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Abstract 
 
In humans, most hearing loss results from death of hair cells, the 
mechanosensory receptors of the inner ear. Two goals of current hearing 
research are to protect hair cells from degeneration and to regenerate new hair 
cells, replacing those that are lost due to aging, disease, or environmental 
challenges. One limitation of research in the auditory field has been the relative 
inaccessibility of the mechanosensory systems in the inner ear. Zebrafish 
possess hair cells that are morphologically and functionally similar to human hair 
cells in both their inner ear and their lateral line system. The external location of 
the mechanosensory hair cells in the lateral line and the ease of in vivo labeling 
and imaging make the zebrafish lateral line a unique system for the study of hair 
cell toxicity, protection, and regeneration. This review focuses on the lateral line 
system as a model for understanding loss and protection of mechanosensory 
hair cells. We discuss chemical screens to identify compounds that induce hair 
cell loss and others that protect hair cells from known toxins and the potential 
application of these screens to human medicine. 
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Introduction 
 
The auditory and vestibular receptor organs of the inner ear relay mechanical 
information for hearing and balance, respectively, to the brain. The 
mechanosensory hair cells of the inner ear transduce mechanical stimuli via 
actin-based stereocilia into electrical impulses, which are conveyed centrally.1,2  
 
Death of mechanosensory hair cells is a common denominator in many forms of 
hearing impairment.3,4,5 Significant progress has been made in determining 
the etiology of congenital forms of deafness and mouse models are 
emerging at increasing rates.6 Sensorineural hearing loss accounts for 
profound hearing loss in approximately 1 in 1000 newborn babies.7  Many of 
the genes underlying hereditary deafness function during hair cell development. 
Hair cells in the zebrafish share many characteristics and molecular constituents 
with their counterparts in the mammalian inner ear8,9 and inactivation of genes 
affecting human hereditary deafness also cause loss of hair cell function in 
zebrafish.  Examples include mutants of myosins VI10 and VIIa,11 cadherin 
23,12 protocadherin 15,13 and tmie.14  
 
Hair cell loss is most commonly due to environmental insults including exposure 
to excessive noise or ototoxic drugs (such as aminoglycoside antibiotics or 
certain chemotherapeutic drugs such as cisplatin), or progressive loss due to 
aging (presbycusis). Nearly 15% (29 million) of U.S. adults aged 20-69 report 
hearing impairment.15 Hearing loss is accompanied by many quality-of-life issues 
such as feelings of isolation and depression, making it a potentially devastating 
sensory disorder.16  While interventions such as hearing aids and cochlear 
implants provide some individuals with significant benefit, the loss of sensory hair 
cells comes with an as of yet irrecoverable loss of sensory input. Cochlear 
implants, while having been of enormous importance to the population of 
profoundly hearing impaired children and adults, also lack the normal specificity 
of stimulation and are dependent on preservation of the auditory nerve axons, 
which are compromised to a degree that is roughly correlated to the degree of 
hair cell loss.17  In addition to loss of auditory hair cells, vestibular hair cells may 
also be lost due to aging or ototoxic drug administration, resulting in devastating 
vestibular deficits causing severe ataxia and oscillopsia. Many researchers are 
pursuing ways to induce hair cell regeneration.18,19,20  Unfortunately, hair cell loss 
in humans, as yet, is irreversible. Therefore, drugs that can prevent hair cell 
death offer great potential benefit for millions of people, particularly drugs 
that could be administered immediately before, or shortly after, exposure to 
an ototoxic stimulus.  
 
In this review, we will focus on chemical screening using the lateral line of larval 
zebrafish as a model system for mechanosensory hair cell loss and protection. 
We then discuss potential clinical uses of protective drugs and drug delivery 
systems. 
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Hearing Loss and Protection 
 
Research in the past few decades has uncovered some of the key intracellular 
events that can cause hair cell death.21  Several candidate protectants have been 
evaluated such as antioxidants, caspase inhibitors, and jun kinase 
inhibitors.22,23,24,25,26  While a few of these candidate otoprotectants have 
progressed to human trials,27,28 as yet, no definitive protection has emerged for 
clinical use, and there appears to be disagreement among investigators with 
respect to their broad efficacy in laboratory animals. 
 
Furthermore, different cell death pathways may be triggered in response to 
different forms of damage 29,30,31 and many protective molecules offer incomplete 
hair cell protection, hinting that polypharmacy approaches may offer the greatest 
benefit.32,33,34,35  Given the difficulty of assessing many putative hair cell 
protectants for efficacy against multiple ototoxins, the field has proceeded slowly.   
 
While testing individual candidate compounds in rodents has been informative, 
researchers have been limited to candidate approaches based on known 
pathways. Our goal has been to take an unbiased screening approach to identify 
compounds that either induce hair cell loss or protect against hair cell loss. The 
small size, high fecundity, and external development of zebrafish provide a 
robust model system for unbiased, broad chemical screening. A growing number 
of labs have performed chemical screens in zebrafish. The first chemical screen 
for small molecules that altered wildtype zebrafish development was based on 
direct phenotypic examination of CNS, ear, cardiovasculature, and pigment 
cells.36  Since then, phenotypic analysis has been applied to identify compounds 
that alter zebrafish development,37,38 heart formation,39 heart rate,40 and fin 
regeneration.41  Suppression of a mutant phenotype has been used to identify 
chemicals that attenuate angiogenesis defects42 or suppress oncogenic 
dysregulation.43  In contrast to direct phenotypic analysis, alternative readouts 
have been exploited for chemical screening including altered antibody staining, 
44,45 in situ hybridization,46,47 and expression of in vivo fluorescent proteins.48,49,50  
 
For the study of hair cells, the zebrafish has an additional advantage of having a 
mechanosensory system, called the lateral line, located externally on its body. 
This model system has allowed us to screen thousands of compounds against 
multiple ototoxins, giving us many candidate molecules that may be used 
individually or in combination to test for protection against mammalian inner ear 
damage. 
 
Zebrafish Lateral Line 
 
The lateral line is a series of sensory organs arrayed along the head and body of 
fishes and aquatic amphibians (Fig. 1). Each organ contains several sensory hair 
cells and surrounding supporting cells.51  The lateral line hair cells are 
developmentally, morphologically and physiologically similar to the hair cells of 
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the inner ear.52  The lateral line system enables the animal to detect nearby 
water currents and is important in such diverse behaviors as rheotaxis 
(orientation to water flow), prey detection, and predator avoidance.51,53,54,55,56  
 
In zebrafish, the lateral line system develops from cephalic placodes that give 
rise to migratory primordia, which then form the anterior and posterior lateral 
lines.57,58  Lateral line development has been studied in detail in the posterior 
lateral line, where cell clusters, called protoneuromasts, form in the migrating 
primordium.59,60  Neuromasts are deposited from the trailing edge of the 
primordium at 5-7 somite intervals and then differentiate into mature hair cells 
and supporting cells. Deposition of neuromasts occurs in stereotyped positions 
along the head and body of the animal,61,62 making this system a tractable 
vertebrate model for morphogenesis studies. This stereotyped arrangement of 
neuromasts makes this system particularly convenient for hair cell death and 
protection screens, as one knows the expected location of each neuromast, 
allowing missing neuromasts to be quickly identified. 
 
The lateral line possesses unique features not available in other in vivo models. 
The surface location of hair cells makes for easy drug delivery and in vivo 
imaging. These cells are permeable to several vital dyes as well as fluorescently 
labeled aminoglycosides, allowing for real-time assessment using fluorescent 
imaging techniques.63,64,65,66,67  
 
Chemical Screening for Ototoxins 
 
Zebrafish has been long used as a model for general toxicology studies.68,69  
More specifically, several research groups have recognized the potential of the 
zebrafish lateral line for studies of hair cell toxicity.70  Hair cell sensitivity has 
been reported to divalent cations such as copper and other heavy 
metals.71,72,73,74,75  Like hair cells in the mammalian and avian inner ear, hair cells 
of the zebrafish lateral line are sensitive to aminoglycoside antibiotics and the 
chemotherapy agent cisplatin.63,64,65,76,77,78,79,80,81  Williams and Holder first 
observed neomycin-induced hair cell death in larval zebrafish neuromasts.77 
Subsequently, our group developed assays for investigating hair cell death and 
regeneration in this system.63  Ton and Parng used the lateral line as a model 
system to look at ototoxicity and protection using  five toxic and five protective 
compounds, and showed the potential of automated fluorescent systems for 
high-throughput screening.79 
 
Most ototoxic drugs are discovered when human patients experience hearing 
loss or vestibular dysfunction; the aminoglycoside antibiotics are a classic 
example of this situation.82  Nowhere in the drug development process is there a 
mandatory test for ototoxic side-effects, so we known very little about the ototoxic 
potential of approved drugs.  Furthermore, since the majority of drugs are 
prescribed for people over the age of 50, ototoxic drug effects may often be 
attributed to age-related changes.  Hence several years ago we began a 
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screening program to identify putative hair cell toxins among compounds in 
clinical use.83  
 
We began by evaluating the NINDS Custom Collection II (Microsource, Inc.), a 
library of 1,040 FDA-approved drugs and known bioactives, many of which are in 
clinical use. Hair cells of 5-6 days post-fertilization (dpf) zebrafish were pre-
labeled with the vital nuclear dye YO-PRO-1 (Fig. 2). Individual zebrafish were 
placed in wells of a 96-well glass-bottom plate and treated for 1 hr with a single 
library compound at 100 µM. The entire 96-well plate was placed on the stage of 
a Zeiss Axiovert inverted microscope equipped with a Marianas imaging system 
for observation (Intelligent Imaging Innovations, Inc.). Each fish was examined 
for the presence/absence of hair cells in every neuromast that was visible in the 
field of view, as well as more subtle signs of hair cell damage such as nuclear 
condensation or fragmentation. While the need for the experimenter to screen 
each fish precludes the ability to perform true high-throughput screening, a single 
96-well plate can be screened in 30-60 minutes by a trained observer. 
 
This initial screen uncovered 21 confirmed hits (Table 1). Seven compounds 
were known ototoxins (e.g., neomycin, cisplatin), demonstrating proof-of-concept 
in our screening approach.  The other 14 compounds were not identified 
ototoxins, although examination of the clinical literature revealed an occasional 
case report describing hearing loss in patients treated with a few of these drugs 
(e.g., chloramphenicol, estradiol valerate).84,85  Two drugs, the anticholinergic 
compound propantheline bromine and the antiprotozoal pentamidine isethionate, 
were tested in vitro in cultures of mouse utricle  (a vestibular end organ in the 
mammalian inner ear), and both compounds demonstrated ototoxicity in this 
mammalian model. These findings highlight the need to establish standardized 
screening for hair cell toxicity during drug development and they demonstrate the 
potential of the zebrafish lateral line as a model system for such studies.   
 
Chemical Screening for Hair Cell Protection 
 
There are two major classes of clinically relevant drugs recognized to have 
known ototoxicity: the aminoglycoside antibiotics and platinum-based 
chemotherapeutics.86,87  Aminoglycosides are used to target gram-negative 
bacterial infections. Once the ototoxicity (and nephrotoxicity) of aminoglycosides 
was recognized, use was curtailed in favor of alternative antibiotics in many 
applications. However these drugs are still used for recalcitrant bacterial 
infections, particularly in life-threatening cases (e.g., with premature infants, or in 
patients with tuberculosis or cystic fibrosis), with use increasing due to the 
prevalence of multi-drug resistant bacterial strains. Use of aminoglycosides 
worldwide continues due to the low cost and availability of these drugs. 
Development of less ototoxic aminoglycosides has resulted in safer alternatives 
but all have some degree of hair cell toxicity. In the case of cisplatin, although its 
ototoxic effects are well-recognized, it remains one of the most effective 
chemotherapeutic treatments for solid tumors.  
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We became interested in identifying chemicals that can protect hair cells from 
drug-induced damage as potential candidates for clinical co-administration with 
known hair cell toxins. The two screens described below each use the lateral line 
system to look for compounds that could prevent hair cell loss induced by 
ototoxic drugs. Protective compounds and drugs identified in our screens 
are listed in table 2. 
 
The methodology for our protection screens is similar to that of our toxicity 
screen. We screen 5-6 dpf larvae because at earlier times the hair cells show 
resistance to aminoglycoside effects, a common feature of developing hair cells. 
Lateral line hair cells are born beginning at 2 dpf and can mechanotransduce by 
3-4 dpf. Drug resistance continues until 5 dpf.64,78  In the studies described 
below, individual zebrafish with pre-labeled hair cells were placed into 96-well 
plates, pretreated for 1 hr with the library compound, then exposed to the 
aminoglycoside neomycin for an additional hour.   
 
We screened the Chembridge Diverset E small-molecule library of 10,960 
compounds in order to identify molecules that protected lateral line hair cells from 
neomycin toxicity.88  These molecules were designed with chemical properties 
conforming to the Lipinsky “Rule of 5” to optimize for potential biological activity.89 
To efficiently screen this larger library, compounds were multiplexed with five per 
well, with each compound at a concentration of 10 µM. If protection was 
observed, the five drugs were reassessed individually, and confirmed hits were 
explored in more detail. This screen identified two compounds that exhibited 
robust protection across the neomycin dose-response function (Fig. 3). Both 
compounds, which we named PROTO1 and PROTO2, are benzothiophene 
carboxamides.  Due to both the nature of the Chembridge library 
(uncharacterized small molecules) and to the phenotypic marker used for this 
screen (hair cell survival), several additional experiments were performed to 
determine how these PROTO compounds protected hair cells.   
 
Neither compound inhibited aminoglycoside uptake, suggesting that the PROTO 
compounds act intracellularly during aminoglycoside exposure to attenuate hair 
cell toxicity. The presence of PROTO1 or PROTO2 did not inhibit the bactericidal 
activity of neomycin, suggesting that these compounds could be used clinically to 
limit ototoxicity during aminoglycoside treatment without compromising the 
therapeutic benefit of the aminoglycoside. Finally, experiments in cultured mouse 
utricles demonstrated that PROTO drugs protect mammalian hair cells from 
neomycin toxicity in vitro.  This finding validates the zebrafish lateral line as a 
model for discovering drugs that can protect hair cells in mammals. One 
drawback to the Chembridge library is that the molecular targets of these 
compounds are unknown, making it difficult and time-consuming to determine the 
mechanism(s) underlying the protective effects of the PROTO drugs.  We are 
pursuing the molecular targets of the benzothiophene carboxamides using 
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biochemical approaches and examining analogs for optimization of protective 
effects. 
 
To maximize the chances of identifying otoprotectants that could quickly be 
translated into clinical trials we have taken a second approach as well, screening 
chemicals with known activities. In our first study of this kind we screened the 
same NINDS library used in our ototoxicity screen (above), but tested for 
compounds that provided protection against neomycin-induced hair cell death.66  
The smaller size of this library allowed us to test each drug singly and thus avoid 
the possibility that protective compounds were masked by toxic drugs. The 
NINDS screen yielded seven confirmed hits, of which three are already FDA-
approved.  These three drugs encompass diverse uses including a beta-2 
adrenergic blocker (carvedilol), a diuretic (hexamethyleneamiloride), and an 
anticholinergic (tacrine).  Experiments with fluorescently-tagged aminoglycoside90 
showed that four of the seven drugs (amsacrine, carvedilol, 
hexamethyleneamiloride, and phenoxybenzamine) reduced aminoglycoside 
uptake, while the other three drugs (tacrine, cepharanthine, and drofenine) did 
not.  Presumably, these latter drugs protect hair cells by interacting with 
intracellular death and survival signaling pathways.  Tacrine was further shown to 
protect mammalian hair cells of the utricle from in vitro neomycin toxicity.66  As 
tacrine did not significantly alter the bactericidal activity of neomycin, it is a good 
candidate for in vivo validation and clinical testing as a potential otoprotectant. 
 
Ongoing studies 
 
We consider the hair cell toxicity and protection studies conducted to date as 
proof of the principle that the zebrafish lateral line can be used as a valuable 
model system in which to discover drugs and drug-like compounds that may 
have clinical utility. In addition to further studies on the drugs and small molecule 
drug-like compounds identified in our screens, we are currently screening 
additional libraries for substances that are toxic to hair cells, drugs that can 
protect hair cells, and drugs that alter the regenerative potential of lateral line hair 
cells.   
 
Clinical Scenarios 
 
How could the drugs and chemicals identified by the zebrafish lateral line 
screens ultimately be used?  From the standpoint of hearing protection, there are 
several medical scenarios that lend themselves to clinical intervention.  
 
As stated previously, ototoxicity is typically not considered during drug 
development.  Most known ototoxic drugs were identified after anecdotal reports 
of hearing loss led to more systematic testing.  It would be difficult and costly to 
perform hearing tests on all patients in clinical trials with experimental drugs.  It 
is, however, feasible to use the zebrafish lateral line to screen experimental 
drugs for their potential toxicity to hair cells, and to recommend audiometric 
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testing for those drugs that have confirmed ototoxic effects in animal models.  
This kind of screening is not realistic in any other animal model, and would 
potentially have very direct effects on patient care. 
 
Numerous ototoxic drugs are given to treat serious infections (e.g., 
aminoglycosides) or cancers (platinum drugs) with the expectation and 
acceptance that severe hearing loss may be an unfortunate consequence. In 
addition, doses of antibiotics and anti-neoplastic drugs are often limited by their 
ototoxic and nephrotoxic side effects. Otoprotectant delivery concomitant with 
therapy may attenuate ototoxic side effects without compromising therapeutic 
efficacy. This scenario, most closely tied to the zebrafish lateral line drug 
screens, is attractive because the exact timing of the damaging event is known 
and can be controlled.  Thus, drugs that are potentially protective can be given 
prior to or concurrently with the damaging drug to prevent hair cell loss.   
 
Noise injury is the second most common cause of hearing loss (after aging) and 
can be the result of single impulse noise or continuous long term exposure.91  
Typically, there is a variable amount of recovery after noise induced hearing loss 
that may benefit from the administration of protective drugs.  In the zebrafish 
system it remains unknown whether damage induced by drugs and noise use 
similar signaling pathways, but it is conceivable that protectants for drug-induced 
hair cell death may be effective at reducing noise damage. On the other hand, 
noise-induced hearing loss can be more unpredictable.  In some situations, such 
as a rock music concert or certain military engagements, noise exposure can be 
anticipated such that a protective drug could be given prior to or during a noise 
exposure.  Hence, it is possible that protective drugs could play a role in the 
limited recovery that typically occurs after noise injuries.  Antioxidants such as D-
methionine, for example, appear to reduce permanent sensorineural hearing loss 
when given before or immediately after a noise injury in some species and some 
conditions.28  

In addition to protective compounds, the toxic effects of newly identified 
compounds could be used as a pharmacological therapy. Patients who suffer 
from intractable vertigo from Meniere’s disease have been treated with 
transtympanic injections of gentamicin. The gentamicin is titered to ablate the 
vestibular hair cells. While efforts are made to prevent concomitant auditory hair 
cell loss, it is a known complication of this treatment. Identifying compounds that 
target vestibular and not auditory hair cells therefore has a needed role in such 
patients. 
 
Finally, and most importantly, age-related hearing loss (presbycusis) affects 
approximately 300 million people in the world, making this not only the most 
prevalent form of sensorineural hearing impairment,5,95  but next to the common 
cold, the most prevalent disease. With the increasing geriatric population, this 
number is expected to rise to 900 million by 2050. The most common 
histopathology found in age-related hearing loss is loss of hair cells, typically 
starting at the high frequency coding region (basal turn) of the cochlea, and then 
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progressing to affect lower frequencies such as those used for encoding speech.  
Knowledge of the death pathways involved in age-related hearing loss is poor, 
however, prevention of this slowly progressive hair cell loss could positively 
impact a large percent of the population.  
 
Drug Delivery 
 
How protective drugs will be delivered to the inner ear is a question complicated 
by limitations in access. In contrast to organs such as the heart, lungs, and liver 
that are affected by systemic drugs, the hair cells of the inner ear are isolated 
within extracellular fluid spaces that have complex and poorly understood 
relations with blood and cerebrospinal fluid. As a result, many clinicians have 
preferred direct drug application to the inner ear through either extracochlear 
routes (application of drug outside the cochlea, typically at the round window 
membrane) or intracochlear routes (direct administration into the cochlea). Due 
to the inherent risk of inner ear injury from intracochlear application, 
extracochlear application is the favored method, typically involving either injection 
through the tympanic membrane to fill the middle ear with drug, direct application 
of drug-impregnated gels or polymers to the round window, or osmotic pumps 
that slowly infuse drugs into the middle ear.96 The ability of drugs applied in this 
way to penetrate the inner ear is highly variable, particularly because the fluids of 
the inner ear have a negligible rate of flow, making diffusion of drugs slow.97 
  
Identification of nontoxic protective drugs that can be given systemically affords 
the possibility of avoiding more invasive drug delivery methods. It is important to 
note that the inner ear fluid spaces are sealed by a tight barrier via the capillaries 
within the lateral wall of the cochlea comparable to the blood-brain-barrier.97  
Thus, the ability of a systemically administered drug to penetrate the inner ear 
and affect hair cells is difficult to predict.  Nevertheless, the prospect of an orally 
administered protective drug is preferable to a surgically placed gel or infusion 
pump, particularly for slowly progressive forms of hair cell loss (e.g., 
presbycusis). 
 
Conclusion 
 
Our current and future screening studies incorporate multiple time parameters 
and a broader range of ototoxins. Beyond the translational aspects of identifying 
ototoxins and protectants, the molecules that induce hair cell death or promote 
hair cell survival provide information about the pathways involved in these 
processes. We have also undertaken a parallel genetic screen for zebrafish 
mutations that alter hair cell sensitivity to aminoglycosides.88  This genetic 
approach complements our chemical screening studies, particularly the ability to 
examine epistatic interactions between protective drugs and protective genes. A 
better understanding of the pathways involved in drug-induced hair cell death will 
allow greater ability to predictively design drugs or select targets to optimize 
protective effects. This will provide tools that could be used to evaluate the 
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similarities and distinctions between drug-induced hair cell death and noise or 
age-related hair cell damage.  
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Coffin et al.     Figure legends 

 

Fig. 1.  Fluorescent micrograph of a 5 dpf zebrafish labeled with the 

mitochondrial potentiometric dye DASPEI.  Each white dot is a neuromast 

arrayed along the head and body of the animal.  Scale bar = 500 µm. 

 

Fig. 2.  Zebrafish hair cells labeled with the fluorescent dye YO-PRO-1 which 

binds DNA and labels hair cell nuclei. (A) An undamaged neuromast labeled with 

YO-PRO-1.  Approximately fifteen hair cells are visible and healthy in 

appearance.  (B) After a 1-hour exposure to the ototoxic drug neomycin at a 

concentration of 200 µM, most of the hair cells have died.  Scale bar in B = 10 

µm and applies to both panels. 

 

Fig. 3. PROTO1 provides significant protection from neomycin-induced hair cell 

death. (A) 10 µM PROTO1 provides robust hair cell protection from all tested 

concentrations of neomycin.  Hair cell survival was assessed with DASPEI 

scoring, a semi-quantitative scoring measure for hair cell loss that is highly 

correlated with direct cell counts.30,63,75  (B) Increasing concentrations of 

PROTO1 provide increasing protection from a damaging 200 µM neomycin 

stimulus (dashed line), while PROTO1 alone does not affect hair cell survival 

(solid line).  Hair cell survival was assessed by direct counts of labeled cells.  
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Table 1. Candidate ototoxic drugs identified by zebrafish lateral line screen of NINDS Custom 

Collection II for drugs that cause hair cell death after one hour of treatment (Chiu et al., 2008). 

 

Ototoxic Drug  Class        Mammalian Testing  

Chloramphenicol  Antibiotic     No 

Chlortetracycline HCL Antibiotic     No 

Pentamidine isethionate Antiprotozoal     Yes 

Spermadine  Ornithine decarboxylase inhibitor   No 

Tobramycin  Antibiotic     Yes 

Propantheline bromide Anticholinergic     Yes 

Ethacrynic acid  Loop diuretic     Yes 

Pomiferin  Antioxidant     No 

Chlorophyllide  Antineoplastic, chlorophyll derivative  No 

Estradiol valerate  Estrogen      No 

Neomycin  Antibiotic     Yes 

Pentetrazole  CNS/respiratory/circulatory stimulant  Yes 

Guaiazulene  Antioxidant, color additive agent   No 

Rosolic acid  Diagnostic aid     No 

Cisplatin  Antineoplastic     Yes 

Vincamine  Vasodilator     No 

Kanamycin  Antibiotic     Yes 

Demeclocycline HCL Antibiotic     No 

Mefloquine  Antiprotozoal     Yes 

Candesartan  Angiotensin 1 receptor antagonist   No 

Simvastatin  HMGCoA reductase inhib., antihyperlipidemic No 

Mammalian testing denotes whether there is literature confirming ototoxic effects in mammalian tissue, in 

vitro or in vivo. 
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Table 2.  Protective drugs identified by zebrafish lateral line screen for protection against 

neomycin-induced hair cell death (Owens et al., 2008; Ou et al., 2009).  Each of these 

drugs protects hair cells from acute (1 hr) neomycin exposure when administered 1 hr 

prior to neomycin. 

 

Protective drug  Known Activity/Target___       Library__           Blocks uptake    Mammal Testing 

PROTO1                                 Unknown         Diverset                        N              Y 

         (Chembridge, Inc.) 

 

PROTO2                                 Unknown         Diverset                        N              Y 

         (Chembridge) 

 

Amsacrine                               Topoisomerase 2 poison.              NINDS Custom           Y              N 

             Collection 

             (Microsource, Inc.) 

 

Carvedilol                               Beta-2 adrenergic blocker         NINDS Custom           Y              N 

             Collection 

             (Microsource, Inc.) 

 

 

Cepharanthine                         Plasma membrane stabilizer          NINDS Custom           N              N 

             Collection 

             (Microsource, Inc.) 

 

 

Drofenine                                Acetylcholinesterase inhibitor       NINDS Custom           N              N 

             Collection 

             (Microsource, Inc.) 

 

 

Hexamethyleneamiloride        Na/H exchange inhibitor               NINDS Custom           Y              N 

             Collection 

             (Microsource, Inc.) 

 

 

Phenoxybenzamine  Alpha-1 adrenergic blocker           NINDS Custom           Y              N 

             Collection 

             (Microsource, Inc.) 

 

 

Tacrine                                    Acetylcholinesterase inhibitor       NINDS Custom           N              Y 

             Collection 

             (Microsource, Inc.) 
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All drugs were tested for blockade of uptake of fluorescently-labeled aminoglycoside.  A smaller subset of 

drugs were tested for protection against damage in mammalian (mouse) hair cells. 
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