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ABSTRACT

Cisplatin chemotherapy often causes permanent
hearing loss, which leads to a multifaceted decrease
in quality of life. Identification of early cisplatin-
induced cochlear damage would greatly improve
clinical diagnosis and provide potential drug targets
to prevent cisplatin’s ototoxicity. With improved
functional and immunocytochemical assays, a recent
seminal discovery revealed that synaptic loss between
inner hair cells and spiral ganglion neurons is a major
form of early cochlear damage induced by noise
exposure or aging. This breakthrough discovery
prompted the current study to determine early
functional, cellular, and molecular changes for
cisplatin-induced hearing loss, in part to determine
if synapse injury is caused by cisplatin exposure.
Cisplatin was delivered in one to three treatment
cycles to both male and female mice. After the
cisplatin treatment of three cycles, threshold shift
was observed across frequencies tested like previous
studies. After the treatment of two cycles, beside loss
of outer hair cells and an increase in high-frequency
hearing thresholds, a significant latency delay of
auditory brainstem response wave 1 was observed,
including at a frequency region where there were no
changes in hearing thresholds. The wave 1 latency
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delay was detected as early cisplatin-induced ototoxic-
ity after only one cycle of treatment, in which no
significant threshold shift was found. In the same
mice, mitochondrial loss in the base of the cochlea
and declining mitochondrial morphometric health
were observed. Thus, we have identified early spiral
ganglion-associated functional and cellular changes
after cisplatin treatment that precede significant
threshold shift.

Keywords: cisplatin, ototoxicity, hair cells, spiral
ganglion neuron, Schwann cell

INTRODUCTION

Platinum-based antineoplastic agents, including cis-
platin, are widely used against a variety of malignan-
cies and are among the most ototoxic compounds. In
addition, they carry the potential for other serious
effects, such as nephrotoxicity and neurotoxicity
(Francis and Cunningham 2017; Rybak et al. 2019;
Sheth et al. 2017). The incidence of cisplatin’s
ototoxicity varies between reports, dosing schedules,
measurement/definition of significant hearing loss,
and patient populations, but rates as high as 90 %
have been reported (Hayes et al. 1977; Reddel et al.
1982). Cisplatin causes a dose-dependent progressive
permanent, bilateral hearing loss that begins in the
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high frequencies and spreads to the middle audio-
metric frequencies (Madasu et al. 1997; van Zeijl et al.
1984) as the cumulative dose increases. Cisplatin-
induced hearing loss can potentially become worse
even years after completion of the therapy (Einarsson
et al. 2010; Knight et al. 2005). The potentially long
duration may be due to cisplatin retention in the
cochlea’s stria vascularis, which can last indefinitely
after treatment (Breglio et al. 2017).

Long-duration cisplatin treatment injures all cell
populations in the organ of Corti, manifesting in both
metabolic cell death and mechanical damage due to
loss of the precise structural organization of the hair
cells and supporting cells that comprise the organ
(Cardinaal et al. 2000; Hinojosa et al. 1995). One of
the primary pathways through which cisplatin damage
causes hearing loss is through disruption of the
cochlear amplifier, through injury to the outer hair
cells (OHGs) (Laurell and Bagger-Sjoback 1991) and/
or stria vascularis (Komune et al. 1981). Inner hair
cells (IHGs) (Laurell and Bagger-Sjoback 1991) and
spiral ganglion neurons (SGNs) (Boheim and Bichler
1985) are also potential targets of cisplatin-induced
injury. Cisplatin is taken up by cells, creating structur-
al abnormalities in DNA that are either repaired or
trigger apoptosis signaling (Barry et al. 1990). Apo-
ptosis has been detected in cochlear cells exposed to
cisplatin (Ding et al. 2007). Cisplatin also injures cells
through oxidative stress, both due to increases in ROS
formation (Clerici et al. 1996; Dehne et al. 2001) and
through depletion of antioxidants in the cochlea
(Lautermann et al. 1997; Ravi et al. 1995).

In clinical studies, the reported prevalence of
hearing loss varied considerably between 0 and
90.1 % for children and 10 to 100 % for adults
(Brennan-Jones et al. 2019; Lee et al. 2016). Besides
variations in age, cumulative dose, dose duration,
genetics, and other co-treatments (Mukherjea and
Rybak 2011), the sensitivity of current clinical detec-
tion methods for hearing loss contributes greatly to
this variability (Waissbluth et al. 2017). Otoacoustic
emissions testing is frequently deployed clinically for
cisplatin ototoxicity monitoring due to the focus of
cisplatin’s damage on the cochlear amplifier
(McMillan et al. 2012; Stavroulaki et al. 2001). Ultra-
high-frequency audiometry is also used for early
detection of ototoxicity due to the progressive high-
frequency nature of cisplatin-induced hearing loss
(Abujamra et al. 2013; Reavis et al. 2008). The goal is
detection of ototoxicity before it significantly impacts
frequencies critical for speech perception. Because
new anti-cancer drugs can also cause ototoxicity
(Tang et al. 2015), identification of sensitive tests or
markers for detecting early ototoxicity has broad
implications for developing appropriate clinical inter-
ventions to minimize hearing loss. In addition to the

cochlear amplifier as the primary target of cisplatin-
induced cochlear injury, the IHC-SGN afferent
pathway can also be disrupted by cisplatin, and an
auditory brainstem response (ABR)-based metric for
detecting early cisplatin ototoxicity, prior to the
measurable threshold shift, was explored in the
current study. ABR threshold and latency shifts have
been used routinely to evaluate cisplatin ototoxicity in
animal models (Church et al. 2004; Lynch et al. 2005),
and high-frequency ABR threshold and latency data
have been used to identify ototoxicity (Fausti et al.
1993). Further, ABR interpeak latency changes have
been detected in cisplatin-exposed human patients
(Hansen et al. 1989). Finally, ABR wave V latency
changes after two cycles of cisplatin presaged later
threshold shifts after additional cycles. This was only
demonstrated in two patients (De Lauretis et al.
1999), but indicates a possible utility for supra-
threshold ABR changes for detection of cisplatin
ototoxicity before it has manifested as significant
threshold shift.

Otoacoustic emissions and pure tone threshold
audiometry are not highly sensitive to damage to the
IHC-SGN afferent pathway (Kujawa and Liberman
2009; Lobarinas et al. 2013). The extent to which
cisplatin can induce injury to the IHC-SGN synapses
or the myelin of the auditory nerve axons is unknown.
Either of these pathologies would manifest in reduction
of function without necessitating loss of the hair cells.
Synaptic loss between type I SGNs and IHCs is an early
pathology from noise exposure or during aging
(Liberman and Kujawa 2017). This synaptopathy has
been detected through immunohistology and function-
al analysis of supra-threshold ABR compared with
distortion product of otoacoustic emissions (DPOAESs).
An intact IHC-auditory nerve pathway is critical for
delivering the synchronized neural signaling necessary
for understanding complex auditory signals, including
speech. While synaptopathy injury is a documented
consequence of noise exposure in animal models,
evidence of synapse injury in cisplatin ototoxicity is
not. Therefore, the ABR testing procedure combined
with the multi-cycle cisplatin delivery protocol described
below was also used to investigate the extent to which
synaptopathy and/or supra-threshold ABR changes
independent of loss of cochlear amplification occur in
cisplatin ototoxicity.

The current study had two primary goals: (1) to
determine if early pre-clinical cisplatin ototoxicity
could be detected through changes in supra-
threshold ABR recordings, and (2) to determine if
cisplatin induces early targeted injuries to the IHC-
SGN synapses or auditory nerve myelination. A mouse
model of cisplatin ototoxicity was utilized (Breglio
et al. 2017; Fernandez et al. 2019; Roy et al. 2013).
Assessments of OHC loss, ABR and DPOAE threshold
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shifts, supra-threshold amplitudes and latencies of
ABR wave 1, presynaptic ribbons between IHCs and
SGNs, and integrity of mitochondria and myelin in
the SGNs were used to monitor early and late
cochlear damage after cisplatin exposure.

MATERIALS AND METHODS
Experimental Animals

Both male and female CBA/Ca]J mice around 3
months old were obtained from the Jackson Labora-
tory (Bar Harbor, ME, USA) and were housed in a
vivarium with a 12-h light-dark cycle for additional 1
month before the start of experiment at Northeast
Ohio Medical University (NEOMED). Pellet chow and
supplemental nutrition were provided to maintain
acceptable body weight throughout the course of the
study. The number of mice for the 4 x 1 study was 22;
for the 4 x 2 study, 19; and for the 4 x 3 study, 19. All
procedures were approved by the NEOMED Animal
Care and Use Committee and were conducted in
accordance with the National Institutes of Health
guidelines.

Cisplatin Exposures

Each animal was exposed to 1-3 cycles of cisplatin
treatment (4x1, 4x2, and 4x3) in which the
cisplatin was given on four consecutive days followed
by a 10-day rest period. Cisplatin (100 mg/ml; Sigma)
was injected (i.p.) at 4 mg/kg each of the four
consecutive days, for a cumulative dose of 16 mg/kg
per cycle. The protocol was developed based on
previous work (Fernandez et al. 2019; Roy et al.
2013) that used 3.5 and 4 mg/kg doses on the four
consecutive day delivery schedule with the 10-day
recovery period between doses. The dosage of
4 mg/kg was selected with the goal of creating a
progressive threshold shift that was minimal after the
first cycle but grew to a 40-60-dB threshold shift after
the third cycle of dosing. Cisplatin was delivered
consistently within a 2-h window of 6 to 8 h after light
onset in order to present the cisplatin at the same
point on the circadian cycle for each animal and
administration (Bielefeld et al. 2018). Physiologic tests
were run on the sixth day of the rest period after each
treatment cycle. Animals were sacrificed on the 10th
day of the rest period after the final cisplatin cycle.
For the 4x1 treatment, the experiment concluded
after a single round of the 16 mg/kg dosing. For the
4x2 treatment, two l4-day cycles were completed
(32 mg/kg cumulative dose). For the 4 x 3 treatment,
the experiment concluded after three cycles (cumu-
lative dose of 48 mg/kg). The control groups were
given injections of equivalent volumes of saline on the

same schedule as the cisplatin injections. Due to the
concern that lethargy and gastrointestinal distress
from the cisplatin would suppress the mice’s drinking
during the cisplatin exposure intervals, supplemental
hydration was provided to all animals with sub-
cutaneous saline injections (0.5 ml per animal) given
daily from the first day of cisplatin administration
through the end of the experiment.

Physiological Testing

All tests were performed in an acoustically and
electrically shielded chamber with a Tucker Davis
Technology (TDT) RZ6 processor and BioSigRZ
software. Before each functional test, the animals
were anesthetized with ketamine and xylazine (i.p.,
80/15 mg/kg) and placed on a warming pad to
maintain body temperature at 37 °C by an auto-
temperature regulation feedback system (Harvard
Apparatus). Similar to our previous published
functional testing (Bao et al. 2003, 2004, 2005,
2013; Ohlemiller et al. 2000a, b), ABR thresholds
were obtained in free soundfield. The tone bursts
were presented at 5, 10, 20, 28, and 40 kHz from
90 dB SPL descending to 0 dB SPL or 10 dB below
threshold in 5-dB decrements. Tone bursts were
5 ms in duration, 0.5 ms rise/fall, with a repetition
rate of 20/s. Electrodes were placed subdermally
behind the tested ear (reference electrode), the
vertex (active electrode), and mid-back (ground
electrode). The contralateral pinna was compressed
with a spring-loaded clip to reduce contribution
from the unstimulated ear. Responses were aver-
aged over 512 repetitions. Threshold was defined as
the lowest point at which a repeatable response
could be detected. ABR wave 1 latencies and
amplitudes were measured for both the control
and cisplatin-treated groups at 10, 20, 28, and
40 kHz. Amplitudes were calculated as the peak-to-
peak amplitude from the P1 peak to the following
negative trough.

DPOAEs were measured using TDT System III
hardware and EMAV software (Taveggia 2016).
DPOAEs were elicited by two pure tones, F1 and
F2, with an F2/F1 ratio of 1.2, and with the level of
the f2 primary 10 dB less than fl level, incremented
together in 5-dB steps. The 2f1-f2 DPOAE amplitude
was extracted, and then Iso-response contours were
interpolated from plots of amplitude versus sound
level. Threshold was defined as the f1 level required
to produce a DPOAE of -5 dB SPL. A modified
Knowles miniature microphone (FG-23329-P07) and
custom preamp were used to record responses,
which were then displayed and stored on a labora-
tory computer.
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Histological Preparation and Assessment

After the final functional testing, anesthetized mice
were intra-cardially perfused with 4 % paraformalde-
hyde in 0.1 M phosphate buffer, followed by an
additional intra-labyrinthine perfusion through the
oval and round windows. Cochleae underwent an
overnight post fixation in 4 % paraformaldehyde and
subsequently were decalcified in 0.35 M EDTA
(pH 7.0) up to 96 h at 4 °C. One cochlea was micro-
dissected into three to six pieces, and a cochlear
frequency map for 10, 20, 28, and 40 kHz was
computed based on 3D reconstruction of these pieces
(Muniak et al. 2013). Micro-dissected pieces were
immunostained with antibodies to the following: (1)
C-terminal binding protein 2 (mouse anti-CtBP2; BD
Biosciences, used at 1:200) and (2) myosin-VIla
(rabbit anti-myosin-VIla; Proteus Biosciences; used at
1:200) with appropriate secondary antibodies coupled
to Alexa Fluors. DAPI was used for labeling nuclei
after the incubation of secondary antibodies. Confocal
z-stacks of the 10, 20, 28, and 40 kHz areas were
collected using a Leica SP8 laser scanning confocal
microscope. Images were collected in a 1024 x 1024
raster using a high-resolution, oil-immersion objective
microscope (x80), where IHCs and OHCs at the
specific frequency were quantified based on myosin-
VIla-stained cells and DAPI-labeled nuclei within a
100-pm viewing field. Presynaptic ribbons were count-
ed based on 3D (x-)y-z axis) representations of each
confocal z-stack.

Electron Microscopy (EM) Histology

For animals from the 4x1, 4x2, and 4x3 experi-
ments (both saline controls and cisplatin-treated), a
small hole at the apex of the cochlear capsule was
made on one cochlea from each animal, and com-
plete exposure of the cochlea to the fixative was
ensured by gently circulating the fixative over the
cochlea using a transfer pipet. After decalcification in
sodium EDTA, the cochleae were post-fixed in
buffered 1 % osmium tetroxide, dehydrated in an
ascending acetone series, and embedded in Epon.
Ultrathin sections (100 nm, gold-silver interference
color) were cut from each cochlea using an ultrami-
crotome (UC6 Ultramicrotome; Leica Microsystems,
Buffalo Grove, IL, USA). When the osseous spiral
lamina was reached (as determined by periodically
mounting and staining the tissue with a 1 % solution
of Toluidine Blue), every tenth section was collected
until we were able to visualize turns of the cochlea
with osseous spiral lamina axons perpendicular to the
direction of sectioning resulting in cross-sectional
views of the axons. Once we had achieved a satisfac-
tory level of sectioning through the apical, middle,

and basal turns, we collected 16 sections in two
alternating series. Sections (series 1) viewed with
transmission EM were collected onto 300-mesh nickel-
or formvar-coated slot grids (Electron Microscopy
Sciences (EMS), Hatfield, PA, USA); the second series
was mounted onto a glass slide and stained with a
solution of 1 % Toluidine Blue to image the cochlear
turns and osseous spiral lamina with brightfield
microscopy. To increase ultrastructural contrast, grids
were washed in UranyLess (EMS catalog #22409) for
15 min and then washed in nanopure water and
allowed to dry.

Ultrastructure was observed with a transmission
electron microscope (TEM) (JEM-1400Plus; JEOL,
Peabody, MA, USA) at 80 kV at x20,000-x60,000
magnification. Images were taken with an Orius
SC1000 side-mount digital camera and measurements
were processed with GATAN Microscopy Suite Soft-
ware (GATAN, Pleasanton, CA, USA). One of three
testers, blind to the grid inserted the slides into the
TEM, took electron micrographs of 50 myelinated
axons, at cross-sections in each of the three cochlear
turns in each of three animals across the four
treatment groups. This yielded a total of 1800 axons
(450 per treatment group) and 5557 mitochondria
examined in the current study. Electron micrographs
were measured with Gatan Microscopy Software Suite
3 (GATAN) for in-house analysis or Image] (Bethesda,
MD, USA) for remote analysis. In each axon, we
recorded the myelin thickness (maximum/mini-
mum), inside diameters, number of dense lines,
number of mitochondrial profiles, the morphometric
health of each mitochondrial profile (1-5 scale;
Coughlin et al. 2015), the cross-sectional surface area
of each mitochondria, the presence of vacuoles, and
pathology. Briefly, morphometric health of the mito-
chondria consisted of examining the ultrastructure of
the cristae. A score of 5 reflected regular, intact
cristae that were sharply defined, while a score of 1
reflected absent cristae with insults to the inner and
outer membranes of the mitochondria. Scores of 4
through 2 reflected varying degrees of swollen and
fragmented cristae (Coughlin et al. 2015). Adobe
Photoshop was used to adjust brightness and contrast
levels and to label photographs.

Experimental Design and Statistical Analysis

All mice (n=60) were given an acclimation period
after delivery before they began the experiment. The
mice at 4 months old were randomly assigned to two
groups (saline control group and cisplatin-treated
group). Pre-treatment ABR and DPOAE testing were
conducted 48 h prior to the first cisplatin administra-
tion. Post-treatment ABR and DPOAE testing were
performed 6 days after cisplatin administration every
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cycle. Analyses of the ABR and DPOAE data were
conducted with the Statistical Package for the Social
Sciences (SPSS), version 23.0 (SPSS Inc., Chicago, IL,
USA Chicago, IL) and GraphPad Prism 7 (GraphPad
Software, San Diego, CA). Repeated measures and
three-way analyses of variance (ANOVA) were used to
analyze ABR and DPOAE amplitudes and latencies.
Two-way ANOVAs with Bonferroni’s multiple compar-
isons tests were used to evaluate ABR and DPOAE
threshold shift, as well as the hair cell and synapse
counts.

EM data were analyzed using linear mixed-effects
models. Mixed-effects models allow for a hybrid of
repeated measures analysis (i.e., “within-subject” var-
iables), model I ANOVA fixed factor analysis (i.e.,
“between-subject” variables), and model II ANOVA
random factor analysis (i.e., variance components), in
the same gestalt statistical test. In the present study,
treatment was specified as a between-subjects fixed
factor across individual mice. Individual mice were
specified as between-group random factors, and axons
quantified per cochlear turn from each mouse were
specified as within-subjects fixed factors within indi-
vidual mice. Individual mouse number was specified
as a random factor. In addition, the interaction
between axon diameter and treatment was specified
as a fixed effect. Satterthwaite method was used to
calculate the effective degrees of freedom. Marginal
means used in the two-way ANOVA determined the
direction of results. EM statistical tests were per-
formed in R (version 3.5.2 for Windows; R Core Team

a ABR & DPOAE

2019), supplemented by the add-on packages lme4 and
ImerTest. Significance was assumed at a p value of 0.05
in all statistical analyses unless the Bonferroni correc-
tion dictated a lower value.

RESULTS

Cisplatin-Induced Cochlear Damage after the 4 x
1 Cycle

Early cisplatin-induced damage to the auditory system
was assessed by delivering one cycle of the cisplatin
dosing (cumulative dose of 16 mg/kg). This cycle is
depicted in Fig. la. Twofactor ANOVAs (group x
frequency) revealed no significant differences be-
tween the saline control and cisplatin groups for
ABR threshold shifts or DPOAE threshold shifts across
the five frequencies tested (Fig. 1b, c). Furthermore,
there were no significant differences in ABR wave 1
amplitudes (Fig. 2a-d) or DPOAE amplitudes
(Fig. 2e-h) at 10, 20, 28, and 40 kHz after the 4x1
cisplatin treatment. However, the three-factor
ANOVA (group x stimulus level x test time) assessing
ABR wave 1 latencies revealed a three-way interaction
at 10 kHz [F(9, 272) =21.89, p =0.0268]. Bonferroni’s
multiple comparisons test at each stimulus level/test
time combination revealed that the post-exposure had
higher latencies at 10 kHz (80-90 dB SPL; Fig. 3a). No
differences were found at 20 or 28 kHz (Fig. 3b, c),
but a three-way interaction was found at 40 kHz [[(9,
264) =1.61, p =0.0329], with post hoc analyses again
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revealing elevated latencies in the cisplatin-treated
group post-exposure, this time at 45-65 dB SPL
(Fig. 3d). The saline group did not demonstrate any
latency prolongations. Because, in clinical diagnostics,
ABR measurements were often performed at equal
sensation levels (dB above threshold) instead of equal
SPLs, we quantified the latencies at equal sensation
levels and found the same pattern with the measure-
ment at equal SPLs (Fig. 3e-h). Thus, a delay of ABR
wave 1 latency was the earliest functional indicator for
cisplatin-induced ototoxicity after the 4 x 1 treatment.
Considering that ABR wave 1 is often difficult to
reliably measure in humans, and the translatability of
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the treated (cisplatin) and control (saline) across all four frequencies.
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our study to the clinic would be enhanced if other
ABR waves were similarly affected, especially for ABR
wave 4 that is approximately homologous to the more
reliably detected ABR wave V in humans, we quanti-
fied ABR wave 4 amplitude (Fig. 4a-d) and latency
measurement (Fig. 4e-h). A significant difference
between cisplatin group and saline group was found
at 40 kHz [F(9, 272) = 17.62, p=0.002 x 10""] (Fig. 4h).
Histological quantification was performed on cochle-
ae from the same mice with the immunostaining of
hair cells with myosin 7a (in red) and presynaptic
ribbons with CtBP2 (in green) (representative images
in Fig. ba). Histopathologically, no significant differ-
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ences were observed for the numbers of OHCs
(Fig. 5b), IHCs (Fig. 5c), and presynaptic ribbons
(Fig. 5d) between the cisplatin- and saline-treated
groups after the 4 x 1 protocol.

Cisplatin-Induced Damage after the 4 x 2
Treatment Cycle

The 4 x 2 treatment protocol is illustrated in Fig. 6a.
ABR and DPOAE data were collected at the sixth day
after the last injection of cisplatin. Two-way ANOVA
(group x frequency) for ABR threshold shifts between
the controls and cisplatin-treated groups revealed a
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significant two-way interaction [F(4, 70)=4.79, p=
0.002]. Bonferroni’s multiple comparisons test re-
vealed significant differences between the cisplatin-
exposed and saline control groups at 28 kHz (p=
0.004) and 40 kHz (p=0.002 x 10~°) (Fig. 6b). Similar-
ly, a significant two-way interaction for DPOAE
threshold shifts was also observed [F(4, 67)=3.35,
p=0.015]. Bonferroni’s multiple comparisons test of
groups revealed a significant difference at 40 kHz (p=
0.0001) (Fig. 6¢).

For ABR wave 1 amplitudes, a three-factor ANOVA
(group x time x level) at each of the four test
frequencies revealed no significant effects involving
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FIG. 4. Changes of ABR wave 4 amplitudes and latencies after

cisplatin 4x 1 treatment. a-d ABR wave 4 amplitudes were

measured before (solid lines; baseline) and after cisplatin (n=10) or

saline (n=6) administration (dashed lines). Two-way ANOVA

revealed no differences in wave amplitudes between the treated

group at 10, 20, or 28 kHz (Fig. 7a—c). At 40 kHz, a
significant three-way interaction was detected [[7(9,
244)=16.16, p=0.0001] (Fig. 7d). Two-way ANOVAs
(time x level) revealed no significant amplitude
changes in the saline control group, but a significant
two-way interaction in the cisplatin group [/(9, 143) =
2.59, p=0.009]. Bonferroni test comparing baseline to
post-exposure at each level revealed significant differ-
ences at the 65-, 80-, 85-, and 90-dB SPL stimulus
levels. DPOAE amplitude changes were like the ABR
wave 1 amplitudes. For DPOAE amplitude measure-
ments across all frequencies tested, the three-factor
ANOVAs (group x time x level) at each frequency
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found no significant effects involving group at 10, 20,
or 28 kHz (Fig. 7e-g). At 40 kHz, a three-way
interaction was detected [F(14, 182)=1.75, p=0.049]
(Fig. 7h). Two-way ANOVAs (time x level) revealed no
significant DPOAE amplitude changes in the saline
control group, but a significant two-way interaction in
the cisplatin group [F(14, 112)=6.88, p=0.006].
Bonferroni’s test comparing baseline to post-
exposure at each level revealed significant differences
at all stimulus levels from 25 to 80 dB SPL. For ABR
wave 4 amplitudes, a three-factor ANOVA (group x
time x level) at each of the four test frequencies
revealed no significant effects involving group at 20 or
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10 kHz

FIG. 5. No significant loss of OHCs, IHCs, and presynaptic
ribbons after cisplatin 4 x 1 treatment. a Immunostaining of hair
cells with myosin 7a (in red), presynaptic ribbons with CtBP2 (in
green), and cell nuclei with by DAPI (in blue). Loss of OHCs and
presynaptic ribbons were observed. Quantification of OHCs (b),

28 kHz (Fig. 8b or c). At 10 or 40 kHz (Fig. 8a or d), a
significant three-way interaction was detected at
10 kHz [F(9, 267)=4.58, p=0.004] (Fig. 8a) and at
40 kHz [F(9, 63) = 6.964, p<0.001] (Fig. 8d). The wave
4 latencies were longer in the cisplatin-treated group
across all frequencies (Fig. 8e-h).

ABR wave 1 latencies before and after the 4x2
cisplatin treatment in the cisplatin group and the
saline controls are depicted in Fig. 9. Three-factor
ANOVAs were again run separately at each frequency.
No significant effects involving groups were detected
at 20 kHz (Fig. 9b). At 10, 28, and 40 kHz (Fig. 9a,
¢, d), a significant increase of ABR wave 1 latencies
was observed across all frequencies tested. Collapsing
across levels, Bonferroni’s test comparing groups at
each test time revealed that the pre-exposure saline
and cisplatin groups’ latencies were not different, nor
were the pre-exposure saline and the post-exposure

op

60 -
50
wlz® ¥ 3¢ 2%
30

201

OHCs count/100um

101

(7]

60 1
501
40+
304

204

IHCs count/100um

10 > = ¥ o "I' = 3

601 Hl Saline
501 Il Cisplatin
40

304

CtBP2/IHC

201

10

O T T T T
10 20 28 40

Frequency (kHz)
IHCs (c), and presynaptic ribbons between IHCs and SGNs (d) were
performed at 10 kHz, 20 kHz, 28 kHz, and 40 kHz. No significant
differences were found for any of these quantifications. Sample

sizes are n=4 (2 for each sex) for both groups. Data shown are the
means + 1 SEM

saline latencies. However, the post-exposure cisplatin
latencies were significantly longer than the pre-
exposure cisplatin and the post-exposure saline laten-
cies.

There were no differences in IHC counts between
the control and cisplatin-treated mice by two-way
ANOVA [K(1, 18)=3.18, p=0.092] (Fig. 10b). Howev-
er, for OHC counts (Fig. 10a), there was a significant
two-way interaction of group and location on the
basilar membrane [F(2, 12)=4.41, p=0.037].
Bonferroni’s tests comparing the cisplatin and saline
groups at each basilar membrane location revealed
that the cisplatin group had significantly fewer OHCs
than the saline group at the 40-kHz region of the
basilar membrane (p=0.032), consistent with the
DPOAE data. A significant interaction of group x
location was detected for IHC presynaptic ribbon
counts [F(2, 12)=19.23, p=0.005] (Fig. 10c), with the



116

CHEN ET AL.: Early Physiological and Cellular Indicators of Cisplatin-Induced

a
ABR & DPOAE ABR &TDPOAE
oopa] —
1 4 14 18 24 28 days
! i i
Cycle 1 (C1) Cycle 2 (C2)
b ABR c DPOAE
70 1 70 -
g 60 -o- Saline g 601 -o- Saline
a 91 o Cisplatin o 901 o Cisplatin
T 40 *kk T 404
& &£
& % 30 Fkde
ko) k)
o o
< <
[} [7]
o o
Ky £
= =
-10 T

L
S}

5 16 2I0 2%3 40
Frequency (kHz)

FIG. 6. Threshold shifts after cisplatin 4 x 2 treatment. a Diagram

of the 4 x2 protocol. Animals were sacrificed 10 days after the last

cisplatin injection. b, ¢ Six days after the 4 x 2 treatment, analyses
showed that both ABR and DPOAE threshold shifts were increased

cisplatin group’s presynaptic ribbons significantly
lower at the 40-kHz region. In contrast, the number
of presynaptic ribbons per OHC were not different
between the control and cisplatin groups.

Cisplatin-Induced Damage after the 4 x 3
Treatment Cycle

The third cycle of cisplatin (4x3) brought the
cumulative dose to 48 mg/kg over a full 42-day
experimental window (Fig. 1la). After the 4x3
treatment, both ABR and DPOAE threshold shifts
were evaluated 6 days after the last injection of
cisplatin. Two-way (group x frequency) ANOVA of
ABR threshold shift revealed a significant two-way
interaction [F(4, 50)=5.31, p=0.001]. Bonferroni’s
multiple comparisons tests comparing the groups at
each frequency revealed that the cisplatin group had
significantly higher threshold shifts than the saline
group at all five test frequencies (Fig. 11b). For the
two-way ANOVA assessing DPOAE threshold shift, the
same pattern was revealed, with a significant two-way
interaction [/(4, 50)=3.90, p=0.008]. Bonferroni’s
tests at each frequency revealed that the threshold
shifts were higher in the cisplatin group than the
saline group at each frequency (Fig. 11c).

Because of the magnitude of threshold shift, supra-
threshold DPOAE amplitudes comprised too limited
of a data set and were not analyzed. Supra-threshold
ABR wave 1 amplitudes (Fig. 12a-d) and wave 1
latencies (Figs. 12e-13g) were confined to 75 dB SPL

5 16 20 28 40

Frequency (kHz)
significantly in high-frequency regions in the cisplatin group (n=10),
but not the saline group (n=6), measured 6 days after the last

injection. **p<0.01 and ***p<0.001. Data shown are the means +
1 SEM

and above due to ABR threshold shift. Each frequency
was analyzed separately. At 10 kHz, the three-factor
ANOVA for wave 1 amplitudes (group x frequency x
test time) revealed no significant effects involving
groups or test time. At 20 kHz, a two-way interaction
of group x test time was detected [F{(1, 36)=5.00, p=
0.045]. Post hoc analysis (Bonferroni test) revealed
that the 4 x 3 cisplatin-treated group had significantly
lower amplitudes after cisplatin exposure than the
saline group pre- or post-exposure or the cisplatin
group pre-exposure (Fig. 12b). At 28 kHz, a three-way
interaction was found [F(3, 30)=6.71, p=0.004 x
107*]. Groups were compared at each level and test
time combination with Bonferroni’s tests. Results
revealed that the 4 x 3 cisplatin group post-exposure
had lower amplitudes than the saline group pre- or
post-exposure or the cisplatin group pre-exposure at
each level from 75 to 90 dB SPL (Fig. 12¢). The same
three-way interaction [F(3, 36)=5.60, p=0.003] and
pattern of group differences were detected at 40 kHz
(Fig. 12d).

The analysis of ABR wave 1 latency at 10 kHz
showed a significant three-way interaction (group x
level x test time) [F(3, 36)=6.023, p=0.002]. Groups
were compared at each level and test time combina-
tion with Bonferroni’s tests. Results revealed that the
4 x 3 cisplatin group post-exposure had longer laten-
cies than the saline group pre- or post-exposure or the
cisplatin group pre-exposure at each level from 75 to
90 dB SPL (Fig. 12e). A three-way interaction was also
detected at 20 kHz [F(3, 36)=4.77, p=0.007].
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FIG. 7. Changes of ABR wave 1 and DPOAE amplitudes after

cisplatin 4 x 2 treatment. ABR wave 1 amplitudes were determined at

the frequencies of 10 kHz (), 20 kHz (b), 28 kHz (c), and 40 kHz (d)

before (“Saline-baseline” and “Cisplatin-baseline”) and after (“Saline-

C2” and “Cisplatin-C2") the 4 x 2 protocol. Analyses revealed that the

Bonferroni’s tests revealed that the 4x3 cisplatin
group post-exposure had longer latencies than the
saline group pre- or post-exposure or the cisplatin
group pre-exposure at each level from 75 and 80 dB
SPL (Fig. 12f). The same three-way interaction [F(3,
33)=5.73, p=0.003] and pattern of Bonferroni’s tests
were detected at 28 kHz (Fig. 12g) and again at
40 kHz (interaction—F(3, 33)=35.49, p=0.0001)
(Fig. 12h).

Histopathology confirmed the high level of dam-
age induced by the cumulative 48 mg/kg dose of
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cisplatin-treated group (n=10) experienced significant wave 1 ampli-
tude decreases at 40 kHz, while the saline group (n=6) did not. e-h
DPOAE data revealed a similar pattern, with the cisplatin group
presenting significant decreases in amplitude at 40 kHz. *p<0.05,
**p<0.01, and ***p<0.001. Data shown are the means + 1 SEM

cisplatin. Two-way ANOVA (group x location on the
basilar membrane) assessing OHC counts revealed a
two-way interaction [F(2, 21)=7.33, p=0.002].
Bonferroni’s tests comparing groups at each region
of the basilar membrane revealed that the cisplatin-
treated group had fewer OHCs than the saline group
at each of the four regions sampled (Fig. 13a). There
were no group differences or interaction for IHC
counts (Fig. 13b). For IHC presynaptic ribbons
(Fig. 13c), a significant two-way interaction was
detected [F(2, 21)=9.68, p=0.003x107"]. Like for
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FIG. 8. Changes of ABR wave 4 amplitudes and latencies after
cisplatin 4 x2 treatment. a-d ABR wave 4 amplitudes were
measured in the 4 x2 cycles and the statistical analysis showed
dramatically drop at high intensity of 10 kHz. Two-way ANOVA
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revealed significant differences in wave 4 latencies between the
treated (cisplatin) and control (saline) across all four frequencies (e~
h). *p<0.05, *p<0.01, and ***p<0.001. Data shown are the
means =1 SEM
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FIG. 9. Increase of ABR wave 1 latencies after cisplatin 4 x 2
treatment. ABR wave 1 latencies at 10 kHz (a), 20 kHz (b),
28 kHz (c), and 40 kHz (d) were measured before cisplatin
injection (baseline) and after 4 x 2 cisplatin/saline (C2) adminis-
tration. There were no significant changes in ABR wave 1
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latencies for the control group (n=6) among different time
points. Significant latency increases for the cisplatin-treated
group (n=10) were detected at 10 kHz, 28 kHz, and 40 kHz.
*p<0.05, **p<0.01, and ***p<0.001. Data shown are the
means +1 SEM
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FIG. 10. Loss of OHCs and presynaptic ribbons after cisplatin
4 x2 treatment. a—¢ Quantification of IHCs (a), OHCs (b), and
presynaptic ribbons between IHCs and SGNs (c) was performed
at 10 kHz, 20 kHz, and 40 kHz. Two-way ANOVA showed that

the OHC counts, Bonferroni’s tests comparing groups
at each region of the basilar membrane revealed that
the cisplatin-treated group had fewer presynaptic
ribbons than the saline group at each of the four
regions sampled. No significant differences were
detected for OHC presynaptic ribbons.

Mitochondria Are Compromised by an Early
Treatment of Cisplatin

To investigate the pathology underlying the early
latency changes that were detected after the 4x1
dosing paradigm, we applied EM to assess and
mitochondrial morphology and auditory nerve demy-
elination. We quantified a total of 450 saline-treated
(50 axons per turn, per 3 control mice) and 450 4 x 1
cisplatin-treated (50 axons per turn, per 3 4 x 1 mice)
axons.

20
Frequency (kHz)

28 40 10 20 28

Frequency (kHz)

40

OHCs" IHC presynaptic ribbons were significantly lower at
40 kHz in the cisplatin group (n=4) than in the saline group
(n=4). *p<0.01 and ***p<0.001. Data shown are the means
+1 SEM

The most conspicuous morphological changes
between the saline-treated and 4 x 1 treatment groups
involved the mitochondrial profiles. In the saline-
treated group, mitochondria cristae in each turn
were “healthy” as they were intact, regularly packed,
and sharply defined (Fig. 14a). In the 4 x 1 treatment
group, mitochondria cristae began to appear
fragmented, irregularly packed, swollen, and even
absent in severe cases (Fig. 14b). To examine the
effects of the 4x 1 treatment cycle on mitochondria
morphology, we quantified the number of mitochon-
dria present in each axon, the morphometric health
of each mitochondria, and the cross-sectional surface
area of each mitochondrion (Table 1). In the 450
saline-treated axons, there were 1575 mitochondrial
profiles (Fig. 14c). In the 450 4x1 treated axons,
there were 1421 mitochondrial profiles. We found
that the number of mitochondria profiles per axon
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FIG. 11. Threshold shifts after cisplatin 4 x 3 treatment. a The
diagram of the 4 x 3 protocol. ABR and DPOAE was tested 3 days
prior to the cisplatin treatment for baseline and 6 days after the last
injection of cisplatin. b Analyses revealed that a significant increase
of ABR threshold shifts was observed across all five frequencies

tested in the cisplatin-exposed group (n=10) compared to the saline
group (n=6). ¢ Analysis of DPOAE threshold shifts also showed
significant increases across all five frequencies in the cisplatin-
treated group. **p<0.01 and ***p<0.001. Data shown are the
means =1 SEM
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FIG. 12. Changes of ABR wave 1 amplitudes and latencies after
cisplatin 4 x 3 treatment. a-d ABR wave 1 amplitudes at 10 kHz,
20 kHz, 28 kHz, and 40 kHz, respectively. Analyses revealed
significant reductions from baseline of ABR wave 1 amplitude by
cisplatin treatment (n=10) at 20-40 kHz, compared to the saline

was significantly (p=0.003) reduced in the base by
the early treatment of cisplatin. We did not find
significant changes in mitochondria per axon in the
middle or apical turns in the early treatment of
cisplatin. Each mitochondrial profile was given a
morphometric health grade based on the integrity
of the cristae from 5 (best) to 1 (worst). The early
treatment of cisplatin significantly reduced the aver-
age health score of the mitochondrial profiles from
4.6 to 4.2 in the base (p=0.004), 4.7 to 4.4 in the
middle (p=0.004), and from 4.7 to 4.5 in the apex
(p=0.004; Fig. 14d). Cross-sectional surface area of
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group (n=6). e-h ABR wave 1 latencies were determined at
10 kHz, 20 kHz, 28 kHz, and 40 kHz. Analyses showed significant
increases induced by cisplatin treatment at lower stimulus levels.
*p<0.05, ¥**p<0.01, and ***p<0.001. Data shown are the means
+1 SEM

the mitochondria was not changed by the 4x1
treatment of cisplatin (Fig. 14e).

To better understand whether these mitochondrial
changes continued to occur in later treatment cycles, we
quantified these measures in an additional 450 axons given
the 4x2 treatment and 450 axons given the 4x3
treatment of cisplatin (Fig. 14c—e). We found additional
losses of mitochondrial profiles in the base after both the
second and third cycle of cisplatin treatment (Fig. 14c).
Health scores continued to decline in all three turns for
each treatment cycle of cisplatin (Fig. 14d). Cross-sectional
surfaces significantly increased after 4 x2 and 4 x 3 treat-
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FIG. 13. Cochlear histopathology quantification after the 4 x3
treatment protocol. a OHC counts after the 4 x3 protocol. As
expected, OHC loss in the cisplatin-treated group (n=6) was
significantly greater than the saline group (n=7) across the regions
of the basilar membrane that were evaluated. b IHC counts

ments, perhaps reflecting fused mitochondria and/or
swollen mitochondria (Fig. 14e).

Interestingly, we found no significant changes to
the myelin thickness, number of dense lines, and
axon diameter in any cochlear turn in the 4x1
treatment group. Nor did we observe any signs of
pathological myelin such as ballooning, splitting, and
decompaction of the lamellae or vacuolization
(Fig. 15a—f). As such, we did not quantify these criteria
in the second and third treatment cycles as the goal of
the current study was to establish changes in the
cochlear axons due to an early treatment of cisplatin.
We did qualitatively observe signs pathological myelin
after the later cycles of cisplatin and the unhealthiest
mitochondrial profiles (scores of 1 or 2) (Fig. 15¢, d).
However, based on previous literature (Jessen and
Mirsky 2008; Lee et al. 2005a, b; Taioli et al. 2011; van
Ruijven et al. 2005; Wan and Corfas 2017; Wu et al.
2017), signs of pathological myelin due to later
treatment cycles of cisplatin are expected.

DISCUSSION

The impact of cisplatin-induced ototoxicity not only
affects the cancer treatment of patients but also their
quality of life (Rybak et al. 2019). Built from our
previous studies (Bielefeld 2013; Bielefeld et al. 2018;
Harrison et al. 2015; Harrison et al. 2016; Tang et al.
2015), here, we identified early functional and cellular
changes for cisplatin-induced ototoxicity. Our results
indicate that one early cellular target for cisplatin-
induced damage is the SGN axons. The data from the
4 x 1 experiment suggest that a delay of ABR wave 1
latency is the earliest functional change in cisplatin
ototoxicity, preceding ABR threshold shifts and am-
plitude changes, as well as DPOAE changes. ABR wave
I latency may be a useful tool to help clinical diagnosis
of early cisplatin-induced ototoxicity in humans
(Velasco et al. 2014).

demonstrated no significant differences between the cisplatin and
control groups. ¢ Presynaptic ribbons on the IHCs were also reduced
in the cisplatin-treated group. *p<0.05, **p<0.01, and ***p<
0.001. Data shown are the means +1 SEM

Cisplatin-Induced Functional and Cellular
Damages

Cisplatin chemotherapy can cause side effects to the
nervous system either at low- or high-dose regimens
(Chiorazzi et al. 2015; Gilardini et al. 2012; Kanat
et al. 2017; Karasawa and Steyger 2015). In the 4x 3
model with a cumulative dose of 48 mg/kg, increases
of ABR thresholds were found from low to high
frequencies tested. In the 4x2 model (32 mg/kg
cumulative dose), increases of ABR and DPOAE
thresholds were found only at high frequencies, with
underlying loss of OHCs and presynaptic ribbons
between IHCs and SGNs. Most interestingly, the delay
of ABR wave 1 latency from this 4 x 2 treatment was
not confined to highfrequency regions. Since no
changes to ABR and DPOAE thresholds were ob-
served in the low-frequency region of the cochlea, this
finding along with the latency changes after the 4 x 1
protocol suggests that the ABR wave 1 latency delay is
an early functional marker for cisplatin-induced
ototoxicity, one that occurs before clinically detect-
able changes to hearing thresholds or DPOAEs. In the
4 x 1 protocol, no other functional changes beyond
the ABR wave 1 latency delay were observed, even in
high-frequency regions. Interestingly, after the 4x1
treatment at 10 kHz, the latency differences appeared
only at high supra-threshold levels, whereas at 40 kHz,
the latency differences appeared only at the lower
intensity levels. The latencies measured at equal
sensation levels showed the same pattern. This
difference indicates a possible regional difference in
their sensitivities to cisplatin. Consistent with our
finding in mice, a delay of ABR wave latencies is
observed prior to increased hearing thresholds in
patients treated with cisplatin, although the number
of cases reported was low (De Lauretis et al. 1999).
Associated with the delay of ABR wave 1, two early
cellular changes after the 4 x 1 treatment were found,
mitochondrial loss and deterioration of mitochondrial
health in SGN axons. Cisplatin is known to cause loss
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FIG. 14. Early treatment (4 x 1) of cisplatin affects the morphology

of mitochondrial profiles throughout the cochlear nerves. a Trans-
mission electron micrographs of mitochondria in the base, middle,
and apex of a saline-treated cochlea at x60,000 magnification. (Aj) A
mitochondria in the basal turn of a saline treated cochlea. The cristae
of this mitochondria are sharp and regularly packed. This mitochon-
drion was given a health grade of 5. (Ai)) A mitochondria in the
middle turn of a saline-treated cochlea. The cristae of this
mitochondria are sharp and regularly packed. This mitochondrion
was given a health grade of 5. (Aiij) A mitochondria in the apical turn
of a saline-treated cochlea. The cristae of this mitochondria are sharp
and regularly packed. This mitochondrion was given a health grade
of 5. b Transmission electron micrographs of mitochondria in the
base, middle, and apex of a 4x1 treated cochlea at x60,000
magnification. (Bi) A mitochondria in the basal turn of a 4 x 1 treated
cochlea. The cristae of this mitochondria are fragmented, loosely
packed, swollen, or missing. This mitochondrion was given a health
grade of 2. (Bii) A mitochondria in the middle turn of a 4 x 1 treated
cochlea. The cristae of this mitochondria are swollen, fragmented,
and irregularly packed. This mitochondrion was given a health grade
of 3. (Biii) A mitochondria in the apical turn of a 4x1 treated
cochlea. The cristae of this mitochondria are swollen, fragmented,
and irregularly packed. This mitochondrion was given a health grade
of 3. ¢ Histograms summarizing the number of mitochondrial profiles
per axon across the base, middle, and apex of cochlea treated with
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saline, a 4 x1 cisplatin cycle, a 4 x2 cisplatin cycle, and a 4 x3
cisplatin cycle. 150 axons were examined in each combination of
cochlear turn and treatment. N=the number of mitochondria
quantified in the give 150 axons, the number of mitochondria
profiles per axon were significantly reduced in the base after every
treatment cycle of cisplatin when compared to the saline treated
axons (*p<0.05; **p<0.005; ***p<0.001). d Histograms summa-
rizing the health score of each mitochondria profile across the base,
middle, and apex of cochlea treated with saline, a 4 x 1 cisplatin
cycle, a 4 x2 cisplatin cycle, and a 4 x 3 cisplatin cycle. The health
scores of mitochondria were significantly reduced in each cochlear
turn across each cisplatin treatment when compared to the saline
treatment (*p<0.05; **p<0.005; ***p<0.001). Mitochondria health
scores continued to significantly decline with more treatment cycles
of cisplatin. E Histograms summarizing the cross-sectional surface
area of each mitochondria profile across the base, middle, and apex
of cochlea treated with saline, a 4 x 1 cisplatin cycle, a 4 x 2 cisplatin
cycle, and a 4 x 3 cisplatin cycle. The cross-sectional surface areas
were not significantly different between the saline-treated and 4 x 1
treated cochlea in any turn. Cross-sectional surface areas of
mitochondria in the base and middle treated with a 4 x2 cycle or
4 x3 cycle of cisplatin were significantly larger than surface areas
treated with saline (*p<0.05; **p<0.005; ***p<0.001). Post hoc
analysis of the mixed-effect model revealed no significant change in
the apex. Scale bars =100 nm (a) and (b)
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TABLE 1

Summary of mitochondrial ultrastructural changes of axons within the basal, middle, and apical turns of the osseous spiral
lamina after various treatment cycles of cisplatin

Base mito/axon Treatment Saline
Saline
1st cycle 0.0022
2nd cycle 0.0011
3rd cycle 0.0003
Base mito health Treatment Saline
Saline
1st cycle 0.0483
2nd cycle 0.0014
3rd cycle 0.0003
Base mito S.A. Treatment Saline
saline
1st cycle 0.708
2nd cycle 0.0046
3rd cycle 0.0103
Middle mito/axon Treatment Saline
Saline
1st cycle 0.638
2nd cycle 0.1328
3rd cycle 0.1328
Middle mito health Treatment Saline
Saline
1st cycle 0.0075
2nd cycle <0.0001
3rd cycle <0.0001
Middle mito S.A. Treatment saline
saline
st cycle 0.06
2nd cycle <0.0001
3rd cycle <0.0001
Apex mito/axon Treatment Saline
Saline
1st cycle 0.5167
2nd cycle 0.1525
3rd cycle 0.1148
Apex mito health Treatment Saline
saline
1st cycle 0.0395
2nd cycle <0.0001
3rd cycle <0.0001
Apex mito S.A. Treatment Saline
Saline
1st cycle 0.8751
2nd cycle 0.087
3rd cycle 0.5154

1st cycle 2nd cycle 3rd cycle
0.0022 0.0011 0.0003
0.3797 0.0349
0.3797 0.1185
0.0349 0.1185
1st cycle 2nd cycle 3rd cycle
0.0483 0.0014 0.0003
0.0176 0.0014
0.0176 0.0735
0.0014 0.0735
1st cycle 2nd cycle 3rd cycle
0.708 0.0046 0.0103
0.0046 0.0133
0.0046 0.2924
0.0133 0.2924
1st cycle 2nd cycle 3rd cycle
0.638 0.1328 0.1328
0.2042 0.1328
0.2042 0.6526
0.1328 0.6526
1st cycle 2nd cycle 3rd cycle
0.0075 <0.0001 <0.0001
<0.0001 <0.0001
<0.0001 0.0011
<0.0001 0.0011
1st cycle 2nd cycle 3rd cycle
0.06 <0.0001 <0.0001
0.0002 0.0002
0.0002 0.7362
0.0002 0.7362
1st cycle 2nd cycle 3rd cycle
0.5167 0.1525 0.1148
0.3178 0.1525
0.3178 0.4791
0.1525 0.4791
1st cycle 2nd cycle 3rd cycle
0.0395 <0.0001 <0.0001
0.0001 <0.0001
0.0001 0.0026
<0.0001 0.0026
1st cycle 2nd cycle 3rd cycle
0.8751 0.087 0.5154
0.087 0.5154
0.087 0.2219
0.5154 0.2219

Linear mixed-effect models were used and determined that there were significant changes to the presence of mitochondria per axon, the morphometric health score
of each mitochondria, and the cross-sectional surface area of each mitochondria in each turn of the cochlea after three different treatment cycles of cisplatin. Bold
values indicate the comparisons to the saline- and cisplatin-treated groups that reached statistical difference; p<0.05

S.A. cross-sectional surface area

of three types of cochlear cells: hair cells, SGNs, and
cells in spiral ligament and stria vascularis (Karasawa
and Steyger 2015; Rybak et al. 2007). Recent findings
implicate that hair cell death may be secondary to
impaired maintenance of the endolymph by the
damaged stria vascularis because of high cisplatin
accumulation found in stria vascularis compared with
little accumulation in hair cells (Breglio et al. 2017).
After the 4x1 treatment, there was no loss of hair
cells or synapses between IHCs and SGNs. Thus, it is

likely that the SGN mitochondria and myelination
changes are not secondary to damage that occurred
in other cochlear cell types. Instead, cisplatin can
cause direct damage to SGNs by binding to nuclear
and mitochondrial DNA, with similar binding affini-
ties to each (Canta et al. 2015; Podratz et al. 2011).
Cisplatin may also impair mitochondrial transport
dynamics (Podratz et al. 2017) and alter the expres-
sion of mitochondrial fusion and fission proteins
(Bobylev et al. 2018). All these damage processes
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Fig. 15. Myelination is not affected by early treatments of cisplatin.
The early treatment of cisplatin did not result in significant
differences in the myelination of axons in the osseous spiral laminae
of the cochlea. a Electron micrograph of axons in the basal turn of
the cochlea after an early treatment of cisplatin. Myelination appears
regular and without noticeable pathologies. However, note the
absence of mitochondria in the axon marked with a red asterisk.
The absence of mitochondria after a 4 x 1 treatment of cisplatin
occurred more frequently in the base than the middle or apex. b
Electron micrograph of an axon in the apex after an early treatment
of cisplatin with normal myelination. ¢ Electron micrograph of an
axon in the base after a 4x2 treatment of cisplatin. Note the
formation of a large vacuole and separation of the cytoplasm from
the myelin sheath (red asterisk). d Electron micrograph of an axon in
the apex after a 4 x 2 treatment of cisplatin. Note the splitting and
ballooning within the myelin (red asterisk). e Electron micrograph of
an axon in the base after a 4 x 3 treatment of cisplatin. The axon is
malformed, and vacuoles are present (red asterisks). f Electron
micrograph of an axon in the apex after a 4 x 3 treatment of cisplatin.
The mitochondria in the axon are severely damaged as it is very
swollen, and the cristae are largely absent (larger red asterisks). There
is also a vacuole present (smaller red asterisk). Scale bars =500 nm

could result in the decrease in mitochondrial num-
bers observed after each of the cisplatin treatment
protocols. It is important to note that the observed
mitochondrial injuries may not be confined to those
in the SGNs. Other cell populations in the organ of
Corti and lateral wall are dense with mitochondria as
well and are known targets of cisplatin ototoxicity.
The current study did not assess the hair cells and
lateral wall cells for mitochondrial changes, but it is
quite possible that those cells would be affected
similarly to the SGNs evaluated in the present study.

Similarly, it cannot be ruled out that stria vascularis
damage and a subsequent reduction of the
endocochlear potential could underlie the ABR
threshold shifts and supra-threshold changes that
were detected. Future research should evaluate mito-
chondria changes in those cells to determine if
changes in those cells might correlate with ABR
physiology changes in early cisplatin ototoxicity.

LIMITATIONS

The finding of latency shifts preceding threshold shift,
with a possible underlying change in SGN mitochon-
dria, is intriguing. While the current study quantified
presynaptic ribbons in the IHC-SGN synapse, no post-
synaptic structures were evaluated. Since these may be
a target of cisplatin and could contribute to the
reduced ABR amplitudes and threshold shifts mea-
sured after the 4x2 and 4 x 3 protocols, quantifying
those structures is a worthwhile future experiment. In
addition, the EM work was composed of relatively low
sample sizes. Future work will expand on those
analyses to provide more detailed insight into early
cisplatin-induced damage to the SGN axons.

CONCLUSION

In summary, we have identified both early cisplatin-
induced functional, cellular, and molecular changes
in the cochlea. The results point to SGNs as a target
for early cisplatiniinduced damages. An increased
latency of ABR wave 1 could be due to cisplatin-
induced damage to SGN mitochondria and
myelination. Thus, the results point to not only a
functional marker that can potentially be used to
detect early cisplatin-induced ototoxicity but also
potential cellular targets to prevent this damage.
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