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The zebrafish lateral line is an efficient model system for the evaluation of chemicals that protect and
damage hair cells. Located on the surface of the body, lateral line hair cells are accessible for manipu-
lation and visualization. The zebrafish lateral line system allows rapid screens of large chemical libraries,
as well as subsequent thorough evaluation of interesting compounds. In this review, we focus on the
results of our previous screens and the evolving methodology of our screens for chemicals that protect

hair cells, and chemicals that damage hair cells using the zebrafish lateral line.
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1. Introduction

Hearing loss has been recognized by the World Health
Organization (2010) (WHO) as a growing, serious global health
concern. In the United States alone, 15% of adults aged 20—69 report
hearing impairment, and the prevalence of hearing impairment of
seniors ranges from 60% to 90%, depending on the criteria used. In
2005, the WHO estimated that 278 million people worldwide had
moderate to profound hearing loss, with 80% of them living in low-
and middle-income countries. While much work has been done to
alleviate hearing loss through hearing aids or cochlear implants,
prevention should be our ultimate goal. Developing methods to
prevent hair cell death is an obvious mission and, when successful,
will likely eliminate a large percent of hearing loss worldwide.

Hearing loss prevention can come in a number of ways. Simply
educating people worldwide about the dangers of noise exposure,
chronic infection, and ototoxic injury would prevent a large
percentage of hearing loss worldwide. In fact, the WHO estimates
that roughly half of all cases of deafness and hearing loss would be
avoidable through exposure prevention and early diagnosis. From
a research standpoint, prevention can come by protecting hair cells
and other cells of the inner ear from injury, and also by identifying
agents that injure hair cells and supporting structures.
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The zebrafish lateral line system offers a rapid and efficient
model to evaluate the effects of large numbers of drugs on
mechanosensory hair cells (Froehlicher et al., 2009; Coffin et al.,
2010; Ou et al., 2010). Lateral line organs are composed of hair
cells that share most properties with hair cells of the inner ear,
including selective susceptibility to known ototoxins such as ami-
noglycoside antibiotics and chemotherapy agents (Williams and
Holder, 2000; Ton and Parng, 2005; Harris et al., 2003; Ou et al,,
2007). Their location on the body surface allows rapid analysis of
the response to individual drugs and drug combinations. In this
review, we will describe our experience using the zebrafish lateral
line to screen and study chemicals that protect and damage hair
cells of the inner ear.

2. Why screen for ototoxicity?

Ototoxins are drugs or other small molecules that cause inner
ear damage. The number of well-established ototoxins is small for
a number of reasons. For Food and Drug Administration (FDA) drug
approval, most attention is focused appropriately on toxicity to
larger organ systems such as the heart, liver, and kidney, but not the
inner ear or hearing. In addition, there is no standard screen for
ototoxicity. While drugs that cause dramatic hearing loss are ulti-
mately identified (e.g. aminoglycosides and platinum drugs) due to
severe patient symptoms, it is likely that there are a large number
of drugs that cause milder degrees of hearing loss or slower onset of
hearing and balance problems that go undetected, or are attributed
to other causes. In young children, hearing loss after drug
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administration may be easily missed unless specifically screened
for. In older adults, hearing loss after drug administration may more
likely be attributed instead to age-related hearing loss. Further-
more, while we know of certain drugs that are ototoxic when
administered alone, we know very little about the ototoxicity
profiles of drug combinations and even less about the interactions
of genetic variation and drug ototoxicities. Aminoglycosides cause
synergistic ototoxicity with certain diuretics (Mathog and Klein,
1969; Brummett et al., 1981), but in reality this is a very rarely
used combination. However, in this age of polypharmacy, it is likely
that certain drug regimens are potentially dangerous to the inner
ear. For these reasons, a forward, high throughput screen for
ototoxic drugs would be of great value for the medical community
and the pharmacological industry. With most in vivo model
systems that are used to study hair cells, testing large numbers of
drugs for toxicity is impractical, and the currently available cell
lines do not adequately represent mature hair cells (Kalinec et al.,
1999), which limits their applicability for revealing the funda-
mental pathways underlying ototoxicity in mature inner ears. We
believe that chemical screening in the zebrafish lateral line offers
a feasible way to test large numbers of drugs and drug combina-
tions for toxicity to hair cells.

3. Why screen for protectants?

A large number of drugs and chemicals have been proposed to
protect the inner ear against damage. These compounds include
agents such as antioxidants, caspase inhibitors, and jun-kinase
inhibitors (Matsui et al, 2002; Wang et al, 2003, 2004; Sha
et al., 2006; Campbell et al., 2007; Eshraghi et al, 2007;
Feldman et al., 2007). In particular, studies with aspirin as well as
p-methionine have shown some promising evidence that they
may be able to partially prevent hearing loss in humans, and in
some cases rescue hair cells from death (Sha et al., 2006; Campbell
et al., 2007). However, very few drugs have made it to the point of
clinical trials, none have consistently shown robust protection
across a wide range of damage levels and none are yet approved
by the FDA for use in the prevention of hearing loss or balance
disorders.

Early cellular studies of hair cell death due to noise over-
exposure and ototoxic drugs sought to characterize hair cell
death as primarily apoptotic (Forge and Li, 2000; Cunningham
et al, 2002; Matsui et al.,, 2002; Cheng et al., 2003). It is now
evident that both caspase-dependent and caspase-independent
processes are involved in ototoxic drug-induced hair cell death
(Jiang et al., 2006; Owens et al., 2009). Moreover, traditional
concepts of cell death as apoptotic versus necrotic have been
replaced by an understanding that apoptosis and necrosis are two
extremes in a continuum of cell death mechanisms (reviewed in
Vandenabeele et al., 2010), and that necrosis in some cases is
a carefully regulated process similar to apoptosis (Holler et al.,
2000; Degterev et al., 2005; Hitomi et al., 2008). Furthermore,
there is significant interaction between death pathways (Zhang
et al., 2009; reviewed in Zhivotovsky and Orrenius, 2010), such
that inhibition of one cell death pathway can lead to activation of
another. Specifically, inhibition of apoptotic pathways can lead to
an increase in necrotic and autophagic death (Vercammen et al.,
1998; Lin et al,, 1999; Yu et al,, 2004; Vandenabeele et al., 2006)
and inhibition of autophagy can trigger apoptotic-like cell death
(Boya et al., 2005). Put simply, a cell (in this case, a hair cell) can find
a way to die even in the presence of a cell death inhibitor. These
findings may partly explain why most protective drugs in the inner
ear have demonstrated partial rather than complete protection.
Therefore, in order to most completely and effectively block hair
cell death, we are likely to need single drugs or combinations of

drugs that block multiple aspects of cell death. Drug screening
offers an efficient method by which large numbers of candidate
protective drugs can be rapidly identified and tested alone or in
combinations.

For practical reasons most studies of protection against inner ear
damage use exposure to known ototoxic drugs or damaging noise
levels. These are certainly the most straightforward damage para-
digms that can be tested experimentally. One could imagine that
a drug that prevents inner ear damage from noise or ototoxins
might also be able to prevent progressive hearing loss in a young
patient, or presbycusis in an older one. In fact, many necrotic and
apoptotic pathways involved in ototoxin-induced hair cell death
are also known to be involved in noise-induced hearing loss
(Saunders et al., 1985; Nicotera et al., 2003; Yang et al., 2004; Han
et al., 2006; reviewed in Op de Beeck et al., 2011) and age-related
hearing loss (Usami et al., 1997; Sha et al., 2009; Someya et al.,
2009).

4. Previous chemical screens in zebrafish

The zebrafish larva has numerous qualities that make it an ideal
model organism for screening. First, the zebrafish’s small size and
high fecundity make it useful for examining large numbers of
treatment conditions. Second, the optically clear body facilitates
phenotypic evaluation of a number of organ systems, including, but
not limited to the heart, nervous system, eyes, ears, and lateral line
hair cells. The zebrafish genome is also very well characterized and
manipulated (Ekker et al., 2007), for example, using morpholino
oligonucleotides to knockdown molecular targets (Nasevicius and
Ekker, 2000) and through the generation of transgenic zebrafish
(Stuart et al., 1988, 1990). The use of the zebrafish in a chemical
screen was first demonstrated by Peterson et al. (2000), who
identified small molecules that modulate development of the
cardiovascular system, central nervous system, neural crest, and
ear. Subsequent chemical screens have identified a number of
different compounds, including novel retinoids (Sachidanandan
et al., 2008), drugs that affect heart rate (Milan et al., 2003),
drugs that regulate hematopoietic stem cell homeostasis (North
et al., 2007), compounds that inhibit melanoma (White et al.,
2011) and chemicals that can suppress a genetic mutation that
causes coarctation of the aorta in a zebrafish model (Peterson et al.,
2004).

5. Hair cells of the lateral line can be rapidly assessed

In all aquatic vertebrates, the hair cells of the lateral line are
external and directly exposed to the water surrounding the fish,
where they are used to detect direction and changes in flow (Fig. 1).
At five days post-fertilization (dpf), the larval zebrafish is approx-
imately 3 mm in length. While a number of investigators had
previously demonstrated that lateral line hair cells are susceptible
to aminoglycoside exposure (Kaus, 1987; Song et al., 1995), in vivo
imaging of individual zebrafish lateral line hair cells was first
demonstrated by Williams and Holder (2000), who observed
neomycin-induced hair cell death and regeneration in larval
zebrafish. Harris et al. (2003) subsequently developed additional
assays to quantify hair cell death and regeneration in the lateral
line, laying the groundwork for subsequent genetic and chemical
screening studies aimed at discovering modulators of hair cell
sensitivity to ototoxic exposures and for further toxicity screening.
Additional work by our group and others (Murakami et al., 2003;
Ton and Parng, 2005; Santos et al., 2006; Ou et al., 2007; Owens
et al,, 2007; Coffin et al., 2009) has characterized the response of
the zebrafish lateral line to ototoxic compounds such as amino-
glycosides and cisplatin.
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Fig. 1. Schematic of zebrafish lateral line neuromast. Neuromast typically consists of
5—20 hair cells surrounded by mantle of supporting cells. Hair cell apices extend
stereocilia and kinocilia into water surrounding fish. (reprinted from Chiu et al., 2008,
with permission of Springer Publishing, J. Assoc. Res. Otolaryngol.).

One great strength of the zebrafish lateral line model has been
the ability to vary damage protocol parameters in large-scale
experiments. An entire two-dimensional dose-response matrix
(with variable doses of protectant versus variable doses of ototoxic
drug) is easily obtained due to the availability of large numbers of
zebrafish and the efficiency of testing. This kind of testing can
reveal important differences that are not otherwise readily identi-
fied in other systems (e.g. protection against only a limited range of
ototoxin, or toxicity of the protectant at higher doses). A second
strength for our purposes is that hair cell death occurs fairly rapidly,
with near total hair cell death possible after 1 h of neomycin and 6 h
of cisplatin (Harris et al., 2003; Ou et al., 2007). The speed of these
events is critical to the efficiency of zebrafish screens. Lastly, the
lateral line hair cells are studied within a whole organism, and as
a result are in their true native environment, including proper cell
polarity, afferent and efferent nerve connections, and intimate
association with neighboring supporting cells.

6. Fluorescent dyes

Critical to in vivo studies of the zebrafish lateral line is the ability
of hair cells to selectively take up a number of fluorescent dyes
(Santos et al., 2006). Some of these deserve special mention for
particular utility in screening. YO-PRO1 (Invitrogen) is a cyanine
dye which binds to DNA and very brightly labels hair cell nuclei
(Fig. 2). The staining is easily visualized for over 24 h and thus
allows long-term imaging, or longer duration screens.

FM1-43 (Invitrogen) is well known as a cytoplasmic/plasma
membrane label of hair cells in a variety of animal models. Staining
appears to be mechanotransduction dependent (Gale et al., 2001).
It labels lateral line hair cells brightly. In some cases, however, FM1-
43 staining can be problematic for screening, due to time-
dependent variation in its staining pattern. Initially, staining is
primarily around the apices of the hair cells. Over time, the staining
becomes more membrane-bound and vesicular. This variation in
labeling can convolute attempts to rapidly evaluate hair cells during
a screen.

DASPEI has also been extensively used in our lab and can be used
to rapidly label hair cells and quantify damage. Its labeling is

dependent on an intact mitochondrial potential. DASPEI is partic-
ularly instrumental to our genetic screens, where evaluation of
large numbers of larval zebrafish in a single day is necessary
(Owens et al., 2008).

While a number of other dyes, such as Lysotrackers (Invitrogen),
Mitotrackers (Invitrogen), and DASPEI is available and has been
used successfully (Owens et al., 2007, 2008) in zebrafish, for most
in vivo hair cell survival screens in our laboratory, a simple nuclear
stain such as YO-PRO1 is sufficient. The nuclear stain allows
assessment of subtle changes in nuclear morphology as well as
more dramatic changes such as nuclear condensation and frag-
mentation. However, for dose-response testing, immunohisto-
chemistry allows for quantitative hair cell counts that can be
difficult to perform in vivo. Typically, we have used anti-
parvalbumin antibody to label lateral line hair cells in fixed tissue
(Fig. 2). Lastly, for analysis of aminoglycoside uptake, Texas Red-
conjugated gentamicin (GTTR; (Steyger et al, 2003)) is very
rapidly taken up by hair cells of the lateral line and is easily visu-
alized with in vivo fluorescence microscopy (Fig. 2).

7. Disadvantages of the zebrafish

It is important to note some critical differences between
zebrafish lateral line hair cells and mammalian inner ear hair cells.
Hair cells of the lateral line essentially extend their stereocilia and
kinocilia into the surrounding media. There is no separation of fluid
spaces analogous to those of the inner ear (Fig. 1). Inner ear hair
cells also come in several varieties (e.g. inner and outer hair cells)
with distinct susceptibilities to ototoxins. Overall, any discovery
made in fish must be confirmed in mammals prior to translational
applications. However, the zebrafish lateral line model permits
rapid identification of chemicals of interest, as well as large-scale
follow-up studies to carefully examine subtleties in how a chem-
ical damages or protects hair cells.

8. Chemical screening for hair cell protection

Our chemical screens have initially focused on protection,
particularly against aminoglycoside-induced hair cell death. While
different ototoxins likely activate different death pathways, it is also
likely that there is overlap and convergence. Our hope is that
a chemical or combination of chemicals found to be protective
against aminoglycoside-induced hair cell death will also have
potential applications against other causes of hair cell injury.

8.1. ChemBridge DIVERSet E small molecule library protection
screen

Our initial chemical screen assessed a subset of the ChemBridge
DIVERSet E library for small molecules that inhibit neomycin-
induced hair cell death (Owens et al., 2008). This library consists
of structurally diverse molecules without previous known bioac-
tivity that are designed to conform to the Lipinski et al. (2001)
“Rules of 5” to optimize their “drug-like” potential. The experi-
mental protocol involved labeling 5 dpf zebrafish with YO-PRO1
and FM1-43, then placing one fish into each well of a 96-well
plate with an optical grade base for microscopy (Fig. 3). Each well
was then pretreated with drugs from the small molecule library for
1 h. After pretreatment, neomycin was added to each well at
a concentration that causes death of almost all hair cells in each
lateral line neuromast. After neomycin treatment, the 96-well plate
was then placed directly onto a motorized stage of an inverted
epifluorescent microscope. Hair cell survival could be rapidly
assessed. For any wells that demonstrated robust protection, the
results were retested and confirmed.
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Fig. 2. Fluorescence microscopy of zebrafish neuromasts. A/B — Neuromasts labeled with YOPRO-1 which labels hair cell nuclei in vivo. In A, hair cells are intact with typical lacy
chromatin pattern. In B, after exposure to neomycin, most hair cells have died with condensed nuclei and nuclear fragments remaining. C/D — Immunohistochemistry on fixed
tissue using anti-parvalbumin antibody. For hair cell counts, anti-parvalbumin antibody allows easy visualization and quantification of hair cell death in intact (C) and damaged (D)
neuromasts. E/F — Texas red-conjugated gentamicin allows assessment of aminoglycoside uptake into YOPRO-1 labeled lateral line hair cells. After 3 min of exposure, hair cells are
brightly labeled with GTTR (red) in control neuromasts (E). However, when treated with some protectants, GTTR uptake is significantly diminished (F). Scale bars in B, D, and

F=10 ym.

We screened 10,960 compounds from this library, yielding two
“hits” with robust protection (Owens et al., 2008). Interestingly,
both hits (hereafter named PROTO1 and PROTO2) share a similar
chemical structure and are of a family of compounds called ure-
athiophene carboxamides. Follow-up dose-response testing of both
compounds showed that both compounds demonstrated dose-
dependent protection against neomycin damage. More impor-
tantly, both compounds protected against a broad range of
neomycin doses — in other words, the protective effects did not
disappear at high doses of neomycin. Microbiological testing
revealed that neither compound interferes with the bactericidal
and bacteriostatic effects of neomycin. Subsequent testing in
a mouse utricle in vitro preparation demonstrated similar levels of

protection, showing for the first time that a hair cell protective
compound found in a zebrafish could have results which translate
into mammalian findings. PROTO1 is currently in early stages of
drug development. Recent studies have demonstrated that PROTO1
can protect against hearing loss induced by kanamycin-induced
hair cell toxicity in vivo in the rat (Rubel et al., 2011).

8.2. NINDS Custom Collection II library protection screen

The majority of uncharacterized small molecules are not likely to
have any biological activity. For those that do cause a phenotypic
change, the molecular targets are obviously unknown. Thus, small
molecules are not yet “drugs”, and the number of steps required for
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Fig. 3. Schematic of hair cell toxicity and protection protocols. 5 dpf zebrafish are
labeled with fluorescent dye, and then placed into individual wells of a 96-well plate.
For hair cell toxicity screens, zebrafish are then treated with library compounds and
then directly imaged in 96-well plate. For hair cell protection screens, zebrafish are
first treated with library compounds, followed by treatment with hair cell toxin.
Zebrafish are then imaged within 96-well plates for evidence of hair cell protection.

one to be developed into an FDA-approved drug is numerous. A
second approach we have undertaken is screening libraries of FDA-
approved drugs and bioactives (Ou et al., 2009). The NINDS Custom
Collection II (Microsource) is a library of 1040 FDA-approved drugs
and other compounds with known biological activity. The advantage
is that any drug identified as promising, already has known targets
and bioactivity, and typically has been used safely in humans.

We screened this library using a similar screening protocol and
identified seven drugs that demonstrated robust protection on
initial screening. These seven compounds were amsacrine, carve-
dilol, cepharanthine, drofenine, hexamethyleneamiloride, phe-
noxybenzamine, and tacrine. As with PROTO1 and 2, all seven
compounds demonstrated dose-dependent protection against
neomycin, as well as protection against a wide range of neomycin
concentrations. None interfered with the bactericidal and bacte-
riostatic effects of neomycin. We also tested whether each of these
drugs affected aminoglycoside uptake using Texas Red-conjugated
gentamicin (GTTR). Interestingly, four of the seven drugs (amsa-
crine, carvedilol, hexamethyleneamiloride, and phenoxybenz-
amine) appeared to reduce uptake of GTTR. The remaining three
drugs did not, and thus likely have intracellular targets responsible
for their protective activity. It should be noted that blocking uptake
of aminoglycosides or inhibiting intracellular targets would both be
of potential clinical utility as long as the effects are limited to hair
cells. In fact, given the number of possible death pathways trig-
gered by ototoxic agents, blocking uptake might be the most
definitive way to prevent hair cell death.

In summary, we have been able to use this approach to identify
FDA-approved drugs that reliably block neomycin-induced hair cell
death, facilitating the transition to clinical translation. The anti-
cholinergic drug tacrine, used for the treatment of Alzheimer’s
dementia, has since been found to have similar protective effects
in vitro on hair cells of the mouse utricle (Ou et al., 2009).

The ChemBridge DIVERSet E library of small molecules and the
NINDS Custom Collection II represent the first libraries screened by
our group for hair cell protection against neomycin. Many other small
molecule and bioactives libraries are available, and screens of these
libraries for aminoglycoside and cisplatin protection are ongoing.

Screening the zebrafish lateral line for protection against
aminoglycoside-induced hair cell death has quickly yielded a large
number of compounds that warrant further evaluation. We would
expect a subset of these compounds to have similar effects in
mammals, and a subset to have effects that may extend to other causes
of ototoxic injury (e.g. platinum drugs, noise, and perhaps aging).

9. Chemical screening for hair cell toxicity

Screening for chemicals that protect hair cells has provided
a number of interesting protective compounds. A simple modifi-
cation of the protection screen transforms it into a screen for
chemicals that are damaging to hair cells of the zebrafish lateral
line. While any potential hair cell toxin must then be confirmed in
mammalian systems, identifying chemicals that cause selective
hair cell toxicity in a living organism is a promising method for
identifying potential ototoxins.

9.1. NINDS Custom Collection II library toxicity screen

The value of screening a small molecule library for hair cell toxicity
is limited. We thus chose to perform our first hair cell toxicity screen
on the NINDS Custom Collection II library of 1040 FDA-approved
compounds and bioactives (Chiu et al., 2008). By simply removing
the aminoglycoside exposure from the protection screen protocol, we
could easily monitor for hair cell toxicity (Fig. 3). Because neomycin
causes hair cell death in the 100 pM concentration range, we chose to
screen for hair cell toxicity using a similar concentration. In brief, hair
cells of 5 dpf zebrafish were first labeled with YO-PRO1 to label hair
cell nuclei. One zebrafish was then placed into each well of a 96-well
plate. The zebrafish were then treated for 1 h with drugs from the
NINDS Custom Collection II at 100 uM concentration for 1 h. The 96-
well plate was then imaged directly with fluorescence microscopy, as
described for the hair cell protection screens.

This screen identified 21 confirmed hits. As proof of concept,
seven of the 21 hits were known ototoxins, including neomycin and
cisplatin. The remaining 14 drugs were not known to have ototoxic
effects. To examine whether the findings were translatable to
mammalian inner ears, we tested two of the drugs, propantheline
and pentamidine, in vitro on free floating cultures of the mouse
utricle. This testing revealed similar hair cell toxicity in the mouse
utricle, with significant hair cell loss at doses lower than those
required with aminoglycosides in identical experimental condi-
tions. However, neither the zebrafish lateral line nor the mamma-
lian utricle in vitro reveal a drug’s inner ear penetration when given
systemically — a matter that is critical to a drug’s ototoxic potential.
To truly demonstrate ototoxicity, testing must be performed in vivo
in mammals. These studies are ongoing.

9.2. National Cancer Institute (NCI) Approved Oncology Drugset
The screen in the NINDS Custom Collection I was performed to

demonstrate feasibility of the hair cell toxicity screen in the zebrafish
lateral line. It was not meant to identify all drugs in the library that
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cause hair cell death. Drugs were only screened at one concentration
(100 puM) for a treatment period of single duration (1 h). While seven
known ototoxins were identified, five were not. This is likely because
exposure parameters were not sufficient to result in hair cell damage.
We know from other studies (Ou et al., 2007; Owens et al., 2009) that
hair cell death from cisplatin and other aminoglycosides can require
a minimum of 6 h of exposure. In addition, drugs that were lethal to
the zebrafish were not retested. It is certainly possible that some of
these drugs, when tested at lower doses would demonstrate hair cell
death without being lethal to the fish.

Our subsequent screen for hair cell toxicity had different goals. We
wished to perform a more comprehensive screen — i.e. determine
whether we could detect all known (as well as novel) ototoxins in
a drug library. We elected to screen the NCI Approved Oncology
Drugset, a library composed of 88 FDA-approved anti-cancer drugs
(Hirose et al., 2011). Anti-cancer drugs are particularly fertile ground
for ototoxicity research for multiple reasons. By nature, many are
cytotoxic and have good tissue penetration and thus would have
a higher risk of ototoxicity. Secondly, they are typically used in
combination and are therefore useful for the study of synergistic
ototoxicity. Lastly, patients on anti-cancer drugs are often well-
monitored and thus hearing loss is perhaps more likely to be detec-
ted. This last point comes with the caveat that many cancer studies
report only severe hearing loss as a complication, leaving out mild and
moderate hearing loss that most patients would consider significant.

To make the screen more comprehensive, we addressed some of
the deficiencies of the first hair cell toxicity screen — namely, that
only one exposure paradigm was used, and that lethal drugs were
not retested. For the anti-cancer drug screen, we tested all drugs at
a 100 uM concentration with exposure times of both 1 h and 6 h. If
an exposure was found to be lethal to the fish, we reduced the dose
by half and retested at both durations until we had reached a dose
that was nonlethal and the hair cells could be assessed.

Using this modified protocol, the screen successfully identified 4
out of 5 (80%) of known ototoxins (Hirose et al., 2011). Interestingly,
the known ototoxin carboplatin was not identified. To determine
whether this was in fact a “true miss” of the screening protocol, or
whether other factors were contributing, we retested carboplatin
and were unable to cause hair cell damage even with 1 mM car-
boplatin for 24 h. This may represent a difference in the carboplatin
pharmacokinetics between zebrafish and mammals. It is inter-
esting to note, however, that in a study by Dean et al. (2008),
carboplatin-treated patients had only a 4% incidence of hearing loss
compared to 57% of cisplatin-treated patients. It is possible that this
difference may be seen in the zebrafish lateral line as well.

The anti-cancer drug family is also interesting because while
very few are well-established ototoxins, many could be termed
“suspected” ototoxins. These drugs have had isolated case reports
of hearing loss after drug exposure (Tibaldi et al., 1998; Moss et al.,
1999; Attili et al., 2008). In many of these cases, the drugs were
given in combination with other drugs, so it is unclear if an indi-
vidual drug or a combination was responsible for the hearing loss.
The anti-cancer drug screen detected 4 out of 7 (57%) “suspected”
ototoxins suggesting that some of these drugs might in fact be true
ototoxins and merit further evaluation. These four drugs were
subsequently found to cause dose-dependent hair cell loss in lateral
line hair cells. In vivo testing in mammals is currently in progress.

9.3. Synergistic hair cell toxicity

As stated previously, the efficiency of testing in the zebrafish
permits easy manipulation of exposure parameters and evaluation
of damage. This is particularly valuable in the investigation of
synergistic ototoxicity. The concept of synergistic ototoxicity is not
new. Aminoglycosides are known to have synergistic ototoxicity

with loop diuretics, as well as noise (Mathog and Klein, 1969;
Brummett et al., 1981; Santi et al., 1982; Li and Steyger, 2009). These
interactions however are quite rare in clinical practice. In contrast,
it is the norm for anti-cancer drugs to be used in combination.
Therefore, we sought to examine a number of anti-cancer drug
combinations for synergistic hair cell toxicity (Hirose et al., 2011).

We utilized low, relatively non-toxic concentrations of each
anti-cancer drug (i.e. concentrations for each drug that individually
cause minimal hair cell damage) in order to facilitate the identifi-
cation of synergistic effects. Multiple commonly used anti-cancer
drug combinations with cisplatin were evaluated. We chose to
evaluate for synergistic effects by calculating Chou and Talalay
(1984) combination indices for each group of drugs tested. This
combination index is a commonly used method for analyzing drug
interactions, and is widely used in the cancer literature. Of the ten
combinations evaluated, five of them demonstrated significant
synergism. In particular, the combinations of cisplatin with vinor-
elbine, cisplatin with vincristine, and cisplatin with doxorubicin
were considered strongly synergistic (Hirose et al., 2011).

With the exception of this report, we have screened only indi-
vidual drugs for hair cell toxicity. Our findings of synergistic hair
cell toxicity using cancer therapeutics suggest that in some
scenarios, drug combinations may be even more important than
toxicity from single drugs. While only anti-cancer drugs were
tested in this study, this finding likely applies by some extent to all
drugs. This suggests that when considering a patient’s risk for an
ototoxic injury, their entire drug regimen, rather than individual
drugs should be considered. While drug screens of all possible
combinations of drugs are impractical, screens of particularly
common drug regimens might be warranted.

In summary, we have used the zebrafish lateral line to screen
multiple drug libraries for hair cell toxicity. We have also found that
certain drug combinations may have more ototoxic potential than
others. As stated previously, to truly prove ototoxicity, in vivo
testing in mammals is paramount. However, our hope is that the
zebrafish can be used as an early screen for ototoxicity to identify
potentially dangerous drugs or drug combinations that merit more
formal audiologic testing during clinical trials.

10. Technical considerations for chemical screens in the
lateral line

10.1. Selecting a damage protocol

There are a number of technical considerations to be aware of
when using zebrafish lateral line hair cells for chemical screens.
Parameters for screening will obviously depend on the purpose of
the screen. To identify potential therapeutic drugs aimed at pro-
tecting hair cells, a robust and invariant damaging paradigm is
needed. Typically the lowest dose of damaging agent that still gives
maximum damage without systemic lethality is used. Short incu-
bation times are important to speed sample throughput, however,
to identify possible new ototoxic drugs, longer incubation times
may be needed to identify damage. Relative damage caused by
chemicals within a library can be influenced by the carrier in which
chemicals are dissolved. Libraries are typically dissolved in dime-
thylsulfoxide (DMSO), which has been shown to be toxic to hair
cells in some models (Qi et al., 2008) and can be lethal to zebrafish
at too high a concentration. As a result, carrier-only controls are
needed during each screening experiment to interpret results.

10.2. Library selection

The choice of the type of chemical library will influence screen
design. Diverse small molecule libraries have the advantage that
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any discovery has the potential to be developed into a novel drug.
Not surprisingly, the “hit rate” for small molecule screens is rela-
tively low because the vast majority of small molecules have no
obvious measurable bioactivity. In contrast, screens of previously
developed drugs or bioactives typically have higher hit rates
(Rothstein et al., 2005; Ouertatani-Sakouhi et al., 2010; Cho et al.,
2011). In our hands, screening a library of FDA-approved drugs
and bioactives for protection against neomycin damage had a 35-
fold higher success rate than screening a diverse small molecule
library of unknown activity (Owens et al., 2008; Ou et al., 2009). For
screens of larger libraries, multiplexing (screening multiple drugs/
chemicals per well) is a common practice to reduce the overall
number of plates needed to be screened. Since many of the
compounds in small molecule libraries have little activity, the
chances of confounding interactions are miniscule, although
certainly interactions between small molecules, or lethality of
certain molecules can potentially mask a positive effect. Con-
founding interactions will be more likely while screening libraries
of known drugs and bioactives; however the relatively small size of
these libraries usually makes multiplexing unnecessary.

Another consideration is the criteria for selection of initial hits
for subsequent evaluation. When screening for compounds that
protect hair cells against damage, we have used criteria that are
relatively stringent, particularly for large libraries. By contrast, our
criteria are considerably relaxed in screens designed to identify
potentially toxic compounds. False negative identifications are less
desirable, and a higher false positive rate is tolerable because these
can be easily retested. Confirmatory testing is critical for any “hit”.
Typically, this consists of repeat testing in triplicate, followed by full
dose-response testing. Typically, a high false positive rate would
make confirmatory testing frequent and onerous, however, the
efficiency of the zebrafish model allows this kind of testing to be
done rapidly. For protectants, formal two-dimensional dose-
response matrices are obtained for each protectant. For example,
with neomycin we first determine the optimal protective concen-
tration against the minimum concentration of neomycin that cau-
ses maximal hair cell loss. We then test this concentration of the
potential protectant against a wide range of neomycin concentra-
tions, from a concentration that has no activity to a level at least 4 x
our original concentration. For toxicants, a simple dose-response
curve with increasing doses of the potential toxic drug is
performed.

10.3. Following up hits from screens

An important consideration is that our screening experiments
represent a phenotypic approach. Determining mechanisms of
action for identified chemicals is challenging. Even drugs with
known bioactivity and known targets are expected to have several
unidentified targets. One way to test this idea is to examine other
drugs with similar known activities.

A common mechanism of action for protection against amino-
glycoside damage is reduction of aminoglycoside uptake (Ou et al.,
2009). Therefore, as part of our standard evaluation of candidate
protectants, we quantitatively measure uptake of fluorescently
conjugated gentamicin in the presence or absence of the candidate
protective drug (Fig. 2).

Finally, one unwanted mechanism of action of new compounds
that protect against ototoxicity of therapeutic drugs is interference
with their desired therapeutic targets. Thus, all protectants against
aminoglycosides are tested to determine whether they impair the
bactericidal and bacteriostatic activities of aminoglycosides. Simi-
larly, all protectants against cisplatin are tested to determine
whether they impair the tumoricidal activity of cisplatin against
cancer cell lines.

10.4. Mammalian testing

A critical step in evaluating compounds revealed by zebrafish
screens is confirmation of activity in mammals. One assay to
confirm findings is to test compounds in vitro in the mature mouse
utricle, used instead of cochlea because of inherent difficulties
culturing that tissue. Using this preparation, the lateral line hair cell
protection seen with the small molecule PROTO1, and the FDA-
approved drug tacrine, has been confirmed in the mammalian
utricle in vitro (Owens et al., 2008; Ou et al., 2009). We also have
tested candidate ototoxins identified using the zebrafish in the
mouse utricle and found similar findings (Chiu et al., 2008) in vitro.
However, survival of mature inner ear hair cell preparations in vitro
can be tenuous and affected by other factors such as culture media
pH and ionic concentrations that may be affected by candidate
protective or toxic drugs. More recently, we have moved more
rapidly toward in vivo testing in rats (Rubel et al., 2011). This
preparation more closely represents the clinical situation. Deliv-
ering a drug to the water a fish is swimming in, or to the culture
media hair cells are bathed in does not closely model the separation
of fluid spaces characteristic of the inner ear, or simulate any issues
of drug penetration to the inner ear.

11. Conclusion

The zebrafish lateral line is a unique and promising system
that allows rapid and efficient in vivo evaluation of hair cells. As
demonstrated in this review, chemical screening for drugs that
affect hair cell survival is an evolving and dynamic process. With
each new screen come changes and modifications in screening
parameters and methodology. Screening for protection against
a variety of ototoxic insults is possible, as is screening for other
causes of hair cell toxicity. Subsequent testing in the zebrafish
can then be used to elucidate interesting biological findings
about hair cell survival and death with potential translational
impact.

12. Summary points

1. The zebrafish lateral line allows rapid and efficient in vivo
screening for chemicals that protect and damage hair cells.

2. Hair cell protection screens have yielded candidate protective
small molecules and FDA-approved drugs.

3. The lateral line has been used successfully to screen clinically
approved drugs and bioactive compounds for hair cell toxicity
and may be a useful platform to identify dangerous drugs and
drug combinations in humans.
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