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Therapeutic drugs with ototoxic side effects cause significant hearing loss for thousands of
patients annually. Two major classes of ototoxic drugs are cisplatin and the aminoglycoside
antibiotics, both of which are toxic to mechanosensory hair cells, the receptor cells of the
inner ear. A critical need exists for therapies that protect the inner ear without inhibiting the
therapeutic efficacy of these drugs. The induction of heat shock proteins (HSPs) inhibits
both aminoglycoside- and cisplatin-induced hair cell death and hearing loss. We
hypothesized that exposure to sound that is titrated to stress the inner ear without causing
permanent damage would induce HSPs in the cochlea and inhibit ototoxic drug–induced
hearing loss. We developed a sound exposure protocol that induces HSPs without causing
permanent hearing loss. We used this protocol in conjunction with a newly developed
mouse model of cisplatin ototoxicity and found that preconditioning mouse inner ears with
sound has a robust protective effect against cisplatin-induced hearing loss and hair cell
death. Sound therapy also provided protection against aminoglycoside-induced hearing
loss. These data indicate that sound preconditioning protects against both classes of
ototoxic drugs, and they suggest that sound therapy holds […]

Find the latest version:
http://jci.me/71353/pdf

Pdf

Brief report

Sound preconditioning therapy inhibits
ototoxic hearing loss in mice
Soumen Roy, Matthew M. Ryals, Astrid Botty Van den Bruele,
Tracy S. Fitzgerald, and Lisa L. Cunningham
National Institute on Deafness and Other Communication Disorders (NIDCD), NIH, Rockville, Maryland, USA.

Therapeutic drugs with ototoxic side effects cause significant hearing loss for thousands of patients annually.
Two major classes of ototoxic drugs are cisplatin and the aminoglycoside antibiotics, both of which are toxic
to mechanosensory hair cells, the receptor cells of the inner ear. A critical need exists for therapies that protect
the inner ear without inhibiting the therapeutic efficacy of these drugs. The induction of heat shock proteins
(HSPs) inhibits both aminoglycoside- and cisplatin-induced hair cell death and hearing loss. We hypothesized
that exposure to sound that is titrated to stress the inner ear without causing permanent damage would induce
HSPs in the cochlea and inhibit ototoxic drug–induced hearing loss. We developed a sound exposure protocol
that induces HSPs without causing permanent hearing loss. We used this protocol in conjunction with a newly
developed mouse model of cisplatin ototoxicity and found that preconditioning mouse inner ears with sound
has a robust protective effect against cisplatin-induced hearing loss and hair cell death. Sound therapy also
provided protection against aminoglycoside-induced hearing loss. These data indicate that sound preconditioning protects against both classes of ototoxic drugs, and they suggest that sound therapy holds promise for
preventing hearing loss in patients receiving these drugs.
Introduction
Our goal is to develop a clinical therapy that inhibits hearing loss
in patients receiving ototoxic drugs. Heat shock protein (HSP)
induction is a critical stress response in the inner ear that can
promote survival of hair cells exposed to both classes of ototoxic
drugs (1–5). Given that HSP induction is a ubiquitous response to
stress (6), we hypothesized that sound that is loud enough to stress
the inner ear without causing permanent damage would induce
HSPs and inhibit ototoxic drug–induced hearing loss.
Results and Discussion
We developed a sound exposure paradigm that induces HSPs in the
mouse cochlea without causing permanent hearing loss. Our goal
was to optimize the sound such that it causes a temporary threshold
shift (TTS), an indicator that the cochlea is stressed by the sound,
but does not produce a permanent threshold shift (PTS). Mice were
exposed to an octave band (8–16 kHz) of sound at 90.1 ± 2.7 dB
sound pressure level (SPL) for 2 hours. Hearing sensitivity was tested
by auditory brainstem response (ABR) measurements before sound
exposure and again 24 hours and 1 week later. Twenty-four hours
after sound exposure, mice had mean threshold shifts (hearing loss)
of 9 to 22 dB (Figure 1A). One week later, hearing sensitivity had
recovered to preexposure levels at all frequencies (Figure 1A).
Sound exposure that does not result in PTS may still cause damage to the inner ear, including loss of afferent nerve terminals (7).
This subtle damage is reflected in the ABR as a reduction in the
amplitude of ABR wave I (7). We measured wave I amplitudes in
mice that had undergone sound exposure 5 times over 12 days
(see Methods). Wave I amplitudes were measured prior to the first
sound exposure and again 3 weeks after the final sound exposure.
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There was no change in wave I amplitude between the pretest and
post-test ABRs at any frequency (Figure 1B), suggesting that sound
exposure resulted in no detectable damage to the auditory system.
We next examined the induction of Hsp mRNA in response to
sound exposure. Preconditioning sound induced both Hsp32 (also
called heme oxygenase 1, HMOX1, or HO-1) and Hsp70 mRNA
expression (Figure 1C). Sound-induced Hsp70 mRNA induction
was restricted to the cochlea and was not observed in other organs
in sound-exposed mice (Figure 1D).
Studies of cisplatin ototoxicity have been hindered by the lack
of suitable mouse models of cisplatin-induced hearing loss (8).
Previous models relied on a single injection of high-dose cisplatin,
resulting in high toxicity and little reduction in hearing sensitivity
(8–10). We developed a new mouse model of cisplatin ototoxicity that approximates the pattern of multiple cycles of cisplatin
administration in humans (11–13). We evaluated two cisplatin
administration protocols. In the “4×4 protocol,” mice received
cisplatin (4 mg/kg) each day for 4 days. The 4-day cisplatin administration period was followed by 10 days of recovery. This protocol
was repeated two additional times for a total of three cycles of cisplatin administration (4 days) followed by recovery (10 days). The
“8×2 protocol” was similar except that the mice received 8 mg/kg
of cisplatin each day for 2 days per cycle for the same cumulative
cisplatin dose. Mice underwent hearing testing prior to the onset
of cisplatin administration and again 15 days after the final cisplatin injection. Each protocol caused significant hearing loss
(Figure 2A). Cisplatin also caused a severe reduction in distortion-product otoacoustic emissions (DPOAEs), a measure of outer
hair cell function (Figure 2B). Since the 4×4 protocol caused significantly less weight loss than the 8×2 protocol (data not shown),
this protocol was selected for subsequent experiments.
To determine whether sound protects against cisplatin-induced
hearing loss, mice were treated with the 4×4 cisplatin protocol with
or without sound preconditioning. The cisplatin administration
and sound exposure procedures are schematized in Figure 2C. Mice
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Kanamycin caused moderate-to-severe
hearing loss (Figure 3B). Sound exposure
resulted in partial protection against
kanamycin-induced hearing loss (Figure 3B). Sound also inhibited kanamycin-induced hair cell death (Figure 3C).
These data indicate that sound provided modest but significant protection
against kanamycin ototoxicity.
Our data indicate that sound preconditioning inhibits hearing loss caused by
both major classes of ototoxic drugs, and
they suggest that sound therapy holds
promise as a strategy for protecting
the hearing of patients receiving these
drugs. Sound therapy has advantages
over other potential protective therapies.
First, sound therapy is noninvasive. Second, unlike therapies that use systemic
administration of otoprotective drugs,
the effects of sound therapy are likely to
be restricted to the ear. A major requireFigure 1
ment of any therapy aimed at inhibiting
Sound preconditioning induces HSPs without causing permanent hearing loss. Mice were exposed ototoxic drug–induced hearing loss is
to sound preconditioning (8–16 kHz octave band of noise at 90 dB SPL) for 2 hours. (A) Hearing that the proposed therapy must not alter
thresholds were measured by ABR. Twenty-four hours after sound exposure, mice had mean TTSs
the therapeutic efficacy of the primary
of 9 to 22 dB. Hearing sensitivity returned to pretest levels by 1 week after sound exposure. Asterdrug (i.e., the antineoplastic activity of
isks indicate significance between the pretest and 24-hour post-test ABR thresholds (ANOVA,
*P < 0.05). (B) Sound exposure did not cause any change in the amplitude of ABR wave I. (C) cisplatin or the antimicrobial activity of
Cochleas from sound-treated and control mice were collected at 2, 4, 8, and 12 hours after sound the aminoglycosides). Some proposed
exposure. Sound caused the induction of Hsp32 and Hsp70 mRNA in cochleas of sound-treated therapies use systemic antioxidants to
mice relative to those of untreated (control) mice. Asterisks indicate a significant increase in Hsp protect the inner ear. However, the use
mRNA relative to control. (D) Hsp70 induction in response to sound was restricted to the cochlea. of supplemental antioxidants in patients
Tissues were collected from control and sound-exposed mice 8 hours after sound exposure. Sound undergoing cancer treatment is controexposure induced Hsp70 mRNA in cochlea but not in brain, heart, or kidney. Asterisk indicates a
versial (15, 16). Because the effects of
significant increase in Hsp70 mRNA relative to control. Data shown are the means ± SEM.
sound therapy are likely to be restricted
to the ear, it is less likely to inhibit the
therapeutic efficacy of cisplatin.
Preconditioning sound is also protective against both noise
that received sound in addition to cisplatin were exposed to sound
on days 1, 3, 10, 14, 16, 23, and 28. Mice that received cisplatin with- trauma and age-related hearing loss (17–19). The protective effect
out preconditioning sound had moderately severe threshold shifts of conditioning sound is a robust response that has been demonacross frequencies (Figure 2D). Preconditioning sound resulted strated in several species (17, 19, 20), including humans (21). Previin significant protection against cisplatin-induced hearing loss ous studies have suggested roles for both glucocorticoid receptors
(Figure 2D). The protective effect was greatest at 16 kHz, a fre- (22, 23) and HSPs (19, 24) as mediators of the protective effect of
quency that was included in the octave sound band, suggesting sound conditioning. Adrenalectomy abolishes the protective effect
that the protective effect of sound may be mediated by local effects of sound conditioning, and treatment with corticosterone parwithin the tonotopic (place-frequency) organization of the cochlea. tially restores protection (22, 23). Sound conditioning maintains
We analyzed the effect of sound exposure on cisplatin-induced the activity and nuclear localization of the glucocorticoid recephair cell death. Cisplatin caused extensive loss of outer hair cells in tor (22). HSPs play major roles in the glucocorticoid response by
the middle and basal turns (Figure 2, E and F), regions that corre- regulating the maturation, nuclear localization, and degradation
spond to the mid- to high-frequency threshold shifts observed by of the glucocorticoid receptor (25). Thus, sound preconditioning
ABR (Figure 2D). Sound inhibited outer hair cell loss in the middle may induce a generalized stress response in which a cohort of proturn, but not in the basal turn (Figure 2, E and F). Together, these tective molecules are induced, possibly including glucocorticoids
data indicate that sound preconditioning protects against hearing (22), HSPs (19, 24), and/or antioxidants (26).
While the current study does not directly address the mechaloss and outer hair cell death caused by cisplatin.
We next examined whether sound protects against hearing loss nism(s) underlying the protective effect of sound therapy, our precaused by the other major class of ototoxic drugs, the aminogly- vious data on the protective effects of HSPs created a framework for
coside antibiotics. Mice were treated with kanamycin (750 mg/kg the rational design of the sound exposure paradigm. Sound resulted
s.c.) twice daily for 17 days and then allowed to recover for an addi- in the induction of Hsp32 and Hsp70, each of which is protective
tional 3 weeks (2, 4, 14). During the kanamycin administration against ototoxicity in mice (2–5). The mouse genome contains three
period, mice were treated with sound every 2.5 days (Figure 3A). cytoplasmic inducible Hsp70 genes, two of which are ubiquitously
4946

The Journal of Clinical Investigation    http://www.jci.org   Volume 123   Number 11   November 2013

brief report

Figure 2
Sound preconditioning protects against cisplatin ototoxicity. (A) Mouse model of cisplatin ototoxicity. Mice underwent three cycles of cisplatin
administration consisting of 4 mg/kg/day for 4 days (4×4 protocol) or 8 mg/kg/day for 2 days (8×2 protocol) followed by 10 days of recovery. Hearing was tested by ABR before cisplatin administration and 15 days after the final cycle. Cisplatin caused significant permanent threshold shifts
across frequencies (ANOVA, *P < 0.05, asterisks indicate significance relative to saline-treated mice. Shown are the means ± SD). (B) Outer
hair cell (OHCs) function was examined using DPOAEs. Cisplatin reduced DPOAE amplitudes (ANOVA, *P < 0.05, asterisk denotes significance
relative to the saline-treated mice. Shown are the means ± SD). (C) Timeline of cisplatin administration and sound exposures. (D) Mice that
received cisplatin alone had significant hearing loss at all frequencies relative to mice that received sound alone or saline alone. Sound preconditioning significantly inhibited cisplatin-induced hearing loss (ANOVA, *P < 0.05, asterisk indicates significance between cisplatin and cisplatin
plus sound). (E and F) Cisplatin caused significant loss of OHCs in the upper middle cochlear turn (1.5 mm from the apex) and near-total loss
of OHCs in the middle and basal cochlear turns (2.0–3.2 mm from the apex). Sound preconditioning significantly improved OHC survival in the
middle and the upper basal turns (ANOVA, *P < 0.05). Scale bar: 20 μm. IHCs, inner hair cells.
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Figure 3
Sound preconditioning protects against aminoglycoside-induced hearing loss and cochlear hair cell death. (A) Schematic diagram illustrating the timeline of kanamycin administration and sound exposures. (B)
Mice that received kanamycin had mean PTSs of 10 to 51 dB. Sound
preconditioning reduced kanamycin-induced hearing loss, an effect
that was significant at 32 kHz (ANOVA, *P < 0.05). (C) Hair cell counts
show that sound preconditioning protected hair cells against kanamycin-induced death in the mid-base (3.2 mm from the apex) portion of
the cochlea (ANOVA, *P < 0.05).

expressed (Hspa1a and Hspa1b). These two Hsp70 genes are 99%
identical, and their functions appear to be redundant (27). Since
our previous data show that HSP32 is also protective (4), a direct
test of whether HSPs are required for the protective effect of sound
conditioning will require triple-knockout mice (Hspa1a, Hspa1b, and
Hmox1). Since these same HSPs are also important safeguards against
nephrotoxicity caused by aminoglycosides and cisplatin (28, 29),
a conditional (ear-specific) triple knockout will be necessary to
determine whether HSPs are required for sound-induced protection.
Our data indicate that sound preconditioning inhibits hearing
loss caused by both major classes of ototoxic drugs. Given the
potential advantages of sound therapy, these data suggest that
sound preconditioning holds potential to protect the hearing of
patients receiving these drugs.
Methods
Detailed methods are provided in the Supplemental Methods (supplemental material available online with this article; doi:10.1172/JCI71353DS1).
Animals. CBA/CaJ mice of both sexes were obtained from The Jackson
Laboratory.
Hearing testing. Pretest ABR thresholds were measured 24–48 hours prior
to the first drug (cisplatin or kanamycin) administration. Post-test ABR
thresholds were measured 15 days after the final cisplatin administration
or 21 days after the final aminoglycoside administration. Threshold shifts
are reported as the difference between pretest and post-test ABR thresholds.
Sound preconditioning. Sound preconditioning consisted of an 8- to 16-kHz
octave band noise presented for 2 hours. Unanesthetized mice (n = 4–8 per
4948

group) were placed in a custom cage that is subdivided into four compartments (one mouse per compartment). The cage was placed on a slowly rotating (2.7 rpm) turntable to ensure uniform sound exposure. A loudspeaker
was mounted 10 cm above the cage. On days when mice received both, preconditioning sound was administered 6 hours prior to drug administration. Cisplatin-treated mice underwent sound exposures on days 1, 3, 10,
14, 16, 23, and 28. Kanamycin-treated mice underwent sound exposures on
days 1, 4, 7, 10, and 13. Sound-only mice were exposed to the same sound
schedule as the drug-plus-sound mice. Mice in the cisplatin-only (no sound)
group were placed in the subdivided cage atop the rotating turntable for
2 hours without sound exposure on the same schedule as the cisplatin-plussound mice to control for the effects of environmental stress.
4×4 cisplatin protocol. Mice were prehydrated with 2 to 3 ml of subcutaneous
saline (Hospira) 24 hours before the first cisplatin injection and daily each day
cisplatin was administered. Mice also received 1–2 ml saline daily for the first
5 days of each recovery period (and as needed thereafter). Cisplatin (100 mg/ml;
PCH PharmaChemie) was administered i.p. at 4 mg/kg each day for 4 days.
Following this 4-day cisplatin injection period, mice recovered for 10 days.
This 14-day protocol was repeated twice more for a total of three cycles of cisplatin administration. Mice had an additional 4–5 days of recovery following
the final cisplatin injection before the post-test ABR.
Statistics. Quantitative PCR data were analyzed using unpaired, 2-tailed
Student’s t tests or Mann-Whitney U tests. All other data were analyzed
either by 1-way, 2-way, or repeated-measures ANOVA with Tukey’s,
Bonferroni’s, and Newman-Keuls post-hoc analyses using SPSS statistical software, version 19 (IBM SPSS, Inc.) or GraphPad Prism software,
version 5 (GraphPad Software Inc.). SEM values for the mean data are
shown on graphs unless otherwise indicated. For all analyses, P < 0.05
was considered statistically significant.
Study approval. All procedures were approved by the IACUC of the
NIDCD.
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