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Moderate to severe hearing loss affects 360 million people worldwide and most often
results from damage to sensory hair cells. Hair cell damage can result from aging, genetic
mutations, excess noise exposure, and certain medications including aminoglycoside
antibiotics. Aminoglycosides are effective at treating infections associated with cystic
fibrosis and other life-threatening conditions such as sepsis, but cause hearing loss
in 20–30% of patients. It is therefore imperative to develop new therapies to combat
hearing loss and allow safe use of these potent antibiotics. We approach this drug
discovery question using the larval zebrafish lateral line because zebrafish hair cells are
structurally and functionally similar to mammalian inner ear hair cells and respond similarly
to toxins. We screened a library of 502 natural compounds in order to identify novel hair
cell protectants. Our screen identified four bisbenzylisoquinoline derivatives: berbamine,
E6 berbamine, hernandezine, and isotetrandrine, each of which robustly protected
hair cells from aminoglycoside-induced damage. Using fluorescence microscopy and
electrophysiology, we demonstrated that the natural compounds confer protection by
reducing antibiotic uptake into hair cells and showed that hair cells remain functional
during and after incubation in E6 berbamine. We also determined that these natural
compounds do not reduce antibiotic efficacy. Together, these natural compounds
represent a novel source of possible otoprotective drugs that may offer therapeutic
options for patients receiving aminoglycoside treatment.
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INTRODUCTION

Over 360 million people worldwide are affected by moderate to severe hearing impairment,
including 37.5 million Americans (Blackwell et al., 2014; World Health Organization, 2015).
Hearing loss can have devastating consequences including social isolation, decreased employment
opportunities, and a loss of household income (Kochkin, 2007; Mick et al., 2014; Emmett
and Francis, 2015). Hearing loss is caused by genetic mutations, aging, loud noise, and
exposure to certain ototoxic medications such as the aminoglycoside antibiotics neomycin
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or gentamicin (Fee, 1980; Lenz and Avraham, 2011; Schacht
et al., 2012; Furness, 2015). Aminoglycosides are commonly
prescribed to treat antibiotic resistant gram-negative bacterial
infections such as tuberculosis (Durante-Mangoni et al., 2009),
neonatal infections, and infections associated with cystic fibrosis
(Rizzi and Hirose, 2007). For example, in cystic fibrosis patients,
infection caused by Pseudomonas aeruginosa responds positively
to aminoglycoside treatment (Vázquez-Espinosa et al., 2015).
However, as a side effect of treatment, approximately 20–30%
of patients suffer from ototoxic damage (Rizzi and Hirose, 2007;
Xie et al., 2011; Schacht et al., 2012). Methods are needed to
ameliorate this damage and promote safe use of these antibiotics.

Aminoglycoside-induced hearing loss results from damage
to sensory hair cells of the inner ear (Schacht et al., 2012).
Aminoglycosides kill hair cells via activation of multiple
signaling cascades, including programmed cell death pathways
(Forge and Schacht, 2000; Matsui et al., 2002; Jiang et al.,
2006; Coffin et al., 2013b). Aminoglycoside exposure is
correlated with increased reactive oxygen species, a loss of
mitochondrial membrane potential, and subsequent hair cell
death, sometimes accompanied by signs of classical apoptosis
such as nuclear condensation and caspase activation (Forge
and Li, 2000; Matsui et al., 2002, 2004; Hirose et al., 2004;
Owens et al., 2007). However, several lines of evidence
suggest that different aminoglycosides may activate different
cell death pathways and that even a single aminoglycoside may
act on multiple signaling pathways within a single sensory
epithelium (Jiang et al., 2006; Owens et al., 2009; Coffin et al.,
2013a,b). For example, Jiang et al. (2006) found variable cell
morphology in cochleae from aminoglycoside-treated mice,
indicative of multiple modes of cell death. Furthermore, they
did not find evidence for caspase activation, but rather for
activation of other proteases such as calpains and cathepsins.
Similarly, aminoglycoside toxicity in the zebrafish lateral line
is likely caspase-independent (Coffin et al., 2013b). Different
aminoglycosides also activate only partially-overlapping cell
death pathways in the lateral line, with neomycin activating
mitochondrially-associated signaling via Bax, and gentamicin
activating Bax-independent mechanisms that act through p53
(Owens et al., 2009; Coffin et al., 2013a). Compounds that
modulate these intracellular signaling pathways offer therapeutic
options for preventing aminoglycoside ototoxicity. However,
given the complexity of the cell signaling events involved, it is
often difficult to take an a prioi approach to selecting a single
molecular target for manipulation.We have therefore adopted an
objective screen with the goal of identifying one or more natural
compounds that prevent aminoglycoside ototoxicity.

Natural compounds such as plant extracts offer a novel
source of otoprotective drugs. Natural compounds have been
used in Eastern medicine for thousands of years and are
still used today by people around the world (Ji et al., 2009).
Recent evidence demonstrates their efficacy in some clinical
scenarios. For example, the Ginkgo biloba extract EGb 760
attenuated neuronal loss in a mouse model of ischemic stroke
and enhanced neurogenesis post-stroke (Nada et al., 2014).
Furthermore, many natural compounds are available at low cost,
allowing the possibility of relatively rapid transition to the clinical

setting. We examined a library of natural compounds using
the zebrafish (Danio rerio) lateral line as a model system to
discover compounds that protect hair cells from aminoglycoside
ototoxicity.

The zebrafish lateral line is an excellent model for high
throughput screening of compounds that modulate hair cell
survival, an intractable approach in mammalian systems (Harris
et al., 2003; Owens et al., 2008; Coffin et al., 2013a,b). Lateral
line hair cells are used to detect vibrations in the water for
several behaviors, including predator avoidance and schooling
(Partridge and Pitcher, 1980; Hoekstra and Janssen, 1983;
Montgomery and Hamilton, 1997). These externally located
hair cells are stereotypically organized into clusters known as
neuromasts that are arrayed along the head and trunk of the
fish (Metcalfe et al., 1985; Raible and Kruse, 2000). This external
location provides an additional advantage, allowing for rapid
access for pharmacologic manipulation similar to an in vitro
preparation in an in vivo system. Zebrafish lateral line hair
cells are structurally and functionally similar to mammalian
hair cells. All vertebrate hair cells share core features, including
an apical polarized hair bundle with mechanotransduction
machinery (e.g., TMC proteins) and extracellular tip links
composed of cadherin 23 and protocadherin 15 (Söllner et al.,
2004; Kazmierczak et al., 2007; Pan et al., 2013; Maeda et al.,
2014). Mutations in several of these proteins, for example the
hair bundle motor protein Myosin VIIA, cause deafness in
both mammals and zebrafish (Self et al., 1998; Ernest et al.,
2000). Like inner ear hair cells, lateral line hair cells are bathed
in a regulated ionic environment, with a gelatinous cupula
overlying the apical hair bundles, similar to the cupula in the
canal cristae of mammalian inner ears (Russell and Sellick,
1976; Valli et al., 1977; Van Netten, 1997). One key difference
is that zebrafish hair cells, and indeed hair cells in all non-
mammalian vertebrates, regenerate following ototoxic damage.
This regeneration depends critically on supporting cells, rather
than the hair cells themselves, such that while supporting cells
differ between vertebrate groups, the hair cells are highly similar
(Brignull et al., 2009). Importantly, fish hair cells respond
similarly to toxic insult, making it likely that otoprotectants
found in zebrafish studies will translate to mammals (Harris
et al., 2003; Nicolson, 2005; Ton and Parng, 2005; Ou et al.,
2007, 2009; Owens et al., 2008; Esterberg et al., 2013). For
example, prior screening efforts demonstrated that the small
molecule PROTO1 and the acetylcholinesterase inhibitor tacrine
protect both zebrafish and mammalian hair cells from neomycin
damage, highlighting the tractability of using zebrafish to
discover otoprotective drugs (Owens et al., 2008; Ou et al., 2009).
Using the zebrafish lateral line, we screened a natural compound
library and discovered four novel compounds that protect hair
cells from aminoglycoside exposure.

MATERIALS AND METHODS

Animals
Zebrafish were maintained in zebrafish facilities at both
Washington State University Vancouver and Amherst College.
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All cell biology experiments were conducted on 5–6 day old larval
zebrafish (∗AB strain, brn3c:mGFP (Tg(pou4f3:gap43-GFP)),
or myo6b:EGFP (Tg(myo6b:EGFP))) maintained at 28.5◦C in
defined E2 embryo medium (EM) containing 1 mM MgSO4,
120 µMKH2PO4, 74 µMNa2HPO4, 1 mM CaCl2, 500 µMKCl,
15 mM NaCl, and 500 µMNaHCO3 in distilled water at a pH of
7.2 (Westerfield, 2000). We selected this age range because hair
cells in 5 day-old fish show mature responses to ototoxic insult,
and the small fish size allows for high throughput screening of
compounds in small volumes (Murakami et al., 2003; Santos
et al., 2006; Owens et al., 2008; Vlasits et al., 2012). Microphonics
experiments used wild-type Ekkwill zebrafish (Ekkwill Waterlife
Resources), which also exhibit neomycin-induced hair cell death
similar to that observed in ∗AB fish (Kruger, unpublished data).
All procedures were approved by the appropriate Institutional
Animal Care and Use Committee atWashington State University
and Amherst College.

Aminoglycoside Treatment
Neomycin or gentamicin were used to induce damage to
hair cells. Neomycin (10 mg/ml) and gentamicin (50 mg/ml)
were acquired from Sigma-Aldrich (St. Louis, MO, USA) and
diluted in EM. Fish were incubated with either neomycin for
30 min (termed ‘‘acute exposure’’), or gentamicin for 6 h
(termed ‘‘continuous exposure’’) at a range of concentrations
from 50–400 µM. Exposed fish were then rinsed 4× with
fresh EM. Neomycin treated fish were allowed to recover for
1 h prior to hair cell assessment, while gentamicin treated
fish were assessed immediately. These acute and continuous
exposure time courses were chosen because there are distinct, yet
overlapping, cell death pathways activated by aminoglycosides
(Owens et al., 2009; Coffin et al., 2013a,b). Therefore, we
asked if natural compounds universally protected hair cells from
aminoglycoside-induced death, or if protection was specific for
neomycin or gentamicin.

Natural Compound Screen
We conducted two independent screens of the Enzo Natural
Product Library (502 compounds, Enzo Life Sciences) to identify
compounds that protect hair cells from neomycin or gentamicin
damage. These two aminoglycosides were used because they
activate different hair cell death mechanisms, allowing us to
proactively screen for drug-specific protectants (Owens et al.,
2009; Vlasits et al., 2012; Coffin et al., 2013a,b). Prior to treatment
with each natural compound, fish were incubated in a 3 µM
solution of the nuclear dye Yo-Pro-1 (Life Technologies) for
30 min to label hair cells (Santos et al., 2006; Owens et al.,
2008). Yo-Pro-1 is a non-toxic dye that is highly amenable
to screens of this nature because the dye is retained for at
least 24 h (Coffin et al., 2009; Thomas et al., 2015). Therefore,
hair cells could be labeled prior to treatment, allowing for
rapid post-treatment assessment without the need to move
the animal or add additional dyes. Three to four fish were
placed in each well of a glass bottom 24-well plate; 2–3 wells
each were used for positive (neomycin or gentamicin-only) and
negative (DMSO-only) controls. 0.2%DMSO served as a negative

control because it is the vehicle used to dissolve the natural
compounds. Eighteen to 20 wells received aminoglycoside and
one of the 502 natural compounds. Fish were pretreated for 1 h
with a natural compound (4 µg/ml), co-treated for 1 h with
the natural compound and 200 µM neomycin, or co-treated
for 6 h with the natural compound and 100 µM gentamicin.
Our treatment paradigm results in comparable hair cell loss
with either aminoglycoside (Owens et al., 2009; Coffin et al.,
2013a,b). Weight by volume (mg/ml) was used here to describe
the concentration of the compounds in the Natural Products
library instead of molarity because the library is standardized at
2 mg/ml for each compound. However, compounds in the library
each have different molecular weights and therefore different
molarities.

After treatment, fish were anesthetized with 0.001% buffered
3-aminobenzoic acid ethyl ester methanesulfonate (MS-222,
Argent Labs, Redmond, WA, USA) prior to the assessment
of anterior lateral line neuromasts (aLL) using a fluorescent
dissection microscope (Leica M165FC, Leica Microsystems,
Buffalo Grove, IL, USA). Given the rapid nature of the screen,
the fluorescent intensity of every aLL neuromast was assessed
holistically at once, as opposed to scoring specific neuromasts.
A score of 0–3 was assigned to each fish: 0 (no visible hair
cells); 1 (dim hair cell fluorescence); 2 (slightly bright hair cells);
or 3 (fully bright hair cells; modified from Chiu et al., 2008).
All compounds with a score of 2 or greater were rescreened in
duplicate, and compounds that were confirmed to be protective
through rescreening were analyzed via a concentration-response
analysis.

Hair Cell Assessment
We used the mitochondrial dye 2-(4-(dimethylamino)styryl)-N-
ethylpyridinium iodide (DASPEI) for the bulk of our hair cell
assessment experiments because it specifically and robustly labels
lateral line hair cells, making it the labeling method of choice
for lateral line visualization in many fish species (Harris et al.,
2003; Coffin et al., 2009; Owens et al., 2009; Van Trump et al.,
2010; Brown et al., 2011). Eight to 15 fish per treatment were
incubated in EM containing 0.005% DASPEI (Life Technologies,
Grand Island, NY, USA) for 15 min, rinsed 3× with fresh EM
and anesthetized in 0.001% buffered MS-222. The brightness of
10 anterior neuromasts (SO1, SO2, IO1-IO4, M2, MI1, MI2, O2;
Raible and Kruse, 2000) was assessed at 50×magnification using
a Leica M165F fluorescent dissecting microscope. A scoring
protocol was used to rank each neuromast as: 0 (no labeling);
1 (moderate labeling); or 2 (bright labeling). Neuromast scores
were summed for a total score of 0–20 per fish (Harris et al., 2003;
Owens et al., 2009).

Since our fluorescence assessment is semiquantitative, we
validated the protection from aminoglycoside-induced hair cell
death observed with DASPEI assessment through direct hair cell
counts using immunocytochemistry. Fish were euthanized with
an overdose of MS-222 and fixed with 4% paraformaldehyde
overnight at 4◦C. Fish were then blocked in 1% goat serum in
phosphate-buffered saline (PBS; Life Technologies) with 0.1%
Triton-X (PBST; Sigma-Aldrich) at room temperature for 2 h. To
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label hair cells, fish were incubated in mouse anti-parvalbumin
(EMD Millipore, Billerica, MA, USA), diluted 1:500 in PBST
with 1% goat serum (Coffin et al., 2013a). Fish were then rinsed
in PBST and labeled with either Alexa 488 or 568 goat anti-
mouse secondary antibodies (Life Technologies; diluted 1:500 in
PBST). Following 2–3 additional rinses in PBST, and then PBS,
fish were stored in 1:1 PBS/glycerol at 4◦C prior to assessment.
Fish were visualized using a compound fluorescent microscope
(Leica DMI4000 B or DMRB). Hair cell number was quantified
in five neuromasts (IO1, IO2, IO3, M2, OP1) per fish, summed
to calculate one value per animal, and averaged for each group.
We further confirmed our hair cell counts using Brn3c:mGFP
fish, which express membrane-bound GFP in all hair cells, and
myo6b:EGFP fish, which express cytoplasmic GFP in all hair
cells (Xiao et al., 2005; Namdaran et al., 2012; Suli et al., 2014).
Hair cells were counted in live, anesthetized transgenic larvae or
freshly fixed larvae as described above.

Concentration-Response Analysis
Four compounds scored a three during rescreening and were
selected for further analysis. To determine the optimally
protective concentration (OPC) for each natural compound,
zebrafish were pretreated for 1 h with a range of compound
concentrations (0.5–50 µM). The fish were then co-treated with
the natural compound and 200 µMneomycin (acute) or 100 µM
gentamicin (continuous) using the aminoglycoside treatment
protocol described above. To determine the effectiveness of each
natural compound at protecting hair cells, fish were pretreated
with the OPC of each natural compound, then co-treated with
the natural compound and 50–400 µM neomycin or gentamicin
(Harris et al., 2003; Coffin et al., 2009). To assess broad
applicability of potential protectants to diverse ototoxins, we
also asked if these natural compounds conferred protection from
cisplatin damage. Fish were pretreated with a range of protectant
concentrations (0.25–10 µM) for 1 h, followed by co-treatment
with protectant and 500 µM cisplatin for 6 h. Protection was
assessed using DASPEI scoring and further validated by direct
counts of anti-parvalbumin-labeled or GFP+ hair cells (for
wildtype and Brn3c transgenic larvae, respectively). Experiments
were conducted in triplicate.

Aminoglycoside Uptake
Gentamicin conjugated to the dye Texas Red (GTTR) was used
to quantify uptake of aminoglycosides into hair cells (Steyger
et al., 2003; Wang and Steyger, 2009), and FM 1-43FX was
used as a proxy for transduction channel function (Gale et al.,
2001). Both GTTR and FM 1-43 are reported to primarily enter
hair cells via the mechanoelectrical transduction (MET) channel,
thereby offering two independent means of assessing channel
block; FM 1-43FX is specifically taken up by the MET channel
after a very brief exposure time (Alharazneh et al., 2011; Vu
et al., 2013). Zebrafish were treated with 50 µM GTTR (made
according to Steyger et al., 2003) for 3 or 18 min or 1.5 µM
FM 1-43FX (Molecular Probes, Eugene, OR, USA) for 30 s.
The fish were then rinsed 3× in EM, euthanized, and fixed
with 4% paraformaldehyde. The IO3 neuromast was imaged

using a 20× dry objective with 5× digital zoom on a Leica SP8
laser scanning confocal microscope with the 552 nm laser and
550–630 nm detection for GTTR (peak detection 580 nm), or the
488 nm laser and 590–680 nm detection for FM 1-43FX (peak
detection 620 nm); the laser power and gain were kept constant
within each experiment. Image stacks were collapsed into
maximum projection images for analysis. Neuromast regions
of interest (ROIs) were used to quantify average fluorescent
intensity of each region (neuromast fluorescence—background
fluorescence). Fluorescent intensity was measured in arbitrary
units (a.u.) using ImageJ. IO3 neuromasts were selected because
they were used for previous hair cell assessment and were
consistently visible in every fish.

Washout Experiment
We conducted a washout experiment to determine if
natural compound treatment before or after, but not during
aminoglycoside exposure, was sufficient to confer protection.
We used gentamicin for this experiment because short-term
exposure to gentamicin results in increasing hair cell damage
over several hours, even after antibiotic removal (Owens
et al., 2009). Fish were treated with 200 µM gentamicin for
30 min, followed by a 5.5 h recovery period in EM or a natural
compound, and then assessed with DASPEI. Natural compound
(or an equal volume of DMSO) was present before, during,
and/or after gentamicin treatment, in order to assess the relative
timing of the protective effect.

Cell Proliferation
It is possible that protective compounds promote hair cell
regeneration, rather than preserving existing hair cells. To
examine this possibility, we conducted a cell proliferation assay
using bromodeoxyuridine (BrdU). Larvae were treated with a
natural compound for 1 h, then co-treated with compound
and 200 µM neomycin for 30 min, rinsed in fresh EM, and
allowed to recover for 1 h. Ten millimolar BrdU (Sigma) was
present for the entire 2.5 h time course. Larvae were then
euthanized with an overdose of MS-222, fixed overnight in
4% paraformaldehyde at 4◦C, and processed for anti-BrdU
immunocytochemistry using the protocol in He et al. (2015). 4,6-
diamidino-2-phenylindole (DAPI, Life Technologies) was used
as a counter-label to visualize neuromast location. Using a Leica
DMRB microscope we quantified the number of BrdU+ cells per
neuromast (5 neuromasts per animal: IO1, IO2, IO3, M2, OP1,
the same neuromasts that were used for hair cell counts).

Microphonics
MET channel function was assayed by performing extracellular
recordings of microphonic potentials from the primary
neuromasts (L1, L2, L3, L4) of the posterior lateral line (Trapani
and Nicolson, 2010). Larvae were anesthetized with 0.016%
MS-222 and pinned down on a silicone-lined (Sylgard-184,
Dow Corning, Midland, MI, USA) recording chamber using
homemade tungsten pins. The neurotoxin α-Bungarotoxin
(125 µM; Abcam, Cambridge, MA, USA) was injected into the
heart to prevent interference from muscle movement. To wash
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out the MS-222, larvae were rinsed with normal extracellular
solution (130 mM, NaCl, 2 mM KCl, 2 mM CaCl2, 1 mMMgCl2
and 10 mM 4-(2-hydroxyethyl)-1 piperazineethane-sulfonic
acid). Neuromasts were deflected ∼20◦ bidirectionally at 20 Hz
for 200 ms with a sinusoidal current of water produced by a
high-speed pressure clamp (50 mMHgmaximum output, HSPC-
1, ALA Scientific, Farmingdale, NY, USA). The water current
was directed at a single neuromast with a waterjet micropipette,
which was fabricated using a Flaming/Brown style pipette
puller (Model P-1000, Sutter Instruments, Novato, CA, USA)
to pull borosilicate capillary tubing (B150-110-10HP, Sutter
Instruments) to a long micropipette that was then cleanly broken
to produce a 30 µm diameter tip. The waterjet was aligned with
the anteroposterior axis of the fish and positioned approximately
100 µm from the hair cell bundle with the bottom of the waterjet
even with the top of the neuromast cupula. Waterjet position
was confirmed using an upright epifluorescent microscope
with a 40× water immersion objective (BX51-WI, Olympus,
Olympus Center Valley, PA, USA). The recording electrode was
also fabricated from glass capillary tubing (BF150-110-10HP,
Sutter Instrument) and was positioned just adjacent to the base
of the cupula at the level of the hair cell stereocilia. Microphonic
potentials were sampled at 20 kHz with a 1 kHz low-pass
filter using an Axon Instruments 200B amplifier (Molecular
Devices, Sunnyvale, CA, USA) in current-clamp mode (I = 0)
with 500× gain and were then amplified (100×) and filtered
100 Hz using a Model 440 amplifier (Brownlee Precision,
Palo Alto, CA, USA). Data were acquired with an ITC-16
DAQ device and Patchmaster software (HEKA Elektronik).
Microphonic traces in the figures represent an average of 200
consecutive sweeps collected for each recording. The average
magnitude of the evoked microphonic potential (in microvolts)
was calculated from the integral of the microphonic waveform
divided by 0.21 s (microvolt • s/s). The 0.21 s interval was from
stimulus onset (t = 150 ms) to 10 ms after the stimulus offset
(t = 360 ms).

Antibiotic Efficacy
Kirby-Bauer antibiotic efficacy tests were used to determine
if the otoprotective natural compounds affect the ability of
neomycin or gentamicin to inhibit bacterial growth (Clinical and
Laboratory Standards, 2009). Six millimeter filter article discs
(Fisher Scientific, Waltham, MA, USA) were soaked overnight in
either DMSO (control), 2 µg/ml neomycin (Owens et al., 2008)
or 1 µg/ml gentamicin (Cohen et al., 1991; Ferguson, 2008), the
OPC of the natural compound, or the natural compound and
aminoglycoside.We used theminimum inhibitory concentration
(MIC) of each antibiotic; a standard approach for assessing
antibiotic efficacy (Clinical and Laboratory Standards, 2009).
The MIC assumes that if the compound of interest (in this
case, the natural compound) does not interfere with antibiotic
efficacy at the lowest effective antibiotic concentration, then
that same compound will likely not affect efficacy of higher
antibiotic doses. However, we also tested a 15 mg/ml neomycin
concentration to rule out compound/antibiotic interactions at
higher antibiotic concentrations. The discs were removed from

solution and allowed to dry for 1 h prior to plating to reduce
saturation. The next day, E. coli strain ATCC25922 was plated
on a 150 mm diameter agar plate (Mueller Hinton Agar; Fisher
Scientific), and the pretreated discs were spaced evenly on the
plate. The plate was then inverted and incubated overnight at
37◦C. Images were taken of each plate using a Leica M165F
microscope, and the area of E. coli growth inhibition around each
disc was measured using ImageJ.

Data Analysis
Comparisons were made via one-way or two-way analysis
of variance (ANOVA) or t-test with Bonferroni multiple
comparison correction, as appropriate, using GraphPad Prism
6.0. Data are presented as mean± SEM.

RESULTS

Using the zebrafish lateral line as a model of hair cell death,
we screened a natural compound library for novel compounds
that prevented neomycin- or gentamicin-induced hair cell death.
Aminoglycoside treatment caused nuclear fragmentation and
reduced neuromast fluorescence, while protective compounds
largely prevented fragmentation and preserved labeling intensity
(Figures 1A,B). From two independent screens, we found
nine candidate natural compounds that protected hair cells
from neomycin, 14 that protected from gentamicin, and two,
hernandezine and decoyinine, that conferred protection from
both aminoglycosides (Figure 1C). Overall, the percentage
of otoprotective compounds that we initially detected from
screening the Enzo Life Science Natural Product Library is
comparable to similar otoprotection screens of other compound
libraries (Ou et al., 2009; Vlasits et al., 2012).

Four compounds were selected for further evaluation
(berbamine, E6 berbamine, hernandezine and isotetrandrine),
because they consistently demonstrated 75% or greater
otoprotection upon rescreening. We first determined whether
90 min of exposure to berbamine (Ber), E6 berbamine (E6),
hernandezine (Her), or isotetrandrine (Iso) alone caused hair
cell death (Figure 2A). We found that 25 and 50 µM of either
Ber or E6 caused significant, albeit slight, damage to hair cells,
with greater damage at 50 µM. We also found that 1 µM Iso
slightly damaged hair cells (Figure 2A). However, all four
compounds greatly protected hair cells from 200 µM neomycin.
Ber, Her, and Iso were highly protective at 25 and 50 µM. In
contrast, E6 was optimally protective at 0.5 µM, nearly 100-fold
lower than the concentration that resulted in hair cell damage
(Figure 2B). Based on these results, we selected the OPC of
0.5 µM for E6, and 25 µM for Ber, Her, and Iso, to further
characterize the nature of protection. In order to determine
the effectiveness of otoprotection, we asked if the OPC of
each natural compound conferred protection from a range of
aminoglycoside concentrations. All four natural compounds
protected hair cells from 50–400 µM acute neomycin exposure
(Figure 2C) and 50–400 µM continuous gentamicin exposure
(Figure 2D). Overall, all four natural compounds offered
protection from neomycin and gentamicin-induced hair cell
death, albeit with some ototoxicity at higher concentrations.
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FIGURE 1 | Screening a natural compound library for otoprotective
compounds. (A) Examples of larval zebrafish labeled with the vital dye
Yo-Pro-1. The left image is of an untreated fish, while the right image shows
reduced neuromast fluorescence caused by exposure to 200 µM neomycin.
Scale bars = 250 µm. (B) High magnification images of the SO2 neuromast
from an untreated fish (left), fish with moderate hair cell damage (center), or
fish with severe hair cell damage (right). Damage is evident by nuclear
condensation, which results in more intense, punctate labeling, and by
fragmentation. The scale bar on the left image = 10 µm and applies to all
three panels. (C) Natural compounds protect zebrafish lateral line hair cells
from the aminoglycosides neomycin and gentamicin. The initial screen
produced nine compounds that protected hair cells from neomycin, 14 from
gentamicin, and two from both ototoxins. The majority of the natural
compounds screened (477) were not protective.

Our primary assessment of hair cell viability used
DASPEI labeling, where fluorescent intensity is dependent
on mitochondrial potential (Bereiter-Hahn, 1976). However,
it is possible that changes in mitochondrial potential do not
accurately reflect hair cell death. Therefore, to directly confirm
the protection observed using DAPSEI scoring, we also counted
the number of viable hair cells remaining after treatment in
immunocytochemically-labeled wild type larvae, transgenic
brn3c:mGFP larvae, and transgenic myo6b:EGFP larvae. All
validation measures clearly demonstrated that all four natural
compounds protected hair cells from 200 µM acute neomycin

exposure, with neomycin alone killing over 50% of the hair cells
and each compound conferring approximately 90% protection
(Figure 3). The results of these independent assessments confirm
the hair cell protection observed and further validate the strong
correlation between DASPEI scoring and hair cell counts (Harris
et al., 2003; Coffin et al., 2013a).

The lateral line of larval zebrafish rapidly regenerates lost hair
cells, with complete regeneration observed 72 h after neomycin
damage (Harris et al., 2003; Ma et al., 2008). We therefore
wanted to rule out that we were observing a combination
of hair cell protection and increased hair cell regeneration.
Following neomycin damage and 1 h of recovery, neuromasts
had an average of 1.0 ± 0.1 BrdU+ cells per neuromast, and
this number did not increase upon co-treatment with Ber,
E6, or Her (0.9 ± 0.1, 0.4 ± 0.1, 1.2 ± 0.1 BrdU+ cells
per neuromast, respectively, Figure 4). These data demonstrate
that our bisbenzoquinoline derivatives protect hair cells from
aminoglycoside damage, rather than promoting rapid hair cell
regeneration.

Natural Compounds Protect Hair Cells by
Reducing Uptake of Aminoglycoside
Antibiotics
Aminoglycosides rapidly enter hair cells via MET channels that
are located at the apical portion of the hair bundle (Alharazneh
et al., 2011; Vu et al., 2013). Ou et al. (2012) showed that
quinoline ring derivatives reduce uptake of aminoglycosides into
hair cells, and all four of our protective compounds contain
modified quinoline ring structures (bisbenzylisoquinoline rings;
Figure 5). As such, we hypothesized that these natural
compounds confer protection by reducing aminoglycoside access
to hair cells through the MET channel. To test this hypothesis,
we used gentamicin conjugated to Texas Red (GTTR) to quantify
uptake of gentamicin into hair cells (Steyger et al., 2003).
Application of 25 µMBer, 0.5 µME6, or 25 µM Iso significantly
reduced uptake of 50 µM GTTR after 18 min of incubation
(Figure 6). A similar reduction in uptake was seen after 3 min
of incubation in GTTR (data not shown). We elected to remove
Her from further investigation because it is 10-fold more
expensive than the other natural compounds and is lethal to
zebrafish after prolonged exposure (data not shown). For the
GTTR experiment, Ca2+ was used as a positive control since
increasing the calcium concentration decreases the probability
of opening the MET channel, reducing the amount of GTTR
that enters hair cells (Ricci and Fettiplace, 1998; Coffin et al.,
2009).

To independently validate our hypothesis that the natural
compounds provide protection by blocking uptake through
the MET channels, we also used the fluorescent vital dye,
FM 1-43FX, which rapidly increases in fluorescence upon
entering a hair cell through the MET channels (Gale et al.,
2001; Meyers et al., 2003). Log and half-log concentrations
(0.01–100 µM) of E6, Ber, and Iso reduced FM 1-43FX
uptake in a concentration-dependent manner (Figure 7).
Additionally, a washout experiment with gentamicin showed
that protection was abolished if zebrafish were removed from
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FIGURE 2 | Four natural compounds protect zebrafish lateral line hair cells from aminoglycoside-induced death. (A) High concentrations of berbamine
and E6 berbamine (25 or 50 µM) significantly damaged hair cells after 90 min of exposure (one-way ANOVA, berbamine: F(5,84) = 11.75, p < 0.0001; E6 berbamine:
F(5,53) = 23.25, p < 0.0001). Iso also damaged hair cells, with significant loss at 1 µM (one-way ANOVA, F(5,64) = 2.485, p = 0.0405). Her did not significantly
damage hair cells (one-way ANOVA, F(5,64) = 1.839, p = 0.1178) after 90 min. (B) Ber, E6, Her, and Iso robustly protect hair cells from acute 200 µM neomycin
exposure, with optimal protective concentrations of 0.5 µM for E6 and 25 µM for Ber, Her, and Iso (one-way ANOVA, E6: F(5,47) = 47.02, p < 0.001; Ber:
F(5,84) = 64.81, p < 0.0001; Her: F(5,65) = 127.1, p < 0.0001; Iso: F(5,59) = 56.59, p < 0.0001). (C) The optimally protective concentration (OPC) of Ber, E6, Her and
Iso robustly protected hair cells from 50–400 µM acute neomycin exposure (two-way ANOVA, treatment effect, F(4,317) = 212.2, p < 0.0001; interaction term
F(4,317) = 74.47, p < 0.0001). (D) All four compounds significantly protected hair cells from 50–400 µM continuous gentamicin exposure (two-way ANOVA,
treatment effect, F(4,281) = 263.8, p < 0.0001; interaction term F(16,281) = 20.24, p < 0.0001). N = 8–26 and error bars are ±SEM.

gentamicin before adding Iso, suggesting a transient inhibitory
mechanism consistent with an uptake block (Figure 8). In
contrast, pre-treatment with Iso conferred significant, albeit
reduced, protection from gentamicin toxicity, suggesting that
the uptake block may be maintained after compound removal
(Figure 8). Similar results were seen in washout experiments
with Ber and E6 (data not shown). Lastly, we asked if E6
protected hair cells from cisplatin, another ototoxin that enters
hair cells through the MET channel (Thomas et al., 2013). We
elected to focus on E6 for the cisplatin experiments because all
four natural compounds have similar structures and appear to
confer protection via similar mechanisms. Furthermore, since
DMSO complexes with cisplatin to increase ototoxic damage,
we selected the natural compound with lowest OPC, which
also equates to the lowest concentration (0.002%) of DMSO

(Uribe et al., 2013). Following 6 h exposure to 500 µM cisplatin,
cotreatment with 0.5 µM E6 did not confer protection from hair
cell death, but 1 and 10 µM E6 were significantly protective
(Figure 9). Collectively, these data support our hypothesis that
these bisbenzylisoquinoline-containing alkaloids protect hair
cells by reducing uptake of chemical ototoxins through the MET
channel.

Protected Hair Cells are Still Functional
after Exposure to E6 Berbamine
To determine whether E6 could elicit a protective effect
against aminoglycoside ototoxicity without altering hair cell
function, we assessed MET channel function using microphonic
recordings. The MET channel is a non-selective cation channel
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FIGURE 3 | Direct hair cell counts confirm otoprotection. Ber, E6, Her
and Iso robustly protect hair cells from 200 µM neomycin after acute
exposure. (A–F) Representative low magnification (A–C) and high
magnification (D–F) images of myo6b: EGFP transgenic fish treated with the
indicated conditions. White circles in (A–C) denote the neuromasts shown in
(D–F). Scale bar in (A) = 40 µm and applies to panels (A–C), scale bar in
(D) = 10 µm and applies to panels (D–F). (G–I) Representative images of
brn3c: mGFP hair cells treated with the indicated conditions. (G) The dotted
line encircles a hair cell. Scale bar in (G) = 10 µm and applies to panels (G–I).
(J) Direct counts of hair cells in five neuromasts per fish demonstrate
significant hair cell protection in *AB fish labeled with anti-parvalbumin (black
bars, one-way ANOVA, F (4,60) = 46.58, p < 0.0001), Brn3c fish (light gray
bars, one-way ANOVA, F(4,38) = 75.58, p < 0.0001), and myo6: EGFP fish
(dark gray bars, one-way ANOVA, F(4,53) = 14.86, p < 0.0001). N = 8–24 and
error bars are ±SEM. and ∗∗∗∗p < 0.0001.

that opens upon mechanical deflection of the hair bundle
(Howard et al., 1988). When neuromast hair bundles are
deflected, inward potassium and calcium currents through

FIGURE 4 | Ber, E6, and Her do not enhance regeneration rates after
neomycin damage. Fish were treated with either natural compound only or
natural compound and 200 µM neomycin in the presence of BrdU. Fish were
counterstained with DAPI to identify neuromasts based on characteristic
morphology, as shown in the inset where DAPI-labeled nuclei are blue and red
nuclei are BrdU+. The line encircles the neuromast and the arrow denotes a
BrdU+ supporting cell at the neuromast periphery. Scale bar = 10 µm. There
is no difference in the number of BrdU+ cells per neuromast in fish that
received neomycin + compound (gray bars) vs. those that received compound
only (black bars; 2-way ANOVA, treatment effect F(1,67) = 1.882, p = 0.175).
N = 8–10 and bars are ±SEM.

the MET channel result in depolarization of the receptor
potential and a hyperpolarization of extracellularly-recorded
microphonic potentials (Corey and Hudspeth, 1983; Nicolson
et al., 1998).

Consistent with hair cell damage, neomycin treatment caused
a significant reduction in microphonic potentials evoked by
200 ms of 20-Hz sinusoidal stimulation (Figure 10A). In
contrast, hair cells co-treated with E6 and neomycin had robust,
albeit significantly reduced, microphonic potentials, indicating
that many of the E6-protected hair cells remained functional
(Figure 10B). To assay whether E6 is able to acutely block
hair cell transduction at the concentrations used for our
protection experiments, we applied 0.5 µM E6 to the bath while
recording microphonics. Direct application of E6 did not reduce
microphonic potentials. As a positive control, we then confirmed
acute block of microphonics with 1 mM dihydrostreptomycin
(DHS), a known MET blocker (Marcotti et al., 2005), which
reduced microphonic potentials significantly (Figures 10C,D).
Increasing E6 to a concentration (25 µM) that significantly
blocked FM 1-43X uptake also had no effect on microphonic
potentials (p = 0.2), nor did application of 25 µM Iso (p = 0.9).
Overall, these electrophysiological results demonstrate that these
bizbenzoquinoline derivatives protected lateral line hair cells
from aminoglycoside toxicity without affecting their function,
making them candidates for therapeutic development.
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FIGURE 5 | Comparison of their chemical structures shows that all
four natural compounds contain modified quinolone rings.

Protective Compounds do not Interfere
with Aminoglycoside Antibiotic Efficacy
To determine if E6, Ber, or Iso altered antibiotic efficacy,
we conducted a Kirby-Bauer agar diffusion test (Clinical
and Laboratory Standards, 2009). We co-treated E. coli
with the optimal protective concentration of each natural
compound and the MIC of neomycin (2 µg/ml) or gentamicin

FIGURE 6 | Natural compounds reduce uptake of gentamicin
conjugated with Texas Red (GTTR). (A) The OPC of Ber, E6, or
Isosignificantly reduced fluorescent intensity of 50 µM GTTR after 18 min of
GTTR incubation (one-way ANOVA, F(4,69) = 179.0, p < 0.0001). Fluorescent
intensity was measured in arbitrary units (a.u.). (B–D) Representative images
of 18 min GTTR uptake in DMSO (negative control), high Ca2+ (positive
control), and E6. Scale bar in (B) = 10 µm and applies to all images.
N = 13–15 and bars are +SEM. and ∗∗∗∗p < 0.0001.

(1 µg/ml) and measured the area of inhibited growth.
None of the natural compounds affected neomycin’s or
gentamicin’s ability to inhibit growth of E. coli strain
ATCC25922 (Figure 11). Furthermore, none of the natural
compounds alone inhibited bacterial growth. We observed
similar results using 15 mg/ml neomycin. The higher
neomycin concentration yielded a growth inhibition area of
34.0 ± 2.3 cm, while neomycin plus E6, Her, or Iso lead to
inhibition areas of 35.2 ± 2.2, 34.9 ± 1.9, and 36.3 ± 1.7 cm,
respectively.

DISCUSSION

Our initial independent otoprotection screens using neomycin
and gentamicin detected 23 natural compounds that protected
hair cells from ototoxic damage. To weed out false positives,
the 23 natural compounds were rescreened in duplicate. We
discovered four bisbenzylisoquinoline compounds from the
two screens, berbamine, E6 berbamine, hernandezine, and
isotetrandrine, that consistently protected hair cells from acute
neomycin and continuous gentamicin exposure paradigms; the
other 19 natural compounds were not protective upon repeated
testing. All four protective compounds substantially reduced
GTTR and FM 1-43FX uptake, two compounds that enter
hair cells via the MET channel. Electrophysiological recordings
of microphonic potentials confirmed that natural compounds
alone do not disrupt hair cell function and also serve to
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FIGURE 7 | Natural compounds reduce FM 1-43FX entry into hair cells.
(A–C) Representative images showing a reduction in FM 1-43FX uptake with
Ber and E6. The scale bar in (A) = 10 µM and applies to all images. (D) Ber,
E6, and Iso reduce uptake of FM 1-43FX into hair cells in a dose-dependent
manner. Fluorescent intensity was measured in arbitrary units (a.u.). Data were
analyzed by one-way ANOVA for each compound, with p < 0.0001 in all
cases. N = 10–14 and bars are ±SEM.

FIGURE 8 | Iso protection requires pre and/or co-treatment with
natural compound and aminoglycoside. Protection from gentamicin
damage is evident if the natural compound is present before (Pre) and during
gentamicin exposure (Pre and Co) regardless of natural compound presence
during the post-treatment recovery period (Post). However, the presence of
natural compound during the post-treatment recovery period only (Post) is not
sufficient to confer protection. These data suggest that these natural
compounds do not protect hair cells by modulating an intracellular signaling
pathway (one-way ANOVA, F(5,79) = 56.86, P < 0.001). N = 9–22, bars
are ±SEM., ∗∗∗∗p < 0.0001.

preserve hair-cell transduction following ototoxic insult. To
our knowledge this is the first time that a library of natural
compounds has been screened for otoprotection.

FIGURE 9 | E6 attenuates cisplatin ototoxicity. One and 10 µM E6
protects hair cells from 6 h of exposure to 500 µM cisplatin (one-way ANOVA,
F(5,73) = 33.48, p < 0.0001). N = 12–15 and bars are +SEM. ∗∗p < 0.01,
∗∗∗∗p < 0.0001.

Our results suggest that these bisbenzylisoquinoline-
containing natural compounds protect hair cells by blocking
aminoglycoside uptake through the MET channel, which is the
primary site of aminoglycoside entry in hair cells (Marcotti
et al., 2005; Alharazneh et al., 2011; Vu et al., 2013). However,
other routes of aminoglycoside entry have been reported, raising
the possibility that these natural compounds act by blocking
one of the alternative uptake mechanisms (Huth et al., 2011).
One alternative is that these natural compounds interfere with
receptor-mediated endocytosis, since kanamycin was shown to
colocalize with cationic ferritin (a marker for receptor-mediated
endocytosis) in regions immediately below the apical plasma
membrane of chicken sensory hair cells (Hashino and Shero,
1995). It is also possible that these natural compounds are acting
as antioxidants to protect hair cells, since isoquinoline alkaloids
have some antioxidant abilities (Zarei et al., 2015). However,
this antioxidant hypothesis seems unlikely as no protection was
observed in fish treated with natural compounds after gentamicin
exposure, a time when cell death is occurring. The uptake block
may be temporary, as removing the natural compound prior
to treatment with gentamicin attenuated protection. However,
some protection was retained in our washout study, suggesting
that partial block may be maintained. All four otoprotective
compounds have modified quinoline-like ring structures,
and previous studies demonstrate that other quinoline ring
derivatives, such as the FDA approved bioactive compounds
tacrine and amsacrine, also block uptake of aminoglycosides into
hair cells (Ou et al., 2009, 2012). The unique structure of these
natural compounds may provide new information about how
quinoline rings attenuate aminoglycoside uptake. For example,
E6 has an additional benzene ring with an attached nitrite group
that may increase its affinity for the MET channel (or other
uptake receptor) compared to Ber, consistent with E6 acting
at a substantially lower concentration. It is possible that the
quinoline rings structures are not necessary to confer protection,
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FIGURE 10 | Co-treatment with E6 berbamine protects hair cells from neomycin-induced loss of microphonics. (A) Representative microphonic traces
from control, E6, E6 + Neo, and neomycin-treated hair cells during 20 Hz stimulation for 200 ms. Treatment with 200 µM neomycin alone results in a loss of
microphonic potentials. (B) Microphonic potentials for control and E6 only group are not significantly different from one another (one-way ANOVA, multiple
comparisons, p > 0.05). However, there was a significant difference between the control and the E6 with neo group, where hair cells treated with E6 + neo had
significantly reduced microphonics compared to control or E6-only-treated cells (one-way ANOVA, multiple comparisons, p < 0.05). Furthermore, E6 prevents the
loss of microphonic potentials normally seen with neomycin (one-way ANOVA, F(3,39) = 6.609, p = 0.001). (C) Acute application of 1 mM dihydrostreptomycin (DHS)
significantly reduces microphonic potentials by nearly 87% (paired t-test, p < 0.0001). (D) Acute application of E6 does not affect microphonic potentials compared
to control (paired t-test, p > 0.05). N = 6–16 and bars are ±SEM, ∗p < 0.05, ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001.
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FIGURE 11 | Ber, E6, and Iso do not interfere with aminoglycoside efficacy. (A) Representative images show no obvious difference between neomycin-only
and neomycin with E6 or gentamicin-only and gentamicin with E6 groups; none of the natural compounds alone demonstrate antibacterial activity. Scale bar in
(A) = 0.6 cm and applies to all images. (B–C) Measuring the area of the zone of inhibition show that none of the natural compounds significantly affect the area of
inhibition of either (B) Neomycin (one-way ANOVA, F(3,20) = 1.256, p = 0.3162) or (C) Gentamicin (one-way ANOVA, F(3,19) = 0.9563, p = 0.4335). N = 6 and bars
are +SEM.

and future experiments will examine a suite of chemical analogs
to determine the minimum chemical structure that confers
otoprotection. Whether or not the modified quinoline ring
structures are necessary, our data demonstrate that these
compounds protect hair cells by preventing aminoglycoside
entry. By temporarily blocking ototoxin uptake, the mode of
action of these natural compounds may be an appealing way to
prevent aminoglycoside-induced hair cell death, as modulating
specific intracellular signaling pathways is often complex and
may result in unintended consequences for non-target cells. The
nature of the relationship between these bis-benzoquinoline
derivatives and aminoglycoside uptake mechanisms offers an
avenue for future exploration.

As stated above, E6 was chosen for additional study because it
is relatively inexpensive and had the lowest optimal protective
concentration of the four compounds and of any other quinoline
derivative found to date, suggesting a greater potency (Ou
et al., 2012). Although E6 reduced uptake of GTTR and
FM 1-43FX, microphonic recordings from lateral line hair
cells showed that E6-treatment alone did not disrupt normal
hair cell transduction, with hair cells previously exposed to
E6 and neomycin displaying robust microphonic recordings.
Additionally, acute application of E6 did not significantly reduce
microphonics, suggesting that if E6 protection is conferred
by direct interaction with the MET channel, it is likely
not disrupting cation flow through the channel. Consistent
with an interaction with the MET channel, E6 application

was able to block larger molecules, such as neomycin (614
Da), gentamicin (477 Da), GTTR (1165 Da) and FM 1-43FX
(611 Da), which are presumably unable to enter the partially
obscured channel. An alternative possibility is that the natural
compounds have a faster on/off rate than the aminoglycosides,
allowing them to outcompete the larger molecules for access
to the channel during cotreatment. However, this competitive
inhibition should have resulted in reduced microphonics during
acute application of E6 at concentrations that blocked FM 1-
43X uptake. Another possibility is that these compounds reduce
aminoglycoside uptake by a more indirect interaction with the
MET channel similar to amiloride (Jørgensen and Ohmori,
1988). Alternatively, these compounds could cause modulation
of intracellular calcium which may alter the MET channel open
probability, since quinoline derivatives have been shown to block
calcium influx associated with depleted calcium pools in bovine
endothelial cells (Low et al., 1996; Ricci and Fettiplace, 1998;
Eatock, 2000). However, this alternative explanation is unlikely
since we did not see a reduction in the microphonic potentials,
which would be expected with changes in calcium dynamics
(Nicolson et al., 1998).

Cisplatin also enters hair cells through the MET channel
(Thomas et al., 2013), but 0.5 µM E6 did not protect
hair cells from cisplatin toxicity, while this concentration
confers essentially complete protection from aminoglycoside
damage. However, increasing the concentration of E6 to 1 or
10 µM significantly protected hair cells from cisplatin toxicity.
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This result is not surprising given that cisplatin molecules (300
Da) are smaller than the larger aminoglycoside compounds.
Future research is needed to determine how these otoprotective
natural compounds interact with the MET channel or other
antibiotic entry route to reduce aminoglycoside uptake.

Other investigators have used the zebrafish lateral line to
discover otoprotective compounds. Vlasits et al. (2012) screened
a library of 640 FDA-approved compounds and identified 10
compounds that protected from acute neomycin exposure, with
only seven of those 10 compounds protecting from continuous
gentamicin exposure. It is not surprising that the Vlasits screen
found more otoprotective compounds, as all of the compounds
in the FDA library were known to activate specific cellular
pathways. Similarly, a screen of a library containing 1040
biologically active compounds identified seven compounds that
prevented neomycin ototoxicity (Ou et al., 2009). Screening a
library of 10,960 small molecules revealed two benzothiophene
carboxamide compounds (PROTO-1 and PROTO-2) that
protected hair cells from acute neomycin exposure (∼0.02%
hit rate), but not continuous gentamicin exposure (Owens
et al., 2008). Neomycin and gentamicin activate overlapping, yet
distinct, cell death pathways in zebrafish hair cells (Owens et al.,
2009; Coffin et al., 2013a,b). Therefore, it was not unexpected
that some screens found compounds that protect from one
antibiotic or the other, suggesting that these compounds
modulate specific intracellular pathways. However, all four
compounds from the present screen conferred protection
from both neomycin and gentamicin, suggesting that these
natural compounds may be broadly applicable to prevent
aminoglycoside ototoxicity.

Ber, Her, and Iso are bisbenzylisoquinoline alkaloids from
the Thalictrum family (herbaceous perennial flowering plant;
Schif, 1991; Pelletier, 1996); Ber, and Iso are also found in
Berberis, a shrub (Weber and Fournet, 1989; Di et al., 2003). E6
berbamine is a synthetic derivative of berbamine. None of these
natural compounds have been reported to affect hearing, and
since they are not well studied, there is little information about
bioavailability or serum concentrations in mammals. However,
all four natural compounds have been studied to treat various
disorders, including cancer and pain; bisbenzylisoquinoline
alkaloids have anti-tumor properties (Kuroda et al., 1976)
and Ber reduces inflammation and pain responses in mice
with serotonin-induced hind paw edema (Küpeli et al., 2002).
This research shows the promising applications that natural

compounds have in treating a wide variety of medical conditions,
and our data add hair cell protection to this growing list of
therapeutic possibilities.

Our otoprotective alkaloids did not affect antibiotic efficacy
of neomycin or gentamicin, making them ideal for future
research in mammalian systems, and ultimately as potential
therapeutics to prevent hearing loss in humans. One caveat
of using the zebrafish lateral line as an ototoxicity model is
the rapid rate of hair cell regeneration, where newly generated
hair cells may be confused with protected hair cells. However,
aminoglycoside-induced hair cell death occurred within hours
of antibiotic application, whereas substantial regeneration is
only evident 48 h after hair cell death (Harris et al., 2003;
Ma et al., 2008). We did not observe an increase in cell
proliferation after co-administration of natural compound and
neomycin, consistent with our interpretation that our natural
compounds confer true hair cell protection. In addition to
determining if Ber, E6, and Iso protect mammalian hair cells,
future work will include using the structural similarities of the
four natural compounds to create more efficient otoprotective
synthetic derivatives. For example, the synthetic berbamine, E6,
protects hair cells at a lower concentration than Ber, Iso, or
Her. Natural compounds offer a rich source of functionally and
chemically diverse otoprotective compounds with the potential
to reduce the ototoxic side effect of a highly effective class of
antibiotics.
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