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Abstract

Background—Cisplatin is a widely-used chemotherapeutic agent that can also cause ototoxic

injury. One potential treatment for cisplatin-induced hearing loss involves the activation of

endogenous inner ear stem cells, which may then produce replacement hair cells. In this series of

experiments, we examined the effects of cisplatin exposure on both hair cells and resident stem

cells of the mouse inner ear.

Results—Treatment for 24 hours with 10 µM cisplatin caused significant loss of hair cells in the

mouse utricle, but such damage was not evident until four days after the cisplatin exposure. In

addition to killing hair cells, cisplatin treatment also disrupted the actin cytoskeleton in remaining

supporting cells, and lead to increased histone H2AX phosphorylation within the sensory

epithelia. Finally, treatment with 10 µM cisplatin appeared to have direct toxic effects on resident

stem cells in the mouse utricle. Exposure to cisplatin blocked the proliferation of isolated stem

cells and prevented sphere formation when those cells were maintained in suspension culture.

Conclusion—The results suggest that inner ear stem cells may be injured during cisplatin

ototoxicity, thus limiting their ability to mediate sensory repair.
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INTRODUCTION

Cisplatin is an antineoplastic agent that is commonly used to treat a variety of solid tumors.

The drug causes structural damage to DNA, leading to induction of apoptosis in tumor cells.

Ototoxicity is a frequent side effect of cisplatin chemotherapy, usually manifesting as

tinnitus and/or high-frequency hearing loss (Piel et al., 1974; Rybak et al., 2007).
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Approximately 15–30% of patients who receive cisplatin treatment develop irreversible

sensorineural hearing loss, and most treated patients display at least some elevation of

audiometric thresholds (McKeage, 1995; Nagy et al., 1999; Li et al., 2004). In addition to its

effects on the cochlea, cisplatin can also damage the vestibular organs (Schaefer et al., 1981;

Black et al., 1982; Myers et al., 1993; Nakayama et al., 1996; Sergi et al., 2003). Hair cells,

the mechanoreceptors of the inner ear that are responsible for detection of sound and head

motion, are killed by cisplatin exposure (Stadnicki et al., 1975), but the cellular basis of

cisplatin ototoxicity is not fully understood. Cellular changes, such as the formation of

DNA-platinum adducts, release of immune cytokines, and increased production of reactive

oxygen species, have been described in the inner ear following cisplatin exposure (van

Ruijven et al., 2005; So et al., 2007; Kim et al., 2010). Finally, cisplatin does not selectively

target inner ear hair cells; other studies have suggested that cochlear supporting cells and

spiral ganglion neurons are also damaged by cisplatin (Hinojosa et al., 1995; Zheng et al.,

1995; Ramirez-Camacho et al., 2004).

One promising strategy for the treatment of sensorineural hearing loss involves the

generation of replacement hair cells in the damaged ear, either through genetic targeting of

surviving supporting cells or via the activation of resident stem cells (reviewed by Heller

and Brigande, 2009). Conceptual support for this approach is provided by the observation

that the avian inner ear can quickly regenerate after acoustic trauma or aminoglycoside

toxicity (Corwin and Cotanche, 1988; Ryals and Rubel, 1988; Weisleder and Rubel, 1993).

It is notable, however, that the avian ear is unable to regenerate after cisplatin ototoxicity

(Slattery and Warchol, 2010), suggesting that cisplatin might impair the proliferation or

transdifferentiation of inner ear supporting cells and/or stem cells. In contrast to the situation

in birds, the mammalian cochlea is incapable of regeneration after hair cell injury, but the

mammalian vestibular organs exhibit a limited degree of regenerative ability (e.g., Warchol

2011). In addition, the mouse utricle has been shown to contain a small population of

resident stem cells that can be isolated and propagated in vitro (Li et al., 2003; Oshima et al.,

2007). The present study characterized the effects of cisplatin on hair cells and resident stem

cells of the mouse inner ear. We found that cisplatin treatment caused the death of hair cells

in the mature mouse utricle, even when applied at relatively low doses. Although hair cell

loss was not observed until several days after cisplatin exposure, immunolabeling for

phosphorylated histone H2AX (p-H2AX – an indicator of DNA double-strand breaks) was

detected within 24 hr of cisplatin treatment. These data indicate that cisplatin damages the

genomic DNA of sensory cells, and suggests possible similarities between the toxic effects

of cisplatin on tumor cells and the mechanisms of cisplatin ototoxicity. Additional

experiments examined the effects cisplatin on vestibular stem cells. We found that the

numbers of sphere-forming stem cells derived from the mouse utricle was nearly abolished

by pretreatment of cultured utricles with low does of cisplatin. In contrast, stem cell

proliferation and sphere formation were not affected by pretreatment with neomycin. These

findings suggest that inner ear stem cells are targeted by cisplatin and may not be a viable

means of restoring sensory function in the ear after cisplatin ototoxicity.
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RESULTS

Low concentrations of cisplatin are toxic to utricular hair cells

Our previous study of the avian inner ear indicated that treatment for 24 hr with 10 µM

cisplatin was sufficient to cause hair death, but that the full extent of ototoxic injury was not

evident until several days after the initial cisplatin exposure (Slattery and Warchol, 2010).

To determine whether the mammalian ear exhibits a similar temporal response to cisplatin,

utricles from adult C57BL/6 mice were treated for 24 hr with 10 µM cisplatin and then

maintained for an additional 2, 4 or 7 days in cisplatin-free medium (n=10–12 utricles/

condition for each timepoint, along with equal numbers of untreated controls). Following

fixation, hair cells were labeled with an antibody against myosin VIIa. Specimens were

imaged and surviving hair cells were quantified from two regions within the central

extrastriolar portion of the sensory epithelium (see Methods). As was the case with the avian

ear, we observed minimal evidence of ototoxic injury at 2 days following cisplatin treatment

(Fig. 1A, B). However, specimens that were maintained for four days after cisplatin

treatment displayed considerable loss of hair cells (Fig. 1D, E). Hair cell injury did not

appear to be confined to a particular region, but was distributed throughout the sensory

epithelium. These observations were verified by quantification of surviving hair cells (Fig.

1C, F). This injury pattern became more extensive at seven days post-cisplatin, and often

culminated in the complete absence of hair cells.

Cisplatin damages cell-cell junctions and the actin cytoskeleton

Aminoglycoside ototoxicity primarily targets sensory hair cells. In response to

aminoglycoside-induced hair cell death, epithelial supporting cells quickly reform cell-cell

junctions in order to preserve the barrier separating endolymph from perilymph (Raphael

and Altschuler, 1991). Supporting cells in the injured ear can also undergo complex

cytoskeletal rearrangements, forming actin-containing processes that phagocytose cellular

debris (Bird et al., 2010). Although some previous studies have suggested that cisplatin can

injure both hair cells and supporting cells (Ramirez-Camacho et al., 2004), the effects of

cisplatin on the epithelial structure of the inner ear have not been thoroughly characterized.

To address this issue, utricles (n=12) from adult mice were placed in organotypic culture and

treated for 24 hr with 10 µM cisplatin. The specimens were then thoroughly rinsed and

maintained for four days in cisplatin-free medium. Control cultures (n=12) were maintained

in parallel, but did not receive cisplatin. After fixation, utricles were processed for

immunohistochemical labeling of myosin VIIa (to identify hair cells) and for Alexa-488

phalloidin (to label actin filaments). Consistent with results described above, we observed a

partial loss of hair cells in the cisplatin-treated specimens, compared to untreated controls

(Fig 2A, B). Notably, however, phalloidin labeling revealed that nearly all cell-cell junctions

were destroyed by the cisplatin treatment (Fig. 2A’), while junctional actin cables appeared

normal in control utricles (Fig. 2B’). The efficacy of the phalloidin label was verified by the

fact that we still observed some intact actin filaments within surviving hair cells (arrows,

Fig. 2A’). This result suggests that cisplatin treatment can severely disrupt the structure of

the utricle’s sensory epithelium.
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Cisplatin treatment causes DNA damage to cells in the utricular sensory epithelium

Cisplatin is thought to kill tumor cells via the formation of platinum adducts in nuclear DNA

(e.g., Kelland, 2007), but it is not clear whether cisplatin ototoxicity is caused by similar

DNA damage. Prior studies have shown that phosphorylation of histone H2AX is a reliable

marker of cisplatin-induced DNA damage in tumor cells (Clingen et al., 2008). We

examined whether cisplatin also caused induction of p-H2AX in the mouse inner ear.

Utricles (n=12) were treated for 24 hr with 10 µM cisplatin and then maintained in cisplatin-

free medium for an additional two days. Control utricles (n=12) were maintained in parallel,

but did not receive cisplatin. Immunolabeling revealed a large increase in p-H2AX after

cisplatin exposure (Fig. 3). In addition, labeling for p-H2AX was observed in cells that were

myosin VIIa-labeled (hair cells), as well as in cells that did not exhibit myosin VIIa

immunoreactivity (presumptive supporting cells). Notably, the increase in p-H2AX occurred

prior to quantifiable hair cell loss in the cisplatin-treated utricles (e.g., Fig. 1), suggesting

that DNA damage precedes hair cell apoptosis.

Cisplatin targets resident stem cells in the mouse utricle

Our prior studies demonstrated that cisplatin interferes with the innate regenerative

mechanism of the avian ear (Slattery and Warchol, 2010). The vestibular organs of

mammals contain a small number of proliferative cells (Warchol et al., 1993), which can be

isolated and propagated in vitro (Li et al., 2003). In order to determine whether those cells

were affected by cisplatin exposure, we treated mouse utricles with cisplatin and then

quantified the yield of derived stem cells. Utricles were explanted from mice at postnatal

day 3 (when large numbers of resident stem cells are present – Oshima et al., 2007) and

treated for 24 hr in 5, 10 or 20 µM cisplatin. Following thorough rinsing in fresh culture

medium, we then isolated the sensory epithelia and dissociated the cells, in order to

determine the number of cells with capacity for sphere formation. Immediately after

dissociation of the epithelia, we found that both the cisplatin-treated and control specimens

yielded approximately equal numbers of cells (~3 × 104 cells/ mL - Fig. 4). We then

maintained the cells in suspension culture and quantified the numbers of spheres that had

formed after 3, 5 and 7 days of incubation. At all time points, the spheres derived from

cisplatin-treated utricles were smaller than those obtained from control utricles (Fig. 5). We

also observed a dramatic reduction in the numbers of spheres that could be derived from

cisplatin-treated epithelia, compared to untreated controls (Fig. 6). As an additional control

experiment, we examined the effect of aminoglycoside ototoxicity on stem cell derivation

and sphere formation. Utricles from P3 mice (n=2 groups of eight utricles) were placed in

culture and treated for 24 hr with 2 mM neomycin. They were then rinsed with fresh

medium and the sensory epithelia were dissociated and placed in suspension culture (as

described above). The number of stem cell spheres was quantified after 3, 5 and 7 days in

vitro and compared with the numbers of spheres derived from control specimens. Those data

indicated that pretreatment with neomycin did not affect the stem cell population of the

mouse utricle (Fig. 7).

Slattery et al. Page 4

Dev Dyn. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Cisplatin pretreatment reduces stem cell proliferation

Stem cell spheres are comprised of cells that are clonally-derived from the repeated division

of isolated stem cells (e.g., Martinez-Monedero et al., 2007). Since cisplatin blocks cell

cycle progression in tumor cells, we next examined whether the lack of sphere formation

observed after cisplatin treatment was attributable to reduced proliferation of vestibular stem

cells. Mouse utricles were explanted at P3 and treated for 24 hr with 5 or 10 µM cisplatin

(n=8 utricles/dose). The sensory epithelia were then isolated and dissociated into single-cell

suspensions, as described above. Cells were maintained in suspension culture in medium

that contained the mitotic marker BrdU. After four days, spheres were plated onto laminin/

poly-l-ornithine-coated cultures wells and maintained in vitro for an additional 24 hours. At

this point, specimens were fixed and processed for BrdU immunocytochemistry. Control

specimens were prepared and maintained in parallel, but received either 2 mM neomycin in

place of cisplatin or no ototoxin. Few spheres were detected in cultures derived from utricles

that were treated with10 µM cisplatin, and none of those spheres adhered to laminin-coated

dishes. However, attached spheres were successfully harvested from utricles that were

treated with 5 µM cisplatin. Spheres from cisplatin-treated utricles (n=4) contained 36.7 ±

16.1 cells/sphere, while those derived from neomycin-treated (N=11) or untreated (N=12)

utricles contained 47.2 ± 37.2 and 59.9 ± 39.4 cells/ sphere, respectively. We observed

numerous BrdU-labeled cell nuclei in spheres derived from untreated or neomycin-treated

utricles (94.0% and 94.1%, respectively; Fig. 8A, B), but very few BrdU-labeled cells were

present in spheres derived from cisplatin-treated utricles (5.4%; Fig. 8C).

Discussion

Cisplatin is an effective chemotherapeutic agent that is used to treat several types of solid

tumors. Patients that undergo cisplatin treatment often experience permanent hearing loss,

but the biological mechanisms of cisplatin ototoxicity are poorly understood. Enhanced

knowledge of the direct effects of cisplatin on the sensory structures of the inner ear may

suggest methods for the prevention of ototoxic injury. Also, a potential strategy for the

treatment of drug-induced hearing loss is to develop biological methods for the inducing

regeneration in the inner ear. Such regenerative therapies would likely involve the

production of replacement hair cells from epithelial supporting cells and/or resident inner

ear stem cells. However, our prior studies had shown that the avian inner ear – which has a

robust regenerative ability following aminoglycoside ototoxicity – is unable to regenerate

hair cells after cisplatin exposure (Slattery and Warchol, 2010), raising the question of

whether the ototoxic effects of cisplatin also extend to supporting cells. The present data

provide a more complete picture of cisplatin injury to the inner ear, and show that cisplatin

has toxic effects on hair cells, supporting cells, and resident stem cells of the mouse utricle.

Interestingly, neomycin - another ototoxic drug- did not affect sphere-forming stem cells.

Based on these observations, it is likely that the development of biological therapies for

remediation of cisplatin ototoxicity will present unique challenges.

Cisplatin ototoxicity in organotypic cultures

The vestibular organs of mice offer a number of experimental advantages for the study of

otic development and regeneration. One drawback to the use of mice in ototoxicity research
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is that their vestibular organs are relatively resistant to systemic (in vivo) treatment with

aminoglycosides or cisplatin. For this reason, such studies are typically conducted with

organotypic cultures (Cunningham and Brandon, 2006; Schmitt et al., 2009; Slowik and

Bermingham-McDonogh, 2013). Similar culture methods have been used to examine

regeneration in the mouse utricle (Lambert, 1994; Meyers and Corwin, 2007; Lin et al.,

2011), and to characterize the numbers and behavior of endogenous stem cells in the

vestibular organs (Li et al., 2003; Oshima et al., 2007). All of the data reported here were

collected from organotypic culture preparations, but the hair cell lesions were created

differently from those described in earlier studies. Previous studies of cisplatin ototoxicity

exposed cultured utricles to rather high concentrations of cisplatin (e.g., 50–250 µM), in

order to create a significant hair cell lesion within a 24 hr exposure interval (e.g.,

Cunningham and Brandon, 2006; Schmitt et al., 2009). Notably, we found that treatment

with lower doses of cisplatin also caused a large hair cell lesion, but that the death of hair

cells was not evident until 3–4 days after the exposure. Our choice of a 10 µM dose was

motivated by in vivo studies, where a single i.v. injection in guinea pigs results in a peak

perilymph cisplatin concentrations of ~10 µM (Hellberg et al., 2009). Such concentrations

occur within 30 min after the injection and begin to decline within an hour, and the long-

term levels of cisplatin in the inner ear have not been characterized. Based on such limited in

vivo data, it is not possible to specify an optimal approach for cisplatin exposure in vitro, but

our observation that a relatively low concentration of cisplatin can cause hair cell injury

(with a latency of several days) has permitted us to characterize some intermediate events in

the ototoxic process (i.e., damage to DNA and to the cytoskeleton).

Cisplatin damages cell-cell junctions and the cytoskeleton

Previous studies of cisplatin ototoxicity have mainly focused on the loss of hair cells and

diminished auditory function that occurs after cisplatin treatment. Our data suggest that, in

addition to injuring hair cells, cisplatin may also damage inner ear supporting cells.

Specifically, we found that incubation of mouse utricles for 24 hr in 10 µM cisplatin resulted

in the disassembly of the actin cytoskeleton at the junctions of remaining supporting cells.

Prior in vitro studies of both normal and transformed cells have found that comparable

concentrations of cisplatin can lead to disorganization of the actin cytoskeleton (Kruidering

et al., 1998; Otto et al., 2002). Moreover, systemic treatment with cisplatin has been shown

to damage cochlear supporting cells in rats (Ramirez-Camacho et al., 2004). Nevertheless,

our data suggest that the role of supporting cells in cisplatin ototoxicity may deserve further

attention. Supporting cells are essential for maintaining ionic, chemical and mechanical

homeostasis in the sensory epithelia of the inner ear. They also form a barrier between

endolymph and perilymph, so as to maintain the unique ionic composition of these two fluid

spaces. Injury to supporting cells would likely lead to the disruption of this barrier,

permitting the flow of potassium ions into perilymph. Mixing of inner ear fluids may induce

hair cell death (e.g., Bohne and Harding, 2000), so disruption of epithelial cell-cell junctions

could be an important contributing factor to the loss of hair cells observed during cisplatin

therapy. Additional studies – preferably conducted with in vivo models – will be necessary

to evaluate this proposal.
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Cisplatin causes early DNA damage in hair cells

One novel finding of our study was that exposure to cisplatin leads to DNA damage within

the sensory epithelium of the utricle. Phosphorylation of histone H2AX (specifically at

Ser-139) occurs in response to double-strand breaks in nuclear DNA (e.g., Mah et al., 2010),

and immunohistochemical labeling of p-H2AX has been used as a marker of DNA damage

in other cell types following treatment with a variety of chemotherapeutic agents (Clingen et

al., 2008; Banath et al., 2010). Immunoreactivity for p-H2AX has also been demonstrated in

inner ear supporting cells following ectopic over-expression of cyclinD1, suggesting that

DNA damage is a consequence of abnormal cell cycle entry in hair cells (Loponen et al.,

2011). To our knowledge, this is the first demonstration that cisplatin exposure can induce

p-H2AX immunoreactivity in the sensory organs of the inner ear, and has several

implications for the mechanisms of cisplatin ototoxicity. First, the anti-tumor properties of

cisplatin are attributable to the formation of platinum-adducts, resulting in DNA damage and

subsequent apoptosis (e.g., Kelland, 2007). Our data suggest that cisplatin causes a similar

form of DNA damage in the inner ear, and that such damage is evident relatively early after

cisplatin treatment (i.e., before hair cell loss or other epithelial pathology). Prior studies have

proposed that exposure to cisplatin results in the generation of free radicals and/or

inflammatory cytokines in hair cells, and these are thought to be key mediators of cisplatin

ototoxicity (e.g., Schacht et al., 2012; Audo and Warchol, 2012). The present data raise the

additional possibility that cisplatin may kill both tumor cells and sensory hair cells through

similar biochemical mechanisms.

Cisplatin greatly reduces sphere formation by utricle-derived resident stem cells

Although the mammalian cochlea appears incapable of sensory regeneration, the vestibular

organs of mammals possess a modest ability to regenerate hair cells after ototoxic injury

(e.g., Forge et al., 1993; Lin et al., 2001; Golub et al., 2012). Notably, the mammalian

vestibular organs contain a small number of cells that can proliferate in response to loss of

hair cells (Warchol et al., 1993; Lambert, 1994; Kuntz and Oesterle, 1998), and also appear

to harbor a population of cells that possess stem cell-like features (i.e., the ability to form

clonally derived solid spheres when maintained in suspension culture – Li et al., 2003;

Oshima et al., 2007). Studies conducted with mice have shown that both injury-evoked

proliferation and the numbers of resident vestibular stem cells decrease with age (Oshima et

al., 2007; Burns et al., 2012). Such observations suggest that the proliferative cells within

the vestibular sensory epithelia might be identical to population of resident stem cells, but

this has not been definitively established. In any case, our data show that treatment with

cisplatin – but not neomycin – depletes the capacity for sphere generation among cell

populations derived from utricles of neonatal mice. Given that cisplatin has been shown to

target proliferative tumor cells, it is not surprising that it also affects proliferative and/or

stem cells in other tissues, such as the inner ear. Together, our observations that cisplatin

also causes DNA damage and disruption of the actin cytoskeleton suggest that cisplatin

ototoxicity may be a complex phenomenon, which damages the ear through several and

partially independent mechanisms.
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Implications for sensory regeneration in humans

The inner ears of nonmammalian vertebrates are able to regenerate hair cells after acoustic

trauma or aminoglycoside ototoxicity. This regenerative response is principally mediated by

supporting cells, although it is possible that some nonmammalian hair cell epithelia also

possess resident stem cells. It has been suggested that the activation of quiescent stem cells

and/or directed transdifferentiation of supporting cells might promote repair of the human

ear after ageing, acoustic trauma or ototoxic injury (e.g., Brigande and Heller, 2009). The

present report that cisplatin targets supporting cells and epithelial stem cells in the mouse

utricle is in general agreement with prior studies, which have shown diminished regenerative

ability after cisplatin ototoxicity in birds and zebrafish (Slattery and Warchol, 2010;

Mackenzie and Raible, 2012). Such findings suggest that induction of sensory regeneration

after cisplatin ototoxicity may pose unique challenges. Specifically, inner ear stem cells are

likely to be destroyed by cisplatin treatment and surviving supporting cells may no longer

possess the potential to serve as hair cell precursors. In this regard, it is worth noting that our

results are consistent with studies of the effects of anticancer therapies on neurogenesis in

the mammalian CNS. Certain regions of the mammalian brain (e.g., the dentate gyrus of the

hippocampus) continue to generate new neurons throughout adult life (e.g., Bonaguidi et al.,

2012). Studies conducted with rodent models indicate that several chemotherapeutic drugs

(including cisplatin) can suppress the proliferation of neural precursors in the hippocampus,

thus blocking the production of new neurons (Dietrich et al., 2006). Treatment with cancer

chemotherapy agents frequently leads to cognitive deficits, a condition known as

‘chemobrain’ (e.g., Wigmore, 2013), which may be related to this loss of ongoing

neurogenesis. Such studies, together with the present data, suggest cisplatin may have

complex and widely varied effects on nervous system function.

EXPERIMENTAL PROCEDURES

Animals

Mice (CD-1 and C57BL/6 strains) were obtained from Charles River (Franklin, CT) and

housed within Washington University’s animal care facility. All protocols involving animals

were approved by the Washington University Animal Studies Committee.

Organotypic cultures of mouse utricle

Experiments that examined epithelial effects of cisplatin were conducted on utricles taken

from mature mice (C57BL/6 or CD-1 strains, age>P90), while experiments that examined

the effects of cisplatin on vestibular stem cells utilized utricles taken from CD-1 mice at post

natal day 3 (P3). In all cases, mice were euthanized and decapitated. Heads were placed in

70% EtOH (in order to kill surface pathogens), and the temporal bones were isolated and

transferred to chilled Medium-199 with HEPES buffer and Hanks salts. Utricles were

dissected away from the temporal bones and the otoconia were removed. Specimens were

then placed in culture wells (MatTek, Ashland MA) that contained 100 µl of Medium-199

with Earle’s salts (2,200 mg/ l sodium bicarbonate, 0.69 mM L-glutamine, 25 mM HEPES),

supplemented with 1% FBS. The cultures were maintained at 37° C in a 5% CO2/ 95% air

environment for 1–7 days.
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Ototoxic damage

Cisplatin (crystalline cis-platinum(II) diammine dichloride; Sigma-Aldrich) was prepared as

a 2 mM stock solution (in PBS) and stored at −20°C. Organotypic cultures of utricles were

treated with cisplatin (at final concentrations of 5, 10, or 20 µM) for 24 hours, and were then

rinsed 3× in cisplatin-free medium. In other experiments, utricles were maintained for 24 hr

in 2 mM neomycin (Taleb et al., 2008).

Sphere formation from mouse stem cells of the utricle

Utricles were isolated from P3 mice and maintained in culture for 24 hr with either 10 µM

cisplatin, 2 mM neomycin, or in drug-free medium (controls). Following thorough rinsing,

sphere-forming stem cells were derived from these specimens following previously

published protocols (Li et al., 2003; Oshima et al., 2007; Oshima et al., 2009). Utricles

(eight utricles/treatment group) were incubated for 50 min. in thermolysin (500 µg/ mL, in

Medium-199) at 37°C. Using a 30-gauge needle, the sensory epithelium was removed from

each utricle as a single sheet. These isolated epithelia were treated for 5 min. in 100 µl of

0.125% trypsin (in PBS). Trypsin activity was terminated by addition of 50 µl soybean

trypsin inhibitor (20 mg/ml) and DNAse I inhibitor (2 mg/ml) (Worthington Biochemical;

Lakewood, NJ), and were then given 50 µl of 1:1 DMEM:F12 with N2 and B27

(Invitrogen), EGF (20 ng/ ml), FGF2 (10 ng/ml), IGF-1 (50 ng/ml), heparan sulfate (50 ng/

ml) (all growth factors from Sigma-Aldrich; St. Louis, MO). Cells were dissociated by

gentle trituration in pipette tips (epTIPS Filter 20–300 µl; Eppendorf; Westbury, NY).

Confirmation of a near single-cell suspension was conducted by visualizing the cellular

solution on an inverted microscope. The density of dissociated cells was quantified using a

hemacytometer, prior to placement in sphere forming medium. The cell suspension received

1.8 ml of DMEM:F12 with N2 and B27, EGF (20 ng/ ml), FGF2 (10 ng/ml), IGF-1 (50 ng/

ml), heparan sulfate (50 ng/ ml), yielding a final volume of 2 mL total volume. This mixture

was filtered through a 40 µm cell strainer (BD; Franklin Lake, NJ) into a nonadherent

culture dish (Greiner Bio-One; Monroe, NC). Cultures were then maintained at 37°C in a

5% CO2/ 95% air environment for either 3, 4, 5, or 7 days.

Immunohistochemistry and nucleic acid staining

Cultured utricles from adult C57BL/6 mice were fixed for 20 min. in 4% paraformaldehyde

(PFA; in 0.1M phosphate buffer, pH=7.4). Specimens were then thoroughly rinsed with

phosphate-buffered saline (PBS) and incubated for two hours in PBS with 5% normal horse

serum (NHS) and 0.2% Triton X-100, in order to block nonspecific antibody binding. Hair

cells were labeled with an antibody against myosin VIIa (rabbit polyclonal; 1:500; Proteus

Biosciences). Nuclei with damaged DNA were identified using an antibody against p-H2AX

(1:500; Millipore). Specimens were maintained in primary antibodies overnight at 4°C.

Following treatment in primaries, the specimens were thoroughly rinsed in PBS and

incubated for two hours in either Alexa-488 donkey anti-mouse, Alexa-546 donkey anti-

rabbit, or Alexa-546 donkey anti-goat secondary antibodies (1:500; all Invitrogen) for two

hours. Nuclei were stained with 4',6-Diamidino-2-phenyindole (DAPI; Sigma-Aldrich, 2.7

µM). Cell-cell junctions in some cultured utricles were visualized by incubation in
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Alexa-488 conjugated phalloidin (Invitrogen). Specimens were mounted on glass slides in

90% glycerol/ 10% PBS and coverslipped.

BrdU Processing

Cell proliferation within stem cell-derived spheres was assessed by adding the mitotic label

bromodeoxyuridine (BrdU; 3 µg/ml) to the culture medium. In such experiments, spheres

were maintained in 10 µg/ul for 4 days, and were then plated onto laminin/poly-l-ornithine-

coated dishes (protocol in Oshima et al., 2007). Spheres were allowed to adhere for 24

hours, and were then fixed and processed for BrdU immunohistochemistry (protocol in

Warchol, 2002). Nuclei were stained with DAPI, and the specimens were coverslipped prior

to microscopic imaging.

Imaging and Quantification

Confocal images were obtained using either a Bio-Rad Radiance 2000 MP microscope or

Zeiss LSM 700 inverted microscope. Confocal z-stacks were visualized and processed with

Volocity software (PerkinElmer, Waltham, MA). Hair cells were quantified from two 40×

fields (25,617 µm2) within the central extrastriolar region of each utricle, and then

normalized to yield density measures of ‘Hair Cells/10,000 µm2’). The density of stem cell-

derived spheres was quantified by viewing living cultures on an inverted microscope (Zeiss

Axiovert 135) and counting the numbers of spheres in four randomly selected visual fields,

using a 4× objective lens (field size = 25.5 mm2).

Statistics

Data were analyzed using an unpaired Student’s t-test or ANOVA with multiple

comparisons (Tukey post hoc test; SPSS, Chicago, IL). All data are expressed as mean ±

standard deviation.
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Figure 1. Hair cell death is observed at 4 days after cisplatin treatment
Mouse utricles were placed in organ culture, treated for 24 hr with 10 µM cisplatin, and then

rinsed and maintained in cisplatin-free medium for an additional two or four days. Control

utricles were cultured in parallel (i.e., for three or five days, total), but did not receive

cisplatin. Specimens were then fixed and hair cells were immunolabeled for myosin VIIa

(red). No evidence for hair cell injury was observed after three days in vitro, either in control

utricles (A) or utricles treated with cisplatin (B). Quantification of hair cells in these

specimens confirmed this observation (C). A small reduction in hair cell numbers was
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evident after five days culture in control medium (D). However, a considerable loss of hair

cells was observed in utricles that were maintained for four days after cisplatin treatment (E,

F, *p<0.005, t-test). CP=cisplatin-treated. Scale bar = 50 µm.
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Figure 2. Cisplatin treatment disrupts the actin cytoskeleton of the utricular sensory epithelium
Utricles were cultured for 24 hr in 10 µM cisplatin and then maintained for an additional

four days in cisplatin-free medium. Immunoreactivity for myosin VIIa (red) revealed fewer

hair cells in cisplatin-treated specimens (A) vs. controls (B). Labeling with phalloidin

(green) and imaging with confocal microscopy indicated that cell-cell junctions were

severely disrupted in cisplatin-treated utricles (A’), but appeared to be intact in control

utricles (B’). Notably, some filamentous actin remained within surviving hair cells after

cisplatin treatment (arrows, A’). Scale bar = 10 µm.
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Figure 3. Evidence for DNA damage following cisplatin treatment
Utricles were cultured for 24 hr in 10 µM cisplatin and then rinsed and maintained for an

additional 48 hr in cisplatin-free medium. Control specimens were maintained in parallel (3

days, total), but did not receive cisplatin. After fixation, specimens were processed for

immunohistochemical detection of p-H2AX (green), which identifies cell nuclei that contain

double-stranded DNA lesions. Very few p-H2AX-labeled cells were observed in control

utricles (A). In contrast, utricles that had received cisplatin treatment contained numerous

cells that displayed evidence of DNA damage (B, C, *p<0.0005, t-test). CP=cisplatin-

treated. Red: Myosin VIIa. Scale bar=50 µm.
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Figure 4. Normal-appearing cells can be harvested from the utricular sensory epithelium
immediately following cisplatin treatment
Utricles were placed in organotypic culture and maintained for 24 hr in either 10 µM

cisplatin or in cisplatin-free medium (controls). Specimens were then rinsed and the sensory

epithelia were removed via thermolysin treatment. Isolated epithelia were pooled in groups

of eight, incubated in tryspin, and dissociated via gentle trituration. We observed no

differences in cell appearance in untreated specimens (A) vs. the cisplatin-treated specimens

(B.) In both groups, the approximate density of viable cells (as identified by trypan blue

labeling) was ~3 × 104 cells/ml. Scale bar = 100 µm.
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Figure 5. Pretreatment in cisplatin inhibits the formation of stem cell-derived spheres
Utricles from neonatal mice were treated for 24 hr in 10 µM cisplatin or in normal medium

(controls). Sensory epithelia were then isolated, dissociated, and placed in suspension

culture. Sphere formation (a characteristic of stem cells) was examined after three days.

Control utricles yielded numerous stem cell-derived spheres (A). In contrast, many fewer

spheres were observed in cultures derived from utricles that were treated with cisplatin.

Spheres from cisplatin-treated utricles were typically smaller than those in control cultures
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(B). Similar findings were observed after five days (C and D) and seven days (E and F) of

suspension culture. Scale bar = 50 µm.
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Figure 6. Dose-dependent effects of cisplatin on the formation of stem cell-derived spheres
Utricles were treated for 24 hr in various concentrations of cisplatin or in control (cisplatin-

free) medium. The sensory epithelia were then isolated, dissociated and placed in suspension

culture. Living cultures were visualized on an inverted microscope and the numbers of stem

cell-derived spheres/visual field were quantified (field size=25.6 mm2). Such quantification

occurred after three, five and seven days of suspension culture. In all cases, pretreatment in

cisplatin reduced the numbers of spheres (n=22 samples/condition from four experiments,

*p<0.0005, Tukey’s post-hoc test for multiple comparisons).
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Figure 7. Pretreatment with neomycin does not affect the formation of stem cell spheres
Utricles were placed in culture and treated for 24 hr with 2 mM neomycin. Sensory epithelia

were then isolated, dissociated, and placed in suspension culture. The number of spheres in

such cultures was quantified after three, five or seven days, and compared with sphere

numbers observed in parallel cultures that had not been treated with neomycin (controls).

Sphere morphology and size appeared similar in cultures derived from untreated utricles (A)

vs. neomycin-treated utricles (B, C). In addition, the numbers of spheres obtained from

neomycin-treated utricles was not significantly different from the numbers derived from

control utricles (p=0.20–0.25, t-test). Scale bar = 50 µM.
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Figure 8. Pretreatment in cisplatin reduces proliferation of utricular stem cells
Stem cell spheres were derived from cisplatin-treated, neomycin-treated or control utricles

and maintained for four days in medium that contained BrdU. Specimens were then

transferred onto laminin-coated substrates for adhesion and subsequent immunolabeling.

Robust immunolabeling for BrdU (green) was observed in spheres prepared from untreated

utricles (A), and from utricles that had been treated with neomycin (B). In contrast, utricles
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treated with 5 µM cisplatin (C) generated very few spheres, and those displayed almost no

BrdU labeling. Scale bar = 50 µM.
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