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Abstract
Loss of mechanosensory hair cells in the inner ear accounts for many hearing loss and balance
disorders. Several beneficial pharmaceutical drugs cause hair cell death as a side effect. These
include aminoglycoside antibiotics, such as neomycin, kanamycin and gentamicin, and several
cancer chemotherapy drugs, such as cisplatin. Discovering new compounds that protect
mammalian hair cells from toxic insults is experimentally difficult because of the inaccessibility of
the inner ear. We used the zebrafish lateral line sensory system as an in vivo screening platform to
survey a library of FDA-approved pharmaceuticals for compounds that protect hair cells from
neomycin, gentamicin, kanamycin and cisplatin. Ten compounds were identified that provide
protection from at least two of the four toxins. The resulting compounds fall into several drug
classes, including serotonin and dopamine-modulating drugs, adrenergic receptor ligands, and
estrogen receptor modulators. The protective compounds show different effects against the
different toxins, supporting the idea that each toxin causes hair cell death by distinct, but partially
overlapping, mechanisms. Furthermore, some compounds from the same drug classes had
different protective properties, suggesting that they might not prevent hair cell death by their
known target mechanisms. Some protective compounds blocked gentamicin uptake into hair cells,
suggesting that they may block mechanotransduction or other routes of entry. The protective
compounds identified in our screen will provide a starting point for studies in mammals as well as
further research discovering the cellular signaling pathways that trigger hair cell death.

© 2012 Elsevier B.V. All rights reserved.
fCorresponding Author: Kelly N. Owens, V.M. Bloedel Hearing Research Center, University of Washington, Box 357923, Seattle,
WA 98195-7923, kowens@u.washington.edu, phone 206-616-4692, FAX 206-616-1828.
ePresent address: Helen Wills Neuroscience Institute, MC 3190, Berkeley, CA 94720

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Hear Res. Author manuscript; available in PMC 2013 December 01.

Published in final edited form as:
Hear Res. 2012 December ; 294(0): 153–165. doi:10.1016/j.heares.2012.08.002.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
zebrafish; ototoxicity; selective serotonin reuptake inhibitor (SSRI); selective estrogen receptor
modulator (SERM); aminoglycoside; cisplatin

1. Introduction
There are no clinically approved and effective drugs that protect patients against the ototoxic
side effects of important pharmaceutical agents such as aminoglycoside antibiotics and anti-
neoplastic drugs (e.g. cisplatin and carboplatin). We seek co-treatments that diminish or
eliminate the toxic side effects of these beneficial drugs. As access to mature mammalian
auditory and vestibular tissue prevents large-scale screening for modulators of hair cell
death, we have used the larval zebrafish lateral line system for screening (reviewed in Ou, et
al., 2010; Coffin, et al., 2010). The zebrafish lateral line is a sensory system that contains
mechanosensory hair cells in clusters called neuromasts located in stereotyped positions
along the body and head of the larval and adult fish (Metcalfe, et al., 1985; Raible & Kruse,
2000). Lateral line hair cells share structural, functional and molecular similarities to
mammalian inner ear hair cells (reviewed in Coombs, 1989; Nicolson 2005). Many
zebrafish genes have been identified that function in hearing and balance with phenotypes
similar to that of their mammalian counterparts including components of the hair cell
transduction apparatus (Nicolson et al. 1998; Ernest et al., 2000). The hair cells in this
system present several advantages for screening: they can be visualized in vivo because the
hair cells are located on the outside of the body and readily take up vital dyes (Harris, et al.,
2003; Santos et al. 2006). Lateral line hair cells, like their mammalian counterparts, are
sensitive to ototoxins, such as aminoglycosides, cisplatin and other chemotherapeutic drugs;
and cell death can be reliably induced in a dose-dependent fashion (Williams & Holder,
2000; Harris, et al., 2003; Ton & Parng, 2005; Ou, et al., 2007; Owens, et al., 2009; Hirose,
et al., 2011). Furthermore, zebrafish lateral line hair cells demonstrate morphological
changes similar to the inner ear hair cells of birds and mammals when exposed to
aminoglycosides (Owens et al, 2007) indicating that this is a robust model for understanding
mammalian ototoxicity. The larvae are small, can be produced in large numbers, and are
easy to handle, allowing addition to 96-well plates and rapid visualization of many
individuals.

Aminoglycoside antibiotics, including gentamicin, kanamycin and neomycin, are
antibacterial agents that are used worldwide for gram-negative bacterial infections.
Depending on the country, they are used regularly or are reserved for use in more severe
infections, e.g. tuberculosis. Aminoglyocosides kill bacteria by inhibiting ribosome function
(Davis, 1987) and may lead to production of hydroxyl radicals that contribute to bacterial
cell death (Kohanski, et al., 2007). Besides their beneficial toxic effects against bacteria,
aminoglycosides can cause nephrotoxicity as well as hearing loss and vestibular dysfunction
due to hair cell death in humans (Hinshaw, et al., 1946), rodents (Brummett, 1983), birds
(Fermin, et al., 1980), and fish (Kaus, 1992; Lombarte, et al., 1993; Williams & Holder,
2000; Harris, et al., 2003). Cisplatin is a valuable and widely used anti-cancer drug that
disrupts cell division by creating DNA adducts (Rosenberg, 1985). Hearing loss and hair cell
loss due to cisplatin exposure has been observed in humans (Reddel, et al., 1982, Rosenberg,
1985), rodents (Fleischman, et al., 1975) and fish (Ou, et al., 2007).

We have screened drug and small molecule libraries for compounds that protect hair cells
from neomycin toxicity (Ou, et al., 2009; Owens, et al., 2008). Those screens revealed
several compounds with previously unknown protective properties and two compounds have
proven effective in mammalian inner ear in vitro or in vivo (Owens, et al., 2008; Ou, et al.,
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2009; Rubel, et al., 2011). Given this success, screening additional libraries of clinically
approved drugs that might protect against a spectrum of hair cell toxins may be clinically
useful and provide additional insights into the processes occurring in hair cells. Among the
aminoglycosides, ototoxicity and tissue sensitivity differ (Dulon, et al., 1986; Selimoglu, et
al., 2003; Smith, et al., 1977; Wanamaker et al. 1999). Furthermore, aminoglycosides can
exhibit divergent kinetics and potency. For example, in zebrafish neuromasts, gentamicin
employs at least two processes leading to cell death: one short-term and another longer-term,
while neomycin may activate only a short-term process (Owens, et al., 2009). Cisplatin
likely employs separate processes leading to cell death compared to aminoglycosides, and
zebrafish mutations that protect against aminoglycosides do not protect against cisplatin
(Owens, et al., 2008). However, studies of hair cell ultrastructure suggest that mitochondria
are early targets of both aminoglycosides and cisplatin (Owens, et al., 2007; Giari, et al.,
2011). The possibility of a co-treatment effective with all aminoglycosides or with both
aminoglycosides and cisplatin is enticing.

In the experiments presented below, we screened a library of FDA-approved drugs for
compounds that protect hair cells of the zebrafish lateral line from the hair cell toxins
neomycin, gentamicin, kanamycin and cisplatin. The Enzo Life Sciences FDA-approved
drug library contains 640 compounds that have been or are currently used clinically. Of the
640 compounds in the library, ten compounds were found that protected hair cells treated
with at least two of the four toxins. These compounds were subjected to further testing to
examine the properties of their protective effects. The main classes of protective compounds
were serotonin and dopamine-modulating drugs, adrenergic receptor ligands, and estrogen
receptor modulators. Estrogen receptor modulators were further investigated and we
identified three additional estrogen receptor modulators that protect hair cells from
neomycin, though differences in their protective effects with gentamicin suggest that the
compounds may be acting by multiple mechanisms.

2. Materials and Methods
2.1 Animal care

Larval zebrafish (Danio rerio) of the *AB wildtype strain were produced via group matings
of adult fish. Larvae were housed at 28.5 °C and maintained at a density of 50 fish per 10 cm
diameter petri dish in embryo media (EM; 994 μM MgSO4, 150 μM KH2PO4, 42 μM
Na2HPO4, 986 μM CaCl2, 503 μM KCl, 14.9 mM NaCl, and 714 μM NaHCO3, pH 7.2).
Beginning at 4 days post-fertilization (dpf), fish were fed live rotifers daily. Experiments
were performed using 5 – 6 dpf larvae. The University of Washington Animal Care and Use
Committee approved of the animal procedures described here.

2.2 Drug Library
Enzo's FDA Approved Drug Library (Enzo Life Sciences Inc., Plymouth Meeting, PA,
USA, formerly BIOMOL International, L.P.) was used to screen zebrafish larvae for
compounds that protect against toxin-induced lateral line hair cell death. The library consists
of 640 compounds dissolved at 2 mg/ml in dimethyl sulfoxide (DMSO; Sigma-Aldrich,
#D1435). The compounds were aliquoted into eight 96-well plates with one compound per
well and 80 compounds per plate. The plates were stored at 4 °C during initial screening and
re-testing.

2.3 Screening
Larvae were pre-labeled with 2 μM YO-PRO1 (Invitrogen, Carlsbad, CA, USA; #Y3603) in
embryo medium for 30 min and then rinsed three times. YO-PRO1 is a cyanine monomer
fluorescent vital dye that labels hair cell DNA (Santos et al. 2006). After pre-labeling, larvae
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were transferred to Nunc 96-well optical bottom plates (Thermo Fisher Scientific, #265301),
with one fish per well in 147 μL of embryo medium. Library compounds were diluted 1:10
in embryo medium and then 3 μL of the diluted mixture were added to 96 well plate
containing larvae (one compound per well) for a final concentration of 4 μg/ml of library
compound and final DMSO concentration of 0.2% in each well. Larvae were incubated for 1
hr with library compounds, then one of the following hair cell toxins was added and fish
were incubated in library compound and hair cell toxin together. The duration and
concentration of the toxin was adjusted to kill most hair cells in each neuromast under
control conditions without any of the library drugs but at the same DMSO concentration:
200 μM neomycin (Sigma, #N1142) for 1 hr; 50 μM gentamicin (Sigma, #G1397) for 6 hr;
400 μM kanamycin (Abraxis Pharmaceuticals Products) for 24 hr; or 50 μM cisplatin
(Bedford Laboratories) for 24 hr (Harris et al, 2003; Ou et al. 2007; Owens, et al., 2009).
Eight fish in each plate (in column 1) served as mock controls and received no treatment
(negative controls). Eight more fish (in column 12) were treated with hair cell toxin but no
library drug to serve as positive controls for toxin potency. After incubation in library
compound and hair cell toxin for the times listed above, larvae were anesthetized with
buffered 0.001% MS222 (3-aminobenzoic acid ethyl ester methanesulfonate; Sigma,
#E10521) and immediately viewed using fluorescence microscopy on an automated stage
(Marianas imaging system, Intelligent Imaging Innovations) using a Zeiss Axiovert 200M
inverted microscope (Carl Zeiss). Fish were scored on a scale from 0 to 2 with 2
corresponding to mostly healthy hair cells and a 0 corresponding to mostly dead hair cells.
Evaluation of one plate took approximately 40 min. Compounds that scored a 2 were
retested on five larvae with the above protocol, and those that scored a mean of 1.5 or
greater in retesting were considered “protective compounds” and subjected to further
evaluation, as described below. All experiments were conducted at 28.5 °C.

2.4 Dose-response matrix testing
All confirmed protective compounds were further tested against all four hair cell toxins
regardless of whether a given protective compound was positive with a specific toxin in the
initial screen. These experiments were designed to determine the optimal concentration of
protective compound, defined as the minimum concentration of the protective compound
that confers protection against the concentrations of toxins that resulted in maximum hair
cell death (those noted above). Larvae at 5–6 dpf were transferred to 6-well Corning Netwell
(#3480) baskets and placed in 6-well plates in EM with approximately 10 fish per basket.
This allowed for easy transfer between treatment media. Protective compound and toxins
were diluted in EM and wells were filled to 7 mL. Larvae were pretreated for 1 hr in the
protective compound followed by co-treatment in the protective compound and one of the
hair cell toxins. Incubation times in toxins were the same as those used for the 96-well drug
screen format (see section 2.3 above) with the following exceptions. Protective compounds
that did not show protection with the 6 hr gentamicin exposure were tested with a 1 hr
gentamicin treatment in addition to the 6 hr treatment. Kanamycin (Sigma, #K0254) was
tested at 400 μM with a 24 hr exposure. After protective compound and toxin treatments
were complete, larvae were rinsed 4 times in EM and treated with 0.005% of DASPEI (2-(4-
(dimethylamino)styryl)-N-ethylpyridinium iodide; Sigma, St. Louis MO, #D0815) in EM
for 15min to label neuromasts. Then larvae were rinsed 2 times and anesthetized with
MS222. Larvae were transferred to glass depression slides and viewed on a Leica
epifluorescent microscope with a DASPEI filter (Chroma Technologies, Brattleboro VT).
Neuromasts were scored as previously described (Owens, et al., 2009). To find optimal
concentrations, each protective compound was tested at concentrations of 0, 0.5, 1, 5, 10, 50,
100 μM. For protective compounds that were toxic by themselves at high concentrations,
lower concentrations were tested to determine if intermediate doses were optimal.
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The next series of experiments for each protective compound were designed to determine
the range of toxin concentrations at which each protective compound is effective. In these
experiments, the concentration of the protective compound was held at the optimal
concentration, as determined above, and the toxin concentration was varied over a broad
range: aminoglycosides—0, 25, 50, 100, 200, 400 μM; cisplatin—0, 5, 10, 25, 50, 100 μM).
Analytical procedures were the same as above. These two sets of experiments define what
we call the 'dose-response matrix'.

2.5 Minimum inhibitory concentration and minimum bactericidal concentration testing
All protective compounds were tested at double their experimentally determined optimal
protective concentration to determine whether bactericidal activity of neomycin was altered.
Escherichia coli (ATCC 25922) was used to determine minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC) in the presence of protective
compounds and an aminoglycoside. MIC and MBC tests were performed in accordance with
the National Clinical and Laboratory Standards Institute (Wayne, 2008; Wikler, 2006).

2.6 Cancer cell culture experiments
The compounds that protected hair cells from cisplatin toxicity were tested in cancer cell
culture experiments to determine whether cisplatin chemotherapeutic activity was altered.
Human adenocarcinoma cells from the A549 cell line (alveolar basal epithelial cell line,
ATCC # CCL-185; Giard, et al., 1973) were cultured in Costar 3917 assay plates (Corning,
Inc., Corning, NY) in 100 μL Dulbecco’s Modified Eagle Medium High Glucose 1X
(DMEM; Gibco, Invitrogen, Grand Island, NY, #11965) with 10% Fetal Bovine Serum
(FBS; heat inactivated at 56°C for 30min; Valley Biomedical, Inc., Winchester, VA,
#B53033) and 1% L-glutamine (200 mM 100X, Gibco, Invitrogen, Grand Island, NY,
#25030) with 5,000 cells per well. All cell incubations took place at 37°C in a humidified
incubator with 5% CO2 . Cells were allowed to attach overnight (15–18 hr) and then 100 μL
of protective compound (see below) was added to bring the total volume per well to 200 μL.
The solutions of protective compounds were prepared by serially diluting stocks in DMEM
with 10% FBS and 1% L-glutamine before being added to cell plates. A matrix of
combining one concentration of cisplatin (at 0, 25, 50, or 100 μM), and one concentration of
benzamil (at 0, 12.5, 25, 50, or 100 μM) or paroxetine (at 0, 3.1, 6.1, 12.5 or 25 μM) was
used. After protective compound and cisplatin addition, cells were incubated for 72 hours.
Following incubation, the treatment-containing media was replaced with 200 μL of DMEM
with 2% FBS and 1% L-glutamine and cells were allowed to recover for 24 hr. Cell viability
was evaluated using the CellTiter-Glo luminescent cell viability assay (Promega, Madison,
WI, #G7573) following manufacturer’s instructions. Cell luminescence was assessed using a
TopCount NXT microplate scintillation and luminescence counter (Packard Instrument
Company, Meriden, CT).

2.7 Pretreatment experiments
To test whether pre-treatment in protective compound is necessary for the protective effects
of the compound against aminoglycoside toxicity, 10 larvae were pretreated in each
protective compound for either 60 min, 15 min, or 0 min (no pretreatment), followed by 1 hr
co-treatment in the protective compound and 200 μM neomycin. Then larvae were rinsed
four times, hair cells were labeled with DASPEI, rinsed two times, and anesthetized with
MS222. Hair cell survival was evaluated using the method and equipment described in 2.4
Dose response matrix testing. Negative controls were treated with EM only and positive
controls were treated with neomycin only.
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2.8 Gentamicin-conjugated Texas Red (GTTR) Imaging
To determine whether the compounds that are protective against aminoglycoside toxins also
influence aminoglycoside entry into hair cells, we studied uptake of labeled gentamicin.
Gentamicin-conjugated to Texas Red (GTTR) was prepared following the protocol of
Steyger et al. (2003). Larvae were pretreated with the protective compound at its optimal
protective concentration against 50 μM gentamicin for 5 min, followed by co-treatment with
50 μM GTTR for 3 min. Then fish were rinsed four times, anesthetized with MS222 and
mounted on bridged coverslips for imaging. Using fluorescence microscopy on an
automated stage (Marianas imaging system, Intelligent Imaging Innovations) with a Zeiss
Axiovert 200M inverted microscope (Carl Zeiss), we first determined the location of 2–3
neuromasts by viewing under brightfield illumination. Then, z-stacks of fluorescent images
were collected of the 2–3 neuromasts. Image collection of larvae occurred within 6 min of
being rinsed out of GTTR. Each fish was imaged once and 5 fish were imaged for each
treatment group. Control fish were treated with EM only or with 3 min of 50 μM GTTR
only.

Image analysis was done using Slidebook 5 (Intelligent Imaging Innovations, Denver CO)
and Excel 2003 (Microsoft, Redmond, WA). To assess GTTR uptake that occurred, we
performed several operations to isolate the fluorescence intensities corresponding to
neuromasts. First, we subtracted the fluorescence intensities of the background images from
the intensities of the experimental images to isolate GTTR-related signals. We traced the
borders of the 2–3 neuromasts to delineate regions of interest. We copied the shapes defined
by the traced borders of the neuromasts and applied these shapes to a nearby region of the
image of the fish that did not contain neuromasts to assess a region of background with the
same volume as the analyzed neuromasts. The mean background intensity and standard
deviation (SD) was used to create a background threshold. We used Boolean addition to
isolate signals within the neuromast regions of interest above the background threshold
(“thresholded neuromasts”). The mean intensity, standard deviation of intensity, sum
intensity and volume in voxels of the thresholded neuromast signal were measured. To
compare between protective compounds and controls, we performed additional operations to
normalize the intensity measures. To create an index of intensity, the thresholded neuromast
signal was normalized to the background intensity for each fish and averaged for 5 fish.
Then the average for mock-treated fish was subtracted to zero the background, and these
values were divided by the average of the GTTR only group to produce the “Intensity
normalized to GTTR only (%)”.

2.9 Statistical analyses
All values reported below are means and all error bars are S.E.M unless otherwise noted.
Statistical analyses were performed using GraphPad Prism version 5.0a for MacOS
(GraphPad Software, San Diego, CA). For single groups, unpaired t-tests or 1-way analysis
of variance (ANOVA) tests followed by Dunnett’s Multiple Comparison were used. For
experiments with multiple groups, 2-way ANOVA tests followed by Bonferroni post-hoc
tests were used. Results were considered statistically significant if p < 0.05. Microsoft Excel
was used to perform linear least squares regression.

3. Results
3.1 FDA-approved drug screen reveals compounds that protect hair cells from
aminoglycosides and cisplatin

We screened each compound in the Enzo FDA-approved library for compounds that protect
hair cells of the zebrafish lateral line from each of four hair cell toxins – cisplatin, neomycin,
gentamicin and kanamycin. For screening, fish were labeled with a DNA dye YO-PRO1,
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pretreated with a library compound for 1 hour prior to co-treatment with a toxin and then
examined in vivo to assess the protective capacity of the library compound. In each fish, we
evaluated a set of ten neuromasts (IO1–4, SO1–2, M2, MI1–2, O2) , which have stereotyped
locations (see Raible and Kruse, 2000). Ten compounds (listed in Table 1) were identified
that protect hair cells from two or more of the hair cell toxins. Phenoxybenzamine was
identified in a previous chemical screen for compounds that protect hair cells from
neomycin (Ou et al. 2009). The compounds fall into distinct drug mechanistic classes
including several compounds with known estrogen-related activities, serotonin and
dopamine-related activities, or adenoreceptor-related activities. However, the compounds
present different profiles of toxin protection. Some protect against only neomycin and short-
term gentamicin exposure, while one compound, benzamil, protects against all four toxins
that were examined. The disparate drug activities and profiles of protection suggest that the
compounds protect hair cells via distinct mechanisms.

We performed dose-response matrix testing to determine the magnitude of hair cell
protection across dose ranges of each protective compound and each toxin. Figure 1 shows
examples of the dose-response relationships between protective compounds and each of the
four toxins tested in the screen. Fluoxetine (Fig. 1A), paroxetine (Fig. 1B), and loperamide
(Fig. 1C) are widely prescribed drugs. Their protective abilities are notable as they represent
previously unknown interactions with hair cell toxins. These results reveal that the
compounds’ protective abilities increase with concentration (left column, 1-way ANOVA, p
< 0.05 for all groups) and that an optimal protective compound concentration protects across
a wide range of toxin concentrations (right column, 2-way ANOVA, p < 0.05 for treatment,
concentration and interaction for all groups). The supplementary data (Supplementary Table
A.1) shows the mean, standard deviations and sample sizes for all protective compounds
examined in this study.

Benzamil’s protection against hair cell loss induced by cisplatin and the aminoglycosides is
promisingly robust (Fig. 1D, Supplementary Table A.1). We previously showed that
amiloride, another member of the pyrazine carboxamide class, protects hair cells from
neomycin and gentamicin (Coffin, et al., 2009). We were interested in whether amiloride
would also protect zebrafish lateral line hair cells from cisplatin toxicity. When tested a wide
range of amiloride doses, we found no protection from cisplatin toxicity in our dose
response assay (Supplementary Table A.1).

3.2 Do protective compounds alter the efficacy of aminoglycosides or cisplatin?
A requirement of any protection against ototoxicity is that it must not inhibit the primary
clinical role of the toxin, namely the bactericidal action of aminoglycosides or
chemotherapeutic action of cisplatin. We performed minimum inhibitory concentration
(MIC) tests and minimum bactericidal concentration (MBC) tests with Escherichia coli
(ATCC 25922) and neomycin in the presence of each of the protective compounds found in
the screen. The MIC test gives the minimum concentration of neomycin necessary to halt
bacterial cell division and the MBC test gives the minimum concentration necessary to kill
the majority of bacterial cells. Only benzamil altered the ability of neomycin to kill bacteria.
The MBC of neomycin increased from 8μg/ml without benzamil to 16μg/ml in the presence
of 100 μM benzamil. None of the other compounds altered the MIC or MBC of neomycin
(Table 1).

We also tested whether benzamil or paroxetine, the compounds that provided protection
against cisplatin-induced hair cell loss, altered the ability of cisplatin to kill cancer cells. We
cultured a human adenocarcinoma cell line derived from alveolar basal epithelia (A549)
with varying concentrations of cisplatin and either benzamil or paroxetine for 72 hrs
followed by 24 hr recovery period. As shown in Figure 2, neither paroxetine nor benzamil
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significantly increased the amount of cell survival beyond cisplatin controls. Paroxetine
(Fig. 2A) did not significantly alter the toxic effects of cisplatin at all (2-way ANOVA,
Interaction: p = 0.91, paroxetine concentration: p = 0.60, cisplatin concentration: p <
0.0001), while adding increasing doses of benzamil to the cisplatin treatment augments the
ability of cisplatin to kill cancer cells (Fig. 2B, 2-way ANOVA, Interaction: p = 0.21,
benzamil concentration: p < 0.001, cisplatin concentration: p < 0.0001). This suggests that
both paroxetine and benzamil might be worth exploring as effective hair cell defenses to a
cisplatin treatment regime.

3.3 Is pretreatment necessary for protection?
To begin analyses of the mechanisms by which compounds act to protect hair cells, we
asked whether the one hour pretreatment used in the screen and initial dose-response testing
was necessary for hair cell protection. Knowing the time of action of the protective
compound may indicate at what point in the process the compound prevents hair cell death.
We tested each protective compound at its optimal concentration as determined in initial
dose-response testing (see Table 1) for its ability to protect hair cells against 200 μM
neomycin following 60 min, 15 min or no pretreatment. All but two of the compounds
showed no requirement for a pretreatment; similar protection was observed following all
pretreatment paradigms. Methiothepin showed decreasing protection with decreasing
pretreatment time (Fig. 3A, 1-way ANOVA, p < 0.05). Phenoxybenzamine provided similar
protection following 60 min and 15 min pretreatment, but did not protect as well when there
was no pretreatment (Fig. 3B, 1-way ANOVA, p < 0.0001). This shows that
phenoxybenzamine requires at least a 15 min pretreatment before neomycin exposure. That
phenoxybenzamine and methiothepin require pretreatment suggests that these compounds
might prime cells for resilience by interacting with an intracellular target. Compounds that
do not require pretreatment may also interact with an intracellular target or alternatively
could interact directly with toxins, enhance efflux, or prevent toxin entry. We investigate the
last below.

3.4 Protective compounds differentially affect uptake of gentamicin
The observation that cells do not need to be primed with most of these protective
compounds before toxin exposure suggested that protective compounds might act by
blocking toxin entry. To explore this idea, we utilized gentamicin conjugated to the Texas
Red fluorophore (GTTR; Steyger, et al., 2003). We exposed zebrafish lateral line hair cells
to a 5 min pretreatment with each protective compound at its optimal concentration for
protection against 50 μM gentamicin followed by 3 min of co-exposure to GTTR and
protective compound. Zebrafish were then rinsed in fresh EM and mounted on slides to
image their neuromasts. As shown in Figure 4A, three minutes of GTTR exposure results in
observable fluorescence in neuromasts. Normalized fluorescence intensity to compare
GTTR uptake levels between treatment groups is shown in Figure 4B. A priori t-tests were
used to assess the significance of uptake inhibition of each protective compound. The t-test
results are shown in Table 1. The results shown in Figure 4B suggest that there is a
gradation of early uptake inhibition that may be responsible or may play a role in the
protection shown by many compounds. This is represented by significant inhibition by
raloxifene, ractopamine, benzamil and phenoxybenzamine. On the other hand, there are
several compounds that protect against neomycin and short-term gentamicin exposure which
do not inhibit GTTR uptake (fluoxetine and fluspirilene) or which may even enhance uptake
(tamoxifen).

If compounds provide hair cell protection by altering toxin uptake, we might predict that
there will be a negative correlation between the uptake of GTTR and the degree of
protection. To examine this relationship across compounds, we plotted the fluorescence
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intensity measure observed in Figure 4B versus the amount of hair cell protection provided
against exposure to 50 μM gentamicin for 6 hr (see Figure 1 and Supplementary Table A.1).
Figure 4C shows that the compounds that did not protect hair cells from 50 μM, 6 hr
gentamicin ototoxicity had either enhanced or normal uptake, while the compounds that had
strong protection against 6 hr gentamicin ototoxicity had either normal or reduced uptake.
Within each group of protective compounds there was little to no correlation between GTTR
uptake inhibition and the degree of protection. This result suggests that while inhibition of
gentamicin uptake may help explain the ability of some drugs to protect hair cells from
gentamicin exposure (e.g., of ractopamine and raloxifene), this relationship may not be
robust across all hair cell protectants.

3.5 Estrogen receptor modulators protect hair cells from aminoglycoside toxicity
We found several compounds in our screen that belong to the same drug classes (Table 1).
We hypothesized that these compounds might protect hair cells via the previously known
mechanisms of action attributed to each drug class. The selective estrogen receptor
modulators, tamoxifen and raloxifene, were of particular interest because estrogen receptors
have been found in the mammalian organ of Corti (Stenberg, et al., 1999) and in zebrafish
lateral line hair cells (Tingaud-Sequeira et al. 2004; Froehlicher, et al., 2009). We therefore
tested whether other estrogen receptor ligands also protect hair cells from aminoglycoside
toxicity. The compounds tested included estrogen receptor modulators that are active at
multiple estrogen receptors as well as ligands to specific estrogen receptors (Table 2). Of
those tested, toremifene, afimoxifene, and MPP protected hair cells from neomycin toxicity
(Fig. 5). Only MPP also protected hair cells from long-term gentamicin toxicity (Fig. 5E).
Five other compounds that interact with estrogen receptors had no effect (Table 2).

4. Discussion
4.1 Multiple mechanisms of cell death with aminoglycosides and cisplatin

There are several possible mechanisms by which protective compounds could prevent toxin-
induced cell death. The protective compound may interact directly with the target of the
toxin and thereby interfere with the initiation of events that lead to cell death, or interact
with molecular components downstream of the initiating event but prior to a commitment to
cell death. Alternatively protective compounds may affect the ability of toxins to reach their
cellular targets by blocking entry of the toxin into the cell or transit within the cell, or
altering efflux of the toxin. An additional possibility is that protective compounds may
directly interact with a toxin. The pretreatment requirement of methiothepin and
phenoxybenzamine suggests that these compounds need time to reach an intracellular target
rather than interacting directly with the toxins. This required time may reflect entry route of
the protective compound or transit within the cell. While we cannot rule out that some
protective drugs may interact directly with toxins, the observation that many protect against
multiple aminoglycosides on different time scales and two protect additionally against
cisplatin leads us to favor the hypothesis that at least some of these protective drugs act
intracellularly.

The ability of the compounds to protect against different subsets of toxins may reflect
differences in the mechanisms by which toxins kill hair cells. Differences between the
aminoglycosides and their mechanisms of action are poorly understood. Selimoglu et al.
(2003) suggested that kanamycin is less ototoxic than gentamicin; Smith et al. (1977) found
no significant difference between amikacin and gentamicin ototoxicity; Dulon et al. (1986)
found that clearance of amikacin, gentamicin and netilmicin from the cochlea did not
correlate with reported differences in toxicity. Previously, we showed that at least two
distinct series of cellular events contribute to gentamicin-induced hair cell death (Owens, et
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al., 2009). (Note that some initial events may not be intrinsic to the cell death process per se
but rather be perturbations in the cell that trigger the cell death process). One pathway is
rapid (~1hr) while the second pathway is slower (6–24 hr) and may disrupt slower processes
in hair cells, such as transcription or translation. Neomycin induces a rapid series of events
solely or predominantly, while gentamicin induces both pathways fairly equally and
kanamycin induces predominantly the slower pathway(s). The sentinel mutation in the
cc2d2a gene protects zebrafish lateral line hair cells from neomycin and short-term
gentamicin exposure (~1hr) but not long-term (6hr) gentamicin exposure indicating that the
rapid, short-term and slower, long-term events are molecularly distinct (Owens, et al., 2009).
In addition, changes in extracellular calcium levels were found to alter sensitivity to
neomycin and short-term gentamicin toxicity but not long-term gentamicin toxicity (Coffin,
et al., 2009).

In the present study, we identified seven drugs that protect hair cells against neomycin and
gentamicin, but only three that also protect hair cells from kanamycin suggesting that
kanamycin toxicity may employ some different cell death pathways from neomycin and
gentamicin. On the other hand, all of the compounds that provided protection from
kanamycin also protected hair cells from gentamicin and neomycin, suggesting that at least
some components of the cell death mechanisms are shared. This could reflect a differential
affinity of the protective drugs or aminoglycosides for a common target. Alternatively we
cannot rule out that protective drugs interact differentially with toxins, or that multiple
shared pathways are triggered differentially by the toxins.

All compounds that protect against neomycin also protect against short-term gentamicin,
further supporting the hypothesis that neomycin and gentamicin can trigger a common,
rapidly-acting cell death pathway. We also noted that several protective compounds with
similarities in their known pharmaceutical functions differ in their responses to short-term
and long-term exposure to gentamicin. For instance, fluoxetine and paroxetine are both
selective serotonin reuptake inhibitors (SSRIs), but only paroxetine protects from long-term
gentamicin exposure. These findings support the idea that gentamicin kills hair cells by at
least two distinct mechanisms.

Most of the aminoglycoside-protective compounds identified in this screen were not
protective against cisplatin toxicity. Previously, we have found that the zebrafish mutant
sentinel and the chemical compound PROTO-1 protect hair cells from neomycin but not
cisplatin (Owens, et al., 2008). Studies in several animal systems have suggested that
cisplatin acts in a cumulative manner and via a different mechanism than aminoglycosides
(Bokemeyer, et al., 1998; Helson, et al., 1978; Ou, et al., 2007). The paucity of compounds
that protect hair cells from both aminoglycosides and cisplatin is consistent with previous
genetic and pharmacological data suggesting that these toxins kill hair cells by the different
mechanisms (e.g., Owens, et al., 2008). Two compounds protect against cisplatin-induced
hair cell death: paroxetine is also protective with neomycin and gentamicin, and benzamil is
protective with all tested toxins. Benzamil, along with amiloride, is a member of the
pyrazine carboxamide class of diuretics. Amiloride and its derivative, hexamethylene
amiloride, protect zebrafish lateral line hair cells from aminoglycosides (Coffin, et al., 2009;
Ou, et al., 2009) However, amiloride did not protect hair cells from cisplatin toxicity when
tested across a wide range of amiloride concentrations. This suggests that benzamil, but not
amiloride, may inhibit a target common to aminoglycoside- and cisplatin-induced pathways
or may inhibit two distinct cell death-related events. Oxidative stress is proposed to be
involved in both cisplatin and aminoglycoside-induced hair cell death (Rybak, et al., 2007;
Wu, et al., 2000). Whether paroxetine and benzamil alter the response of hair cells to
oxidative stress is unknown.
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4.2 Hair cell protection: an off-target effect of pharmaceuticals
We hypothesized that screening a library of FDA-approved drugs would identify compounds
that protect hair cells by some known mechanisms and therefore reveal new insights about
how hair cell death occurs. Compounds in the same drug class protected hair cells from
different combinations of toxins, suggesting that their known mechanisms of action do not
explain the compounds’ protection of hair cells.

Raloxifene and tamoxifen, are both selective estrogen receptor modulators (SERMs) that
each protect zebrafish lateral line hair cells from neomycin. Previous studies suggest that
estrogen receptors might affect hair cell function. Estrogen receptors are expressed in hair
cells of the inner ear of mice and rats (Stenberg, et al., 1999), birds (Noirot, et al., 2009), and
in zebrafish lateral line hair cells (Tingaud-Sequeira, et al., 2004). Froehlicher et al. (2009)
showed that reduction of estrogen receptor function interferes with hair cell development in
zebrafish. In chick, Hawkins et al. (2007) observed up-regulation of estrogen receptor
signaling in the inner ear following neomycin exposure. Nakamagoe et al. (2010)
demonstrated that estradiol protects hair cells from gentamicin toxicity in rat cochlear
explants. Meltser et al. (2008) found that DPN, an ER-β agonist, protects murine hair cells
from acoustic trauma perhaps via BDNF. Thus, SERMs may protect hair cells from
neomycin damage via their known mechanism of action.

Based on our findings, raloxifene and tamoxifen appear to diminish cell death by distinct,
off-target mechanisms of action. Of the SERMs tested here, only those that are structurally
similar to either raloxifene or tamoxifen showed any protective capabilities. In addition,
their ability to protect hair cells from short-term and long-term gentamicin exposure
correlated with structure (Table 2, Fig. 6). Tamoxifen, toremifene and afimoxifene share a
common chemical core (Fig. 6A) and protect hair cells from short-term gentamicin
exposure. Raloxifene and MPP are structurally similar and distinct from tamoxifen (Fig. 6B)
and protect against both short-term and long-term gentamicin exposure. However the other
SERMs tested had dissimilar structures from either tamoxifen or raloxifene (Fig. 6C) and
showed no protection. These observations suggest that although several compounds in the
same drug class protect hair cells, they are doing so through distinct and unknown structure-
related mechanisms.

In addition to the SERMs, we found divergence in protective profile of two SSRIs,
fluoxetine and paroxetine, and between two sodium-calcium exchangers, benzamil and
amiloride (discussed in 4.1 and 4.3). Based on these differences it is unlikely that these
compounds protect hair cells via effects on their defined pharmaceutical targets. Clinically,
SSRIs are used to treat psychological disorders by blocking serotonin transport channels and
maintaining serotonin in the synapse (Iversen, et al., 2006). Serotonin receptors and
transporters are expressed in the zebrafish brain (Norton, et al., 2008; Wang, et al., 2006) but
lateral line expression has not been examined. Airhart et al. (2007) showed that zebrafish
exposed to fluoxetine exhibit movement disorders, but whether this effect is related to hair
cell function in lateral line, vestibular or hearing organs or to other systemic effects is
unknown. Fluoxetine can inhibit potassium currents in guinea pig hair cells, an effect not
mediated by the serotonin reuptake channel, but rather by blocking the SK-type potassium
channel (Bian, et al., 2002; Terstappen, et al., 2003). This suggests that an off-target effect,
blockage of potassium channels, may afford hair cells protection from toxins. Paroxetine
also has targets other than the serotonin transport channel; paroxetine was shown to interact
with yeast proteins that metabolize RNA and with a P4-type ATPase, NEO-1, which confers
neomycin resistance in yeast (Ericson, et al., 2008).
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4.3 Mechanotransduction and toxin entry
Several studies have suggested that aminoglycosides enter hair cells via a
mechanotransduction-dependent process (Gale, et al., 2001; Steyger, et al., 2003; Marcotti,
et al., 2005; Santos, et al., 2006; Alharazneh, et al., 2011). Amiloride, hexamethylene
amiloride, and benzamil (see 4.1) have been shown to block mechanotransduction in hair
cells (Jorgensen and Ohmori, 1988; Tang, et al., 1988; Rusch, et al., 1994). Inhibiting
mechanotransduction by breaking tip links protects hair cells from subsequent
aminoglycoside toxicity (Assad, et al., 1991; Zhao, et al., 1996; Gale, et al., 2001). Mice and
zebrafish with mutations that inactivate mechanotransduction are resistant to
aminoglycosides (Richardson et al. 1997, 1999; Seiler and Nicolson 1999, Kros, et al.,
2001). Amiloride and hexamethylene amiloride were shown to reduce uptake of gentamicin
(Ou, et al., 2009; Coffin, et al., 2009). Although benzamil has been described as a
mechanotransduction channel blocker, we observe that in the presence of benzamil, some
gentamicin enters lateral line hair cells within three minutes of exposure. The route of
gentamicin entry may alter access to molecular targets. Perhaps mechanotransduction-
dependent entry of gentamicin results in hair cell death, while entry via other routes, such as
apical endocytosis, does not.

It is important to note that the relationship that we observed between the ability of a
compound to protect against long-term gentamicin and reduction of labeled gentamicin
uptake is complex. Four of the compounds (benzamil, phenoxybenzamine, raloxifene and
ractopamine) that protect hair cells against long-term gentamicin exposure significantly
decreased GTTR uptake. Paroxetine and methiothepin that are protective against gentamicin
(and other aminoglycosides) appeared to reduce GTTR uptake, but this uptake reduction was
not statistically significant. Other compounds protective against gentamicin had similar
levels of GTTR uptake as compared to GTTR only controls or showed an apparent (but not
significant) increase in GTTR uptake. On the other hand, we only evaluated GTTR uptake
with compounds that were first identified as inhibiting aminoglycoside toxicity of hair cells,
and therefore we would not identify compounds that significantly block GTTR uptake but
do not protect hair cells from aminoglycoside toxicity. Additionally our uptake assay is
relatively insensitive. It is not clear whether a modest reduction in aminoglycoside uptake
would explain a robust protection of hair cells over long time periods. Further studies that
use a more discriminative assay and comparisons with labeled neomycin and kanamycin in
addition to GTTR might shed further light on these issues.

Cisplatin has been shown to enter cells via the copper transporter CTR1 (Ishida, et al., 2002;
Pabla & Dong, 2008) and via the organic cation transporter OCT2 (Ciarimboli, et al., 2010).
It is not known how cisplatin entry relates to mechanotransduction or whether cisplatin
might also enter hair cells in a mechanotransduction-dependent manner. The ability of
benzamil to protect against cisplatin toxicity in lateral line hair cells may be due to
benzamil’s ability to block mechanotransduction with a somewhat higher affinity than
amiloride (Rusch, et al., 1994). Interestingly, neither of the two compounds that blocked
GTTR uptake most effectively, ractopamine and raloxifene, were protective against cisplatin
toxicity. As these protective compounds may block mechanotransduction-dependent uptake
of GTTR, this might suggest that cisplatin does not rely on the same route to enter hair cells.
It will be interesting to determine whether protective compounds reduce cisplatin toxicity by
blocking its entry into cells and whether cisplatin uptake is a mechanotransduction-
dependent process.

5. Conclusions
We believe that comprehensive screening of compounds that protect lateral line hair cells in
zebrafish in vivo is a first step toward finding therapies to prevent hearing loss in humans.
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The protective compounds presented here are FDA-approved for use in humans and strongly
protect zebrafish hair cells with multiple ototoxic drugs; to our knowledge they are the first
compounds shown to have these properties. We hope that testing in mammals will reveal
protective effects in the inner ear as well.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

The zebrafish lateral line system is used as an in vivo drug-screening platform.

10 medicinal drugs protect hair cells from aminoglycoside or cisplatin damage.

Some protective compounds block gentamicin uptake into mechanosensory hair
cells.

Protective compounds from the same drug class protect against different toxins.

Drugs may not act via their canonical targets in protecting hair cells.
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Figure 1.
Dose response testing reveals broad ranges of protective effects against neomycin,
gentamicin, kanamycin and cisplatin. Graphs show mean % hair cell survival ± 1 SEM of
zebrafish treated with varying concentrations of protective compound (“By Compound”) or
by varying concentration of toxin (“By Toxin”) for four protective compounds: fluoxetine
(A), paroxetine (B), loperamide (C) and benzamil (D). Zebrafish were assayed following 1
hr pretreatment in putative protective compound followed by co-exposure to a toxin:
neomycin (neo) for 1 hr, gentamicin (gent) for 6 hr, kanamycin (kan) for 24 hr or cisplatin
(cis) for 24 hr with protective compound. Larvae were stained in vivo with DASPEI to
evaluate neuromasts. Each group consists of >9 fish. In the left column, treating with
protective compound had a significant effect (1-way ANOVA, p<0.05) for all groups. In the
right column, adding protective compound to a wide range of toxin concentrations had a
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significant effect (2-way ANOVA, p < 0.05 for treatment, concentration and interaction) for
all groups.
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Figure 2.
Cisplatin-induced cancer cell death is not inhibited by addition of benzamil or paroxetine.
Graphs show the mean percentage ± 1 SEM of A549 cells surviving 72 hr treatment with
cisplatin and paroxetine (A) or benzamil (B). Mean % cancer cell survival was determined
using an ATP luminescence assay. Each point shows the mean of three replicate
experiments. Paroxetine did not significantly alter toxic effects of cisplatin (2-way ANOVA,
interaction: p = 0.91, paroxetine concentration: p = 0.60, cisplatin concentration: p <
0.0001). Benzamil significantly enhanced cisplatin toxicity (2-way ANOVA, interaction: p =
0.21, benzamil concentration: p < 0.001, cisplatin concentration: p < 0.0001).
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Figure 3.
Pretreatment is necessary to confer protection against neomycin with methiothepin and
phenoxybenzamine. Zebrafish hair cells exposed to methiothepin (A) or phenoxybenzamine
(B) along with 1 hr exposure to neomycin showed significantly decreased protection as
“time in pretreatment” decreased (1-way ANOVA, p < 0.05 for both compounds; by
Bonferroni’s Multiple Comparison test: * = p < 0.05; *** = p < 0.001.). Treatment groups
were tested along with control group treated with 1 hr exposure to neomycin only (“neo
only”). Y-axes show mean % hair cell survival ± 1 SEM normalized to untreated controls.
X-axis categories show minutes of time in pretreatment in protective compound before toxin
exposure.
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Figure 4.
Gentamicin-Texas Red (GTTR) entry into hair cells is altered by exposure to protective
compounds. A) Images of a zebrafish neuromast pre-labeled with YOPRO-1 after a 3 min
exposure to GTTR. YO-PRO1 labels hair cell nuclei (left, green channel). GTTR localized
to puncta the apical region of hair cells, down and to the left in this image and a lower levels
throughout the cytoplasm (middle, red channel). An image merging the red and green
channels is shown to the right. The scale bar is 10 μM. B) Mean fluorescence intensity ± 1
s.d. of neuromasts exposed to protective compound and GTTR, embryo media only (EM
only), or GTTR only (GTTR) for 3 min. Intensity is normalized and shown as a mean
percentage of the GTTR only case. GTTR fluorescence intensity is significantly altered by
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addition of the protective compounds raloxifene (p<.001 ), ractopamine (p< .01),
phenoxybenzamine (p<.05) and benzamil (p<.05). Shaded bars represent compounds that
did not protect hair cells from gentamicin toxicity after 6 hr exposure. C) Plot of GTTR
intensity following 3 min exposure to 50 μM GTTR (% intensity normalized to GTTR only)
vs. hair cell survival following 6 hr exposure to 50 μM gentamicin (% hair cell staining) for
each protective compound.
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Figure 5.
Five selective estrogen receptor modulators (SERMs) protect hair cells from neomycin,
while only raloxifene and MPP protect hair cells from long-term gentamicin exposure. Dose
response curves show mean % hair cell survival ± 1 SEM following exposure to 200 μM
neomycin or 50 μM gentamicin and tamoxifen (A), toremifene (B), afimoxifene (C),
raloxifene (D), and MPP (E; 1,3-Bis(4-hydroxyphenyl)-4-methyl-5-[4-(2-
piperidinylethoxy)phenol]-1H-pyrazole dihydrochloride). Larvae were pretreated with
protective compound for 1 hr before co-exposure of protective compound and neomycin for
1 hr or co-exposure with gentamicin for 6 hr, and then stained with DASPEI to count hair
cells. Each group is n >9 fish. Treating with protective compound had a significant effect (1-
way ANOVA, p < 0.05) on neomycin toxicity for all groups and a significant effect (1-way
ANOVA, p < 0.05) on gentamicin toxicity for raloxifene and MPP but no significant effect
for tamoxifen, toremifene and afimoxifene.
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Figure 6.
Chemical structures of estrogen receptor ligands tested for protective effects in this study.
Those that protected against aminoglycosides had similar structural elements to either
tamoxifen (toremifene, afimoxifene; A) or raloxifene (MPP; B) while the other compounds
(PPT, DPN, R,R THC, 17-beta estradiol and fulvestrant; C) had noticeably different
structures.
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