair cell survival, which
require repeated measures of individual hair cells across multiple
time points. In future studies, similar methods as those used to
investigate susceptibility of individual hair cells to aminoglycoside
ototoxicity can be used to test the contribution of hair cell mito-
chondrial age, activity, and redox history on cisplatin vulnerability
(Lukasz et al., 2022; Pickett et al., 2018).

The relationship between cisplatin and oxidative stress has
been well established (Gentilin et al., 2019; Kros and Steyger, 2019;
Sheth et al., 2017), and prior studies demonstrate that mitochon-
dria play a key role in cisplatin-induced oxidative stress in can-
cer and non-cancer cell lines (Marullo et al., 2013) as well as hair
cells (Li et al,, 2021; Lu et al., 2022). Here, we build on this lit-
erature and demonstrate that oxidative stress occurs shortly after
cisplatin exposure. However, multiple pathways cause ROS produc-
tion and the possibility of cytosolic sources of ROS cannot be ruled
out. Future studies may utilize time-lapse live imaging of trans-
genic zebrafish expressing genetically encoded ROS indicators for
ratiometric analysis (e.g. HyPer3, (Bilan et al., 2013)) after incubat-
ing with a mitochondrial oxidation dye (e.g. mitoSOX Red), in or-
der to estimate mitochondrial contributions to ROS production in
response to cisplatin. Using these methods, changes in ROS pro-
duction may also be correlated with time-lapsed live imaging of
transgenic zebrafish expressing mitoGCaMP3 in hair cells, to char-
acterize the dynamic relationship between mitochondrial dysfunc-
tion and oxidative stress over time. Such experiments may provide
further mechanistic insights to the role of mitochondria in cisplatin
ototoxicity.

5. Conclusion

In summary, our results show that the function of hair cell
mitochondria is acutely disrupted by cisplatin, ultimately lead-
ing to canonical caspase-3-mediated apoptosis. Specifically, cis-
platin causes hyperpolarized mitochondrial membrane potential,
elevated mitochondrial calcium levels, and increased ROS produc-
tion. Whether these changes lead to eventual collapse of mitochon-
drial membrane potential and terminal mitochondrial dysfunction
remain unknown, but our findings further implicate mitochondrial
impairment as a critical early-stage cellular event in cisplatin oto-
toxicity.
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