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Aminoglycoside antibiotics cause death of sensory hair cells. Research over the past decade has identified
several key players in the intracellular cascade. However, the role of the extracellular environment in
aminoglycoside ototoxicity has received comparatively little attention. The present study uses the zebra-
fish lateral line to demonstrate that extracellular calcium and magnesium ions modulate hair cell death
from neomycin and gentamicin in vivo, with high levels of either divalent cation providing significant
protection. Imaging experiments with fluorescently-tagged gentamicin show that drug uptake is reduced
under high calcium conditions. Treating fish with the hair cell transduction blocker amiloride also
reduces aminoglycoside uptake, preventing the toxicity, and experiments with variable calcium and
amiloride concentrations suggest complementary effects between the two protectants. Elevated magne-
sium, in contrast, does not appear to significantly attenuate drug uptake, suggesting that the two divalent
cations may protect hair cells from aminoglycoside damage through different mechanisms. These results
provide additional evidence for calcium- and transduction-dependent aminoglycoside uptake. Divalent
cations provided differential protection from neomycin and gentamicin, with high cation concentrations
almost completely protecting hair cells from neomycin and acute gentamicin toxicity, but offering
reduced protection from continuous (6 h) gentamicin exposure. These experiments lend further support
to the hypothesis that aminoglycoside toxicity occurs via multiple pathways in a both a drug and time
course-specific manner.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Aminoglycosides are a clinically important group of antibiotics
despite their unwanted ototoxic and nephrotoxic side effects.
These drugs are cost-effective broad-spectrum antibiotics that
are effective in treating gram-negative bacterial infections. Several
lines of morphological and molecular evidence show that amino-
glycosides act directly on the inner ear by killing sensory hair cells
through stimulation of programmed cell death (apoptotic-like)
pathways (Li et al., 1995; Lang and Liu, 1997; Nakagawa et al.,
1998; Forge and Li, 2000; Cunningham et al., 2002; Hirose et al.,
2004; Jiang et al., 2006). In vitro and in vivo studies in birds and
mammals have uncovered some of the key molecular players in
these apoptotic cascades (reviewed in Van de Water et al., 2004;
Cheng et al., 2005). Aminoglycoside-induced cell death is thought
to act through the so-called ‘‘intrinsic mitochondrial cell death
pathway” although multiple overlapping death and protective
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factors are probably involved including oxidative stress, JNK sig-
naling, and heat shock proteins (Hirose et al., 1997; Pirvola et al.,
2000; Sha and Schacht, 2000; Dehne et al., 2002; Wang et al.,
2003; Cunningham et al., 2004; Cunningham and Brandon, 2006;
Sugahara et al., 2006; Taleb et al., 2008). Mitochondrial swelling
and release of cytochrome c into the cytoplasm, hallmarks of clas-
sical apoptosis, are early signs of aminoglycoside ototoxicity (Hir-
ose et al., 1999; Mangiardi et al., 2004; Matsui et al., 2004;
Owens et al., 2007). Later events include activation of key caspases,
particularly caspases-3 and -9 (Cunningham et al., 2002; Matsui
et al., 2002; Cheng et al., 2003; Mangiardi et al., 2004). Some
in vivo studies, however, downplay the role of caspases and suggest
that aminoglycosides can trigger hair cell death in the absence of
caspase activation (Jiang et al., 2006).

Despite the growing body of literature on intracellular cell
death pathways and possible avenues of hair cell protection,
comparatively little attention has been paid to the role of the
extracellular environment on aminoglycoside ototoxicity. In vitro
experiments in neonatal mouse cochlear cultures demonstrate that
high levels of calcium or magnesium protect hair cells from
neomycin damage (Richardson and Russell, 1991), suggesting that
the external ionic environment may play a role in ototoxic

mailto:rubel@u.washington.edu
http://www.sciencedirect.com/science/journal/03785955
http://www.elsevier.com/locate/heares


A.B. Coffin et al. / Hearing Research 253 (2009) 42–51 43
responses. The present study examines the role of the external io-
nic environment in hair cell death and protection in the zebrafish
(Danio rerio) lateral line.

Our group has recently established the larval zebrafish lateral
line as an in vivo preparation to study the modulation of aminogly-
coside toxicity (Harris et al., 2003; Murakami et al., 2003; Santos
et al., 2006; Owens et al., 2007, 2008). The lateral line is a collection
of mechanosensory structures called neuromasts, each containing
several hair cells and associated supporting cells. The neuromasts
are arrayed in a stereotyped pattern along the head and body of
the animal (Metcalf et al., 1985; Coombs et al., 1989; Raible and
Kruse, 2000), and are used to detect near-field, low frequency
water movement important for many behaviors such as predator
avoidance, prey detection, and orientation within the water col-
umn (Dijkgraaf, 1963; Montgomery and MacDonald, 1987; Mont-
gomery et al., 1997; Coombs et al., 2001; New et al., 2001).
Lateral line hair cells share many structural and functional similar-
ities with vertebrate inner ear hair cells, including sensitivity to
aminoglycoside- and cisplatin-induced cell death (Song et al.,
1995; Williams and Holder, 2000; Harris et al., 2003; Murakami
et al., 2003; Ton and Parng, 2005; Ou et al., 2007; Owens et al.,
2007). Due to its external location, the relative ease of genetic
and pharmacological manipulations and visualization, the lateral
line provides a powerful model system for in vivo studies of hair
cell toxicity (Harris et al., 2003; Ton and Parng, 2005; Hernández
et al., 2006; Ou et al., 2007; Chiu et al., 2008; Owens et al., 2007,
2008).

In the present study, we examined the role of extracellular diva-
lent cations in aminoglycoside uptake and aminoglycoside-in-
duced hair cell death in the zebrafish lateral line. We found that
increasing extracellular calcium or magnesium protected hair cells
from neomycin in a dose-dependent manner while low concentra-
tions of these ions facilitated hair cell death. We found similar ionic
protection of hair cells from acute gentamicin damage, but dimin-
ished protection from continuous 6-hour gentamicin exposure.
Experiments with the transduction channel blocker amiloride sug-
gest that both aminoglycosides are taken up by similar transduc-
tion-dependent mechanisms. A separate set of experiments using
fluorescently labeled gentamicin shows that high calcium, and to
a lesser extent high magnesium, protects hair cells by preventing
drug entry. These findings indicate that calcium plays a similar role
in vivo in the zebrafish lateral line as it does in mammalian co-
chlear cultures, highlighting the similarities between these prepa-
rations and adding strength to the use of zebrafish as a rational
model for studies of hair cell death. The present study also provides
additional evidence for the hypothesis that neomycin and gentami-
cin damage lateral line hair cells by only partially overlapping
mechanisms. Finally, these results highlight the necessity of care-
fully controlling the external ionic environment during ototoxicity
studies and in considering differing ionic conditions when compar-
ing findings between studies.
2. Materials and methods

2.1. Animals

Adult stocks are maintained by the UW Zebrafish Facility
according to standard protocols (Westerfield, 2000). Embryos were
obtained from group matings of *AB wildtype adults and raised at
28.5 �C in embryo medium (EM, see below) at a density of 50 lar-
vae per 10 cm diameter Petri dish. Larvae were fed paramecia or
rotifers and dry plant food daily starting at 4 days post-fertilization
(dpf). All experiments were performed using larvae aged 5–6 dpf.
The University of Washington Animal Care and Use Committee ap-
proved all animal procedures.
2.2. Embryo medium composition

Baseline embryo medium contained 994 lM MgSO4, 150 lM
KH2PO4, 42 lM Na2HPO4, 986 lM CaCl2, 503 lM KCl, 14.9 mM
NaCl, and 714 lM NaHCO3, with the pH adjusted to 7.2. Ca2+ (as
CaCl2) or Mg2+ (as MgSO4) concentrations were adjusted as indi-
cated for each experiment while all other ion concentrations were
held constant. Osmolality was not substantially different between
solutions (110–113 mOsm/kg).

2.3. Aminoglycoside treatment

Neomycin (10 mg/ml stock) or gentamicin (50 mg/ml stock)
were obtained from Sigma (St. Louis, MO) and were diluted in
the appropriate embryo medium (see below) to final concentra-
tions of 50, 100, 200, or 400 lM. Larvae (8–16 fish per treatment
group) were distributed into transfer baskets (Harris et al., 2003)
and all treatments were performed in six-well tissue culture plates.
Two aminoglycoside exposure paradigms were used, based on
prior observations that in the zebrafish lateral line, neomycin and
gentamicin produce damage with differing time courses (Owens
et al., 2009). For acute exposure paradigms, fish were incubated
in the appropriate concentration of neomycin or gentamicin for
30 min, rinsed four times, and allowed to recover for one hour prior
to hair cell assessment. For continuous exposure experiments, fish
were incubated for six hours in neomycin or gentamicin and hair
cell damage was examined immediately after the exposure period.
Mock-treated controls, included in each experiment, were handled
identically, including all rinses, except that the aminoglycoside
was omitted. All rinses were performed in embryo medium with
the same ionic composition as that used for drug treatment. For
experiments with amiloride, fish were incubated in variable con-
centrations of amiloride for 15 min prior to addition of neomycin
or gentamicin, then treated with aminoglycosides as described
above. Amiloride treatment continued throughout each
experiment.

2.4. Vital dye labeling

Hair cells were labeled either pre-or post-treatment by two dis-
tinct labeling paradigms. For experiments where hair cells were la-
beled prior to drug treatment, free swimming larvae were
immersed in 3 lM YO-PRO-1 (Invitrogen, Eugene, OR) for 20 min,
rinsed 3X in EM, immersed in 3 lM FM 1-43 FX ((n-(3-triethylam-
moniumpropyl)-4-(dibutylamino)-styryl) pyridinium dibromide;
Invitrogen) for 45 s, then rinsed three times in EM. Standard EM
was used for pre-labeling experiments to eliminate the possibility
of differential dye uptake due to varying cation concentrations.
This combination of nuclear (YO-PRO-1) and cytoplasmic (FM 1-
43) label allows for clear visualization of multiple hair cell com-
partments and using this labeling scheme both dyes are specific
for hair cells within the lateral line (Santos et al., 2006; Owens
et al., 2008). The mitochondrial dye DASPEI ((2-{4-(dimethyl-
amino-) styryl}-1-ethylpyridinium iodide; Invitrogen) was used
for post-treatment hair cell labeling (Harris et al., 2003; Murakami
et al., 2003; Owens et al., 2007, 2008). DASPEI was added to the fi-
nal post-aminoglycoside rinse (for acute exposure) or directly to
the drug treatment (for continuous exposure) at a final concentra-
tion of 0.005% and fish were incubated for 15 min, then rinsed
twice in fresh EM.

2.5. Imaging and quantification

All imaging was performed in vivo on larvae anesthetized with
0.001% MS-222 (3-aminobenzoic acid ethyl ester methanesulfo-
nate; Sigma). For direct counts of YO-PRO-1/FM 1-43-labeled hair



Fig. 1. Neuromast hair cells have a minimal calcium requirement. Fish were
incubated for 90 min in embryo medium with no added calcium or in embryo
medium with moderate (900 lM) calcium (standard embryo medium). (A) SO2
neuromast from a 5 dpf fish incubated in medium with no added calcium (nominal
Ca2+-free; left) or in normal embryo medium (right). Hair cell nuclei are labeled
with YO-PRO-1 (blue) and hair cell cytoplasm with FM 1-43 (red). Arrows in the left
panel point to condensed nuclei. Scale bar = 5 lm and applies to both panels. (B)
Hair cells were counted in four neuromasts per fish and hair cell numbers were
separately normalized to the number of hair cells in control neuromasts. The
normalized average for all four neuromasts is shown here. N = 9–10 fish/treatment,
bars are mean ± 1 SD. Hair cell number is significantly different between the two
conditions (unpaired t-test, p 6 0.01).
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cells, anesthetized fish were mounted between bridged coverslips
and visualized on a Zeiss Axioplan 2ie epifluorescence microscope.
Labeled hair cells in each of four neuromasts (SO1, SO2, IO1, IO2;
Raible and Kruse, 2000) were counted (8–12 fish per treatment
group). Hair cell numbers were normalized to mock-treated con-
trols for each individual neuromast and are reported as % survival
based on this normalization. Images were collected with Slidebook
software v. 4 (Olympus, Center Valley, PA).

DASPEI-labeled, anesthetized fish were placed in depression
slides and observed with a Leica MZFLIII stereomicroscope
equipped for epifluorescence. Ten neuromasts on each larva (8–
16 fish/treatment) were each scored on a scale from 0 (no staining)
to 2 (normal staining), resulting in a score from 0 to 20 for each fish
(Harris et al, 2003; Owens et al., 2007, 2008). Average scores for
each group were normalized to mock-treated controls. All hair cell
quantification data (direct counts or DASPEI scores) are presented
as the mean ± one standard deviation in all figures.

2.6. Uptake studies

Texas Red-conjugated gentamicin (GTTR) was prepared as de-
scribed (Steyger et al., 2003; Dai et al., 2006). Hair cells were first
prelabeled in YO-PRO-1 diluted in standard EM. Larvae were ex-
posed to GTTR (45 lM total, including unconjugated gentamicin)
diluted in the appropriate embryo medium (see results) for
10 min at room temperature, anaesthetized in MS-222, and immo-
bilized either between bridged coverslips or in a drop of 1.5% low-
melt agarose. For uptake experiments involving amiloride, fish
were incubated in EM with amiloride (amiloride hydrochloride hy-
drate, Sigma; dissolved in 100% DMSO) for 15 min prior to the
addition of GTTR. Fish were imaged on an Olympus FV-1000 confo-
cal microscope with Fluoview software. All images were collected
using identical laser power and software settings. Confocal stacks
were transformed into brightest point projections with ImageJ (v.
1.40 g). While YO-PRO-1 fluoresces green, images were pseudocol-
ored blue in ImageJ to increase contrast with Texas Red.

2.7. Statistics

Statistical analyses were performed using Graphpad Prism v. 5.
Analysis of variance (ANOVA) was used to assess dose-response
curves with Bonferroni-corrected t-tests used for post-hoc compar-
isons between individual data points. For analyses comparing only
like data (direct hair cell counts or DASPEI scores), the raw data
was used for all analyses. For comparisons between the two scor-
ing measures, normalized scores were used in order to allow direct
comparison between data sets. In the case of direct hair cell counts,
raw counts were first normalized to the average control value for
each individual neuromast because different neuromasts normally
contain different numbers of hair cells. This generated four nor-
malized values for each fish (one per neuromast), which were then
averaged to arrive at one normalized hair cell survival score for
each animal. Results are presented as means ± 1 SD.
3. Results

3.1. Minimal calcium requirement

Lateral line hair cells require a minimum level of calcium in the
external medium. As shown in Fig. 1, bathing fish for 90 min in
medium containing no added calcium (nominal zero) resulted in
a significant loss of hair cells as compared to control fish held in
standard EM (unpaired t-test, p 6 0.01). Nuclear condensation, a
hallmark feature of cell death, was evident in fish incubated in
nominal zero calcium but not in fish held in EM (Fig. 1A). Magne-
sium could not substitute for calcium (data not shown), demon-
strating that hair cells specifically require extracellular calcium
for survival.

3.2. Divalent cations and aminoglycoside-induced hair cell death

Elevated external calcium protected hair cells from neomycin in
a dose-dependent manner (Fig. 2). The highest calcium level tested
(2100 lM) provided almost complete protection from acute
100 lM neomycin insult, as seen by both the retention in DASPEI
labeling (Fig. 2A and B) and counts of surviving hair cells after
30 min of neomycin exposure and 1 h of recovery (Fig. 2B). Hair
cell loss decreased monotonically with successively increasing lev-
els of external calcium concentrations, and both DASPEI scoring
and direct hair cell counts showed the same pattern of hair cell
loss. The two-way analysis of variance was significant (p < 0.001)
with differences in calcium concentration contributing most of
the variance, while the method of data collection (DASPEI scoring
or hair cell counts) made up only 4.6% of the total variation in hair
cell survival. Previous reports from our laboratory have also vali-
dated the use of the DASPEI scoring method against hair cell counts
(Harris et al., 2003; Santos et al., 2006). Experiments described be-
low use DASPEI scoring.



Fig. 2. Calcium protects hair cells from neomycin in a dose-dependent manner. (A) Fish were acutely exposed to 100 lM neomycin in embryo medium with variable Ca2+

concentration and hair cell survival was assessed with the vital dye DASPEI. The arrow indicates the MI1 neuromast in each image as a reference, while the arrowhead points
to the olfactory epithelium, which serves as an internal labeling control. Numbers on each image indicate the Ca2+ concentration. The scale bar in the ‘‘control” image is
0.5 mm. (B) Mean hair cell survival following acute 100 lM neomycin exposure was assessed using DASPEI scoring (dashed line) from 10 neuromasts per fish or by direct
counts of YO-PRO-1-labeled hair cells (solid line) from four neuromasts per fish. Mock-treated controls are not shown but are represented by the 100% level. Increased
calcium shows significant protection against neomycin at this dose (two-way ANOVA, p < 0.001) (C and D). Dose-response curves for acute (C) and continuous (D) neomycin
exposure in embryo medium containing either 300, 900, 1500, or 2100 lM Ca2+. Mean hair cell survival significantly increases with increasing external Ca2+ for either
exposure time course (p < 0.001). The legend in panel C applies to both C and D. N = 9–16 fish/treatment, error bars are ±1 SD.

Fig. 3. High calcium protects hair cells from acute gentamicin (A and C) exposure but not from continuous gentamicin (B and D). Hair cell survival was assessed with DASPEI
scoring for all panels shown here. (A) Acute (30 min exposure, 1 h recovery) and (B) continuous (6 h exposure, no recovery) treatment with 100 lM gentamicin in medium
with variable Ca2+ concentration. (C and D) Dose-response relationships for hair cells exposed to variable gentamicin in medium containing either 300 or 2100 lM Ca2+. (C)
Increased calcium significantly protects against acute gentamicin exposure over a range of gentamicin concentrations (p < 0.001), except at the highest dose tested. (D) High
calcium significantly protects hair cells from continuous (6 h) exposure to 50 or 100 lM gentamicin (p < 0.001). The legend in (D) applies to panels C and D. N = 9–13 fish/
treatment, except for the ‘‘400 gentamicin, 300 calcium” group in panel D, as this combination appears toxic to fish. Here, n = 5. For all panels error bars are ±1 SD.
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Calcium modulation of neomycin-induced hair cell damage
across a range of neomycin concentrations is presented in Fig. 2C
and D. There is a robust relationship between calcium concentra-
tion and hair cell survival across all levels of aminoglycoside expo-
sure, with significant main effects for both neomycin and calcium
as well as the interaction term (p < 0.001). This effect is consistent
regardless of the drug exposure time course. While there is
increasing hair cell death with increasing neomycin dose regard-
less of the external calcium environment, 2100 lM calcium still
provided significant hair cell protection (p < 0.001) from 400 lM
neomycin, a dose sufficient to cause complete hair cell loss in med-
ium containing 61 mM calcium. High (2100 lM) calcium provided
equal protection from hair cells during acute or continuous expo-
sure (two-way ANOVA, p = 0.34). The combination of low
(300 lM) calcium and high (400 lM) neomycin was toxic to fish
in the continuous exposure experiment, suggesting that calcium
may also play a generally protective role during aminoglycoside
exposure in fish.
Fig. 4. External magnesium concentration affects aminoglycoside-induced hair cell
death. (A) Acute neomycin exposure in medium containing low (300 lM) or high
(2100 lM) Mg2+. (B and C) Dose-response relationship for acute gentamicin (B) and
continuous gentamicin (C) exposure in low or high Mg2+. In all cases there is a
significant effect of both aminoglycoside concentration and magnesium concen-
tration on hair cell survival (two-way ANOVA, p < 0.0001). The legend in (A) applies
to all panels. N = 9–13 fish/treatment, error bars are ±1 SD.
3.3. Calcium differentially protects against gentamicin exposure

Aminoglycoside antibiotics vary in their hair cell toxicity
depending on the relative time of exposure (Owens et al., 2009).
Acute gentamicin treatment (30 min exposure, 1 h recovery) in
standard EM does not cause greater than 40% hair cell loss over a
wide range of gentamicin concentrations (Owens et al., 2009). Sim-
ilarly, acute gentamicin treatment in the present experiments did
not result in greater than 50% hair cell loss, even under low
(300 lM) calcium conditions (Fig. 3A and C). The nearly complete
loss of DASPEI labeling in fish that were acutely treated with
100 lM gentamicin in ‘‘zero” calcium conditions (Fig. 3A) is most
likely a compound effect of hair cell loss due to gentamicin com-
bined with hair cell loss due to a lack of calcium (see Fig. 1). As
shown in Fig. 3C, high (2100 lM) calcium significantly protected
hair cells from acute gentamicin exposure when moderate genta-
micin concentrations were used (p < 0.001), but this protection
was not apparent when fish were treated with 400 lM gentamicin.

In contrast to neomycin exposure, continuous (6 h) gentamicin
treatment caused additional hair cell damage beyond that seen
with acute exposure at all calcium concentrations tested (Fig. 3B
and D). Two-way analysis of variance shows that there is a signif-
icant main effect of calcium (F1,1 = 147.3, p < 0.001), but this effect
is relatively small, accounting for only 3.23% of the variance, com-
pared to the main effect of gentamicin concentration (86.31%). This
effect of calcium may be due primarily to a residual protective ef-
fect from the acute phase of treatment, or calcium may play a mod-
erately protective role throughout all phases of gentamicin-
induced hair cell damage.

Magnesium modulates hair cell death in response to aminogly-
coside treatment in a similar manner to calcium (Fig. 4). In these
experiments only low (300 lM) and high (2100 lM) magnesium
concentrations were used. High magnesium protected hair cells
from both acute neomycin (Fig. 4A) and acute gentamicin
(Fig. 4B) exposure, but again, this protection was attenuated with
continuous gentamicin treatment (Fig. 4C). Both main effects of
drug and magnesium concentration, as well as the interaction
term, are significant for all experiments shown in Fig. 4
(p < 0.001). As with calcium, high magnesium does not protect hair
cells from 400 lM gentamicin under either exposure paradigm.
The experiments shown here were conducted by varying the con-
centration of MgSO4, but neomycin exposure experiments using
MgCl2 yielded results that were not significantly different from
those with MgSO4 (unpaired t-tests, p > 0.05, Supplemental
Fig. S1), demonstrating that it is the Mg2+ and not the anion con-
centration that is responsible for the protective effect.
For the experiments described above, fish were treated in the
designated embryo medium during all phases of the experiment.
In order to test when divalent cations are exerting their effect, fish
were pretreated in either low (300 lM) or high (2100 lM) calcium
medium for 30 min, then acutely exposed to neomycin in the
opposite calcium medium (Fig. 5). Pretreatment in high calcium
medium followed by 200 lM neomycin exposure in low calcium
medium resulted in a significant decrease in hair cell loss
compared to the same experiment run completely in low calcium



Fig. 5. Pretreatment in reciprocal embryo medium does not alter the pattern of hair
cell loss following neomycin exposure. Gray bars indicate fish that were pretreated
for 1 h in 300 lM calcium, black bars are fish that were pretreated in 2100 lM
calcium. The calcium concentration during neomycin exposure and recovery is
indicated on the x-axis. There is a significant difference in hair cell survival between
the groups treated with neomycin in 300 lM calcium (t-test, p = 0.02) but not
between the groups treated in 2100 lM calcium (p = 0.64). N = 9–11 fish/treatment,
error bars are ±1 SD.

Fig. 7. Amiloride blocks drug uptake and the resulting loss of hair cells. (A)
Amiloride attenuates short-term (10 min) GTTR uptake (right) as compared to GTTR
uptake without amiloride (left). Hair cell nuclei are labeled with YO-PRO-1 (blue),
scale bar = 5 lm and applies to both panels. (B) 1 mM amiloride prevents hair cell
loss from acute neomycin or gentamicin exposure (unpaired t-tests, p > 0.05 for
amiloride + aminoglycoside as compared to mock-treated controls). Black bars = no
amiloride, gray bars include 1 mM amiloride. Controls show that amiloride alone
does not alter DASPEI scores (unpaired t-test, p > 0.05). Error bars in (B) are ±1 SD.
All experiments shown here were conducted in standard EM (�1 mM Ca2+).
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(t-test, p = 0.02), but there was still considerably more hair cell loss
than in fish exposed to neomycin under high calcium conditions.
This marginal protection obtained from pretreatment is most likely
due to a partial block of the transduction channel during pretreat-
ment (see below) that was not completely washed out before neo-
mycin exposure.

In all of the above experiments, only one divalent cation was
varied while the other was held at moderate levels (�1 mM). It is
therefore possible that lowering both cations simultaneously, or
raising one while keeping the other low, would yield different re-
sults. We therefore examined the role of simultaneous manipula-
tion of both divalent cations on hair cell death following acute
exposure to 100 lM neomycin. The degree of hair cell loss differs
between experiments when either calcium or magnesium is varied
as compared to when both cations are varied together (one-way
ANOVA, p < 0.0001; Suppl. Fig. S2). However, lowering both cal-
cium and magnesium simultaneously does not further facilitate
hair cell loss as compared to experiments run in low calcium or
low magnesium medium (Suppl. Fig. S2A). Similarly, lowering
one cation while keeping the other high does not result in in-
creased hair cell loss relative to experiments where one cation is
high and the other is kept at moderate levels (Suppl. Fig. S2B).

3.4. Calcium modulates aminoglycoside uptake

Previous studies have implicated calcium in hair cell transduc-
tion channel opening in other vertebrates (reviewed in Eatock,
2000) and in gentamicin uptake in cultured kidney cells (Myrdal
and Steyger, 2005). In addition, changes in external calcium alter
the kinetics of aminoglycoside (dihydrostreptomycin) entry
Fig. 6. GTTR uptake is substantially antagonized by external calcium and to a lesser deg
calcium, (B) 2100 lM calcium, (C) 300 lM magnesium, or (D) 2100 lM magnesium. (
fluorescence is red; nuclei are counter-stained blue with YO-PRO-1. GTTR fluorescence
fluorescence between the low and high magnesium conditions. The arrow in A indicate
through the transduction channel (Marcotti et al., 2005). To inves-
tigate possible mechanisms for the altered hair cell sensitivity un-
der changes in divalent cation concentrations, we directly
visualized aminoglycoside uptake in vivo using Texas-Red labeled
gentamicin (GTTR; Steyger et al., 2003). As exemplified in Fig. 6,
uptake of gentamicin is antagonized by calcium. On the other
hand, we observed only slight differences in GTTR fluorescence be-
tween hair cells incubated in medium containing differing concen-
trations of magnesium; GTTR enters hair cells under either of these
ionic conditions (Fig. 6C and D).

Aminoglycosides are hypothesized to enter hair cells in a trans-
duction-dependent manner, possibly through the open pore of the
mechanotransduction channel (Gale et al., 2001; Steyger et al.,
2003; Marcotti et al., 2005). We therefore used the transduction
channel blocker amiloride to further examine the role of calcium
in aminoglycoside uptake. Amiloride is a well-validated inhibitor
of many ion channels, including the hair cell transduction channel
(Jørgensen and Ohmori, 1988; Tang et al., 1988; Garcia et al., 1990;
ree by magnesium. Fish were incubated for 10 min in GTTR diluted in (A) 300 lM
E) Negative control neuromast from a fish incubated with Texas Red only. GTTR
is greatly reduced in the presence of high calcium but there is little difference in

s a fragmented hair cell. The scale bar in E is 5 lm and applies to all panels.



Fig. 8. Interplay of amiloride and calcium in aminoglycoside uptake and hair cell
death. (A) 50 lM amiloride reduces GTTR uptake under low calcium (300 lM)
conditions (left) but does not completely prevent GTTR uptake even under higher
(1500 lM) calcium conditions (right). Hair cell nuclei are labeled with YO-PRO-1
(blue), scale bars are 5 lm. (B) Amiloride increases hair cell survival proportionally
regardless of calcium concentration. Black bars represent the effect of calcium only
on hair cell loss for two concentrations of calcium (300 or 1500 lM). Dark gray bars
depict hair cell survival in the indicated calcium concentration with 50 lM
amiloride added, while light gray bars represent hair cell survival with 500 lM
amiloride. Error bars are ±1 SD.
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Manev et al., 1990; Rüsch et al., 1994), and 1 mM amiloride inhibits
uptake of the transduction marker FM 1-43 in the zebrafish lateral
line (Seiler and Nicolson, 1999). Similar to what we observed with
high calcium, 1 mM amiloride prevents both short-term GTTR up-
take and hair cell death following neomycin or gentamicin expo-
sure, suggesting similar transduction-dependent uptake of both
aminoglycosides (Fig. 7).

Given that either calcium or amiloride can inhibit GTTR uptake
and subsequent hair cell death, we then examined the complemen-
tary interaction between the two. We first established that a mod-
erate concentration of amiloride (50 lM) reduces GTTR uptake
under either low (300 lM) or moderate (1500 lM) calcium condi-
tions (Fig. 8A). Titration of amiloride and calcium against one an-
other shows additive effects, indicating that both substances may
operate on a similar uptake mechanism (Fig. 8B).

4. Discussion

4.1. Divalent cations modulate hair cell death

We have shown that extracellular calcium and magnesium ions
modulate aminoglycoside-induced hair cell death in the zebrafish
lateral line, with high concentrations offering protection and low
concentrations facilitating hair cell loss. These data are in agree-
ment with in vitro studies in the mammalian cochlea (Richardson
and Russell, 1991) and suggest that divalent cations act similarly
on all vertebrate hair cells. Richardson and Russell (1991) found
that removal of both calcium and magnesium from the culture
medium also caused hair bundle damage. Our data suggest that
it was probably the exclusion of calcium that caused the hair cell
damage in their preparation. Combined, these results indicate that
a minimal extracellular calcium requirement is a general feature of
vertebrate hair cells.

How removal of extracellular calcium triggers hair cell death re-
mains unresolved. It is well established that increasing intracellu-
lar free calcium is an important component of cell death in many
cell types, including neurons, and that this increase often results
from release of mitochondrial and endoplasmic reticulum calcium
stores (reviewed in McConkey and Orrenius, 1997; Smaili et al.,
2000; Arundine and Tymianski, 2003). In addition, previous studies
have found that removing extracellular calcium causes cell death
in multiple cell types including astrocytes, neuroblastoma cells,
and cardiac myocytes (Chiesa et al., 1998; Zhu et al., 2000), possi-
bly by triggering calcium release from mitochondria (Zhu et al.,
2000). This process may also occur in hair cells following calcium
removal. Future studies will examine changes in intracellular cal-
cium storage and release during hair cell incubation in calcium-
free medium.

The studies presented here conclusively demonstrate the mod-
ulatory effects of divalent cations on aminoglycoside-induced hair
cell death in vivo. Prior studies in zebrafish and other fishes provide
additional evidence for this phenomenon. For example, Kaus
(1992) showed that extracellular calcium altered the effects of
neomycin on a behavioral assay of putative lateral line function
in killifish (Aplocheilus lineatus). An additional study, while not de-
signed to address the influence of extracellular ions, further sup-
ports our finding that divalent cation concentration alters
zebrafish lateral line hair cell death in response to aminoglycosides
(Ton and Parng, 2005). This study found that low concentrations of
neomycin or gentamicin (5–10 lM) elicited significant damage,
and examination of the embryo medium used by this group reveals
that their experiments were performed under low calcium and low
magnesium conditions (300 lM CaCl2, 100 lM MgSO4). Low doses
of aminoglycoside antibiotic were also reported to cause damage of
zebrafish hair cells by Williams and Holder (2000), but the concen-
trations of divalent cations used in their media was not reported.

4.2. Calcium antagonizes transduction-dependent drug uptake

Extracellular calcium regulates mechanotransduction adapta-
tion (Corey and Hudspeth, 1983; Crawford et al., 1991; Ricci and
Fettiplace, 1998; Ricci et al., 1998). Adaptation is hypothesized to
occur by two mechanisms, termed fast and slow adaptation, and
both mechanisms may be regulated by calcium (Wu et al., 1999;
Holt and Corey, 2000). During fast adaptation this regulation is
thought to occur directly, by calcium entering through the open
transduction channel and binding to an intracellular portion of
the channel or nearby element, thereby inducing channel closure
(Crawford et al., 1991; Cheung and Corey, 2006; Beurg et al.,
2008). Transduction is dependent on tip links, extracellular fila-
ments that connect stereocilia and are hypothesized to act as part
of the gating spring apparatus that regulates opening of the trans-
duction channel (reviewed in Ricci et al., 2006). The working
hypothesis for slow adaptation posits that a molecular motor, most
likely myosin 1c, is connected in series to the tip links and that
during prolonged stimulation myosin 1c slides down individual
stereocilia, resetting the transduction channel in a closed state (re-
viewed in Gillespie and Cyr, 2004). The interaction of myosin 1c
with the actin core of the stereocilium is indirectly regulated by
calcium through a series of calmodulin binding sites in the neck re-
gion of the myosin protein (Cyr et al., 2002).

Several studies implicate the transduction channel as one site of
aminoglycoside uptake in hair cells (Gale et al., 2001; Steyger et al.,
2003; Marcotti et al., 2005). Tip link breakage by calcium chelation
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appears to inhibit mechanotransduction and protect hair cells from
aminoglycoside damage (Assad et al., 1991; Zhao et al., 1996; Gale
et al., 2001). The shaker-1 mouse and mariner zebrafish mutant,
both transduction-deficient myosin VIIa mutants, show resistance
to aminoglycoside ototoxicity, further supporting a link between
mechanotransduction and aminoglycoside sensitivity (Richardson
et al., 1997, 1999; Seiler and Nicolson, 1999; Kros et al., 2002).
Extracellular calcium alters interactions of aminoglycosides with
the transduction channel and changes their entry into the channel
(Marcotti et al., 2005). Our findings provide additional support for
the hypothesis that aminoglycoside uptake is dependent on hair
cell transduction and that calcium can regulate the channel prop-
erties by modulating adaptation or in some other fashion. How-
ever, due to the time courses examined in the present study we
cannot differentiate the contributions of fast vs. slow adaptation
on aminoglycoside exclusion from hair cells.

While we think it likely that calcium reduces GTTR uptake by
regulating transduction channel adaptation, we cannot rule out a
direct extracellular interaction between calcium and gentamicin
that would reduce drug entry. It is also possible that calcium
antagonizes GTTR uptake by a charge screening mechanism,
whereby a change in the external ionic environment would alter
transduction channel gating via charge effects rather than protein
binding. Given that the transduction channel is mechanically
gated, however, we consider this scenario unlikely.

Experiments on isolated tectorial membrane preparations from
mouse and chick inner ear have demonstrated that the thickness of
this gelatinous structure may be modulated by extracellular cal-
cium concentration, with high calcium (2000 lM) causing a slight
shrinkage of the tectorial membrane (�1% in mouse, Shah et al.,
1995; up to 16% in chick, Freeman et al., 1994). Hair cells in the lat-
eral line are overlaid by a gelatinous cupula analogous to the tec-
torial membrane of the inner ear. While the response of the
cupula to changing ionic concentrations is unknown, it is possible
that our high calcium medium leads to shrinkage of the cupula.
Cupular contraction could inhibit aminoglycoside access to the hair
bundle, thereby reducing drug entry and subsequent toxicity.
However, cupular calcium concentration in the lateral line of Xeno-
pus laevis is directly proportional to the external calcium concen-
tration, suggesting that calcium passively diffuses through the
cupula (McGlone et al., 1979). While we cannot rule out an indirect
effect of calcium concentration on drug entry by modulating cupu-
lar mechanics, we consider it more likely that calcium directly
antagonizes aminoglycoside uptake by hair cells by regulating
mechanotransduction channel gating characteristics.

The protective effects of high calcium medium appear to stem
primarily from reduction of drug uptake, but our data do not rule
out an intracellular protective role for calcium. This is unlikely,
however, as mechanical and noise damage is correlated with
increasing intracellular calcium in the mammalian cochlea, sug-
gesting that increases in intracellular calcium may be toxic to hair
cells (Gale et al., 2004; Piazza et al., 2007). It is, of course, possible
that intracellular calcium acts differently in zebrafish hair cells or
that these cells have a different calcium threshold for cytotoxicity.
More likely, calcium influx during mechanotransduction is highly
regulated within the hair bundle, preventing a concomitant rise
in intracellular calcium with potentially damaging results. Studies
in amphibians and rodents have suggested that plasma membrane
calcium-ATPase (PMCA) isoforms in hair bundles play a pivotal role
in actively regulating local calcium homeostasis, effectively sepa-
rating the hair bundle and soma into distinct calcium compart-
ments (Crouch and Schulte, 1995; Street et al., 1998; Yamoah
et al., 1998; Dumont et al., 2001; Ficarella et al. 2007). Future stud-
ies will look at the influence of extracellular calcium on intracellu-
lar calcium dynamics and regulation in lateral line hair cells.
The present study clearly demonstrates a protective role for
high calcium in preventing aminoglycoside ototoxicity in the zeb-
rafish lateral line. However, it is possible that excess calcium alone
could also damage these cells. On the other hand, the range of cal-
cium concentrations used in our study are within the natural range
of calcium conditions found in worldwide waters (Hem, 1992), and
therefore within the physiologically relevant range for lateral line
hair cells. Furthermore, hair cells exposed to high calcium medium
for up to 6 h appeared morphologically healthy and showed nor-
mal uptake of both the vital dye DASPEI and the transduction-
dependent dye FM 1-43 (Coffin, unpublished data), suggesting that
2100 lM calcium is not harmful to these cells.

4.3. Magnesium and hair cell protection

The mechanism by which extracellular magnesium protects
hair cells is unknown. Magnesium is known to block NMDA recep-
tors, which are implicated in neuronal excitotoxicity in a variety of
human diseases (Mayer et al., 1984; Nowak et al., 1984; Wenk,
2006; Fan and Raymond, 2007). In addition, a previous study sug-
gested that there is an excitotoxic, NMDA-dependent component
to aminoglycoside-induced hair cell death in the guinea pig co-
chlea (Basile et al., 1996). High magnesium has been shown to pre-
vent noise-induced hearing loss in guinea pigs (Scheibe et al.,
2001; Haupt et al., 2003; Sendowski et al., 2006), suggesting that
excitotoxicity may play a role in different types of hair cell damage.
It is therefore possible that aminoglycoside-induced death of lat-
eral line hair cells also involves glutamate-driven excitotoxic re-
sponses. Detailed study of glutamate receptors in lateral line hair
cells and pharmacological inhibition of these receptors will be nec-
essary to test this hypothesis.

4.4. Differences between neomycin and gentamicin

We recently demonstrated that neomycin and gentamicin do
not have the same mode of action in the zebrafish lateral line
(Owens et al., 2009). High concentrations of neomycin (200 and
400 lM) kill virtually all hair cells within 90 min. Longer incuba-
tions in lower neomycin concentrations have little effect beyond
what is seen in the first 90 min. In contrast, 90 min of exposure
to gentamicin (within the broad range of concentrations tested)
leads to a maximum of 40% hair cell loss, while longer gentamicin
exposure (or longer recovery time after short exposure) causes
greater hair cell death, even at relatively low concentrations
(50–100 lM). These findings suggest that neomycin acts through
a ‘‘fast” death mechanism, while gentamicin kills hair cells by both
‘‘fast” and ‘‘slow” processes.

The present study used both acute (90 min) and continuous
(6 h) aminoglycoside exposure paradigms in order to understand
the role of external divalent cations on both the ‘‘fast” and ‘‘slow”
death mechanisms. High extracellular calcium is sufficient to pro-
tect hair cells from both acute and continuous neomycin exposure.
High extracellular calcium also protects hair cells from acute gen-
tamicin exposure but is less effective against continuous gentami-
cin treatment, suggesting that extracellular calcium provides
effective protection during the acute phase of damage, and is either
not protective, or less effective, toward inhibiting the longer
process(es). On the other hand, amiloride blocks hair cell death
during both short-term and long-term exposure to neomycin and
gentamicin, suggesting that both proposed mechanisms of amino-
glycoside-induced damage require mechanotransduction. We
think that the most parsimonious conclusion from these data is
that extracellular calcium blocks aminoglycoside entry, but must
do so only reversibly, since enough gentamicin can enter over
prolonged exposure to damage cells.
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4.5. Conclusion

In conclusion, we have shown that extracellular divalent cations
modulate aminoglycoside-induced hair cell death in the zebrafish
lateral line. Calcium appears to afford protection by inhibiting drug
uptake, while magnesium may protect hair cells by additional
mechanisms. These results demonstrate the importance of the
extracellular environment for hair cell survival and underscore
the necessity of precise characterization of this extracellular envi-
ronment. They also show that comparisons between studies must
take into account the ionic conditions used for each experiment,
the particular aminoglycoside under investigation, and the proto-
col of treatment. Finally, these experiments suggest that therapeu-
tic perturbations of the ionic microenvironment could protect hair
cells from aminoglycoside ototoxicity.
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