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Abstract

Reactive oxygen species have been invoked as a causative agent of cell death in many different developmental and pathological
states. The presence of free radicals and their importance in hair cell death due to aminoglycosides is suggested by a number of
studies that have demonstrated a protective effect of antioxidants. By using dichlorofluorescin (DCFH) a fluorescent compound that
is a reporter of reactive oxygen species, we have shown that free radicals are rapidly produced by avian hair cells in vitro after
exposure to gentamicin. In addition, free radical scavengers, catalase and glutathione, were tested with DCFH fluorescent imaging
for their ability to quench the production of reactive oxygen species in hair cells after drug exposure. Both free radical scavengers
were very effective in suppressing drug-induced production of free radicals. Next, we investigated the ability of these antioxidants to
preserve the structural integrity of hair cells after exposure to gentamicin. We were not able to detect any attenuation of the hair cell
loss using antioxidants in conjunction with gentamicin. This result must be qualified by the fact that the antioxidants used were not
effective over long-term gentamicin exposure. Therefore, methodological constraints prevented adequately testing possible protective
effects of free radical scavengers in this model system.
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1. Introduction

Aminoglycoside antibiotics are a mainstay of medical
therapy and have remained such despite their highly
toxic side effects, ototoxicity and nephrotoxicity, be-
cause they are effective and inexpensive. Renal function
is usually closely monitored in the inpatient setting, but
changes in hearing thresholds are frequently not de-
tected during a patient’s hospital course. Therefore, un-
derstanding the mechanism of aminoglycoside ototoxi-
city might assist in the prevention of hearing loss
among these patients and also in elucidating those path-
ways involved in hair cell death.
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fax: +1 (206) 616 1828; e-mail: rubel@u.washington.edu

The avian cochlea, basilar papilla, lends itself to a
great number of experimental approaches to the prob-
lem of ototoxicity, in part because it is readily surgi-
cally accessible, the dissection is technically straightfor-
ward, and organ and tissue culture preparations from
mature tissue have been developed (Oesterle et al.,
1993; Stone et al., 1995, 1996). Richardson and col-
leagues pioneered the use of cochlear explants from
neonatal mouse inner ear to demonstrate morphological
changes in mammalian hair cells after exposure to ami-
noglycosides using a similar culture technique (Richard-
son and Russell, 1991; Kotecha and Richardson, 1994).
While the structure of the chick basilar papilla is some-
what different from that of the mammalian cochlea, it
has been well established that the avian auditory system
is analogous to the mammalian auditory system with
regard to its response to noise and to drugs such as
aminoglycosides. The culture techniques that have
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been developed for mature chick inner ear sensory
epithelium also greatly facilitate its use in fluorescent
imaging such as in the methods described here.

Research that has been dedicated to understanding
the mechanism of aminoglycoside ototoxicity (Henley
and Rybak, 1993; Schacht, 1993; Hutchin and Corto-
passi, 1994; Matz, 1993) has suggested the possibility of
free radical involvement (Pierson and Meller, 1981;
Bock et al., 1983; Hoffman et al., 1987, 1988; Garetz
et al.,, 1994a,b). The majority of these inquiries have
documented a protective effect of antioxidants in ami-
noglycoside-induced hearing loss. However, none of
these experiments has actually attempted to detect the
formation of free radicals in hair cells exposed to these
ototoxic antibiotics. There has been recent evidence of
in vitro production of free radicals with gentamicin
when combined with iron (Priuska and Schacht,
1995). In cultured renal cortical cells, free radical pro-
duction due to gentamicin was measured using flow
cytometry and dichlorofluorescin diacetate as a fluores-
cent marker of hydrogen peroxide activity (Swann and
Acosta, 1990). Using this technique, these investigators
found that gentamicin did not significantly increase the
activity of hydrogen peroxide in renal cells. Using a
similar technique, we have investigated whether free
radicals are produced in hair cells exposed to gentami-
cin. In addition, we investigated whether antioxidants
can effectively inhibit gentamicin-induced hair cell loss
in in vitro preparations of chick basilar papilla.

The term ‘free radical’ refers to any generic type of
atom, ion, or molecule with an unpaired electron, such
as iron, which is not necessarily derived from oxygen.
The term ‘free radical’ will be used in this paper inter-
changeably with ‘reactive oxygen species’ although ‘re-
active oxygen species’ is the more precise term. We have
used a compound, dichlorofluorescin diacetate (DCFH
diacetate), which has been used in the past, primarily
with flow cytometry (Nasr-Esfahahi et al., 1990; Heck
et al., 1992; Saito et al., 1992; Suzuki et al., 1993;
Reynolds and Hastings, 1995). This compound is an
ester which is cell permeable and is deesterified by in-
tracellular esterase to produce dichlorofluorescin,
DCFH, a non-cell permeable moiety. DCFH will con-
vert into its fluorescent form, dichlorofluorescein
(DCF), only after oxidation by hydrogen peroxide.
Thus, free radical formation can be assessed by measur-
ing fluorescent activity of DCFH. We have applied the
use of this compound to detect the presence of free
radicals in hair cells in vitro, before and after gentami-
cin exposure. After establishing the effects of gentami-
cin first, on free radical production and second, on hair
cell loss, we attempted to examine if there was a direct
causal relationship between these two responses to gen-
tamicin treatment. Hair cell survival was examined in
explants exposed to gentamicin or gentamicin in the
presence of free radical scavengers.

2. Materials and methods
2.1. Hair cell culture

In order to prepare each set of cultures of the audi-
tory sensory epithelium, twelve white Leghorn chickens
(Gallus domesticus, H and N International, Redmond,
WA) 7-12 days post-hatch were decapitated, the tym-
panic membrane was removed, and the basilar papilla
(avian cochlea) was rapidly dissected under sterile con-
ditions (Stone et al., 1995). The entire papilla was im-
mediately placed in sterile Eagle’s modified essential
medium (E-MEM, Gibco) supplemented with 0.1% bo-
vine serum albumin (Sigma). The tegmentum vasculo-
sum was sharply dissected off the organ, and the papilla
was then placed in a 0.01% collagenase solution (Sigma)
in E-MEM. The tectorial membrane was then removed
from the surface of the sensory epithelium, and the hair
cells and supporting cells were harvested in monolayer
sheets. Hair cells and supporting cells located on the
basal end of the papilla were separated from those lo-
cated on the apical end, and these two cell populations
were plated separately. We refer to these as sensory
epithelium (SE) cultures, because they contain exclu-
sively hair cells and supporting cells of the SE (Stone
et al., 1996). All animal procedures were approved by
University of Washington Animal Care Committee.

SE cultures were grown on 8-well chambered cover-
slips for imaging or 16-well chambered slides for cell
density counting (Nunc Inc., Naperville, IL). SE culture
medium was made with Dulbecco’s modified essential
medium with F12 supplement (D-MEM-F12, Gibco),
5% fetal bovine serum (Sigma), 0.5% glucose and hor-
mone supplement, consisting of 100 pg/ml transferrin,
25 pg/ml insulin, 60 uM putrescine, 30 nM selenium,
and 30 nM progesterone (all supplied by Sigma). SE
cultures were incubated at 37°C for 48 h prior to use
for imaging and prior to gentamicin exposure for cell
density counting. This culturing procedure was repeated
16-20 times for each treatment group for both imaging
and cell counting,

2.2. DCFH imaging

Prior to using SE cultures in imaging experiments,
cultured fibroblasts were used to determine the optimal
DCFH loading concentration and duration. 3T3 cul-
tured fibroblasts (American Type Culture Collection,
Rockville, MD) were loaded with 5 uM, 10 uM,
20 uM or 40 uM dichlorofluorescin diacetate (DCFDA,
Molecular Probes, Eugene, OR) in sterile D-MEM/
F12 for 10, 15, or 20 min at 37°C in the dark. The cells
were then rinsed with fresh D-MEM, and the cultures
were imaged on a Nikon Diaphot inverted microscope
over a 5 min interval with images acquired every 10 s. A
standard FITC filter cube was used with an excitation
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wavelength of 488 nm and emission wavelength of 512
nm. The aim of these preliminary experiments was to
determine what loading concentration would minimize
the non-specific increase in fluorescence caused by
photoexcitation in the control setting. Another set of
fibroblasts were used in which DCFH was loaded at
the same concentrations and for the same durations,
but 3 mM hydrogen peroxide was added after acquisi-
tion of the first image. Here we sought to ensure that
the loading concentration and time were sufficient to
cause a significant increase in fluorescent intensity after
direct stimulation with peroxide. 20 pM DCFH and
15 min were chosen as the optimal loading time and
concentration based on a minimum detectable increase
in fluorescence in the negative control and maximum
increase in fluorescence in the positive control.

In addition, preliminary experiments were undertak-
en using different neutral density filters and different
objectives, again, to optimize the resolution between
positive and negative controls. We found that using
an objective greater than 25X yielded an unacceptable
degree of photoexcitation in the fibroblast controls.
This non-specific increase in DCFH fluorescent inten-
sity was due to light exposure alone at the higher mag-
nifications. Use of the 25X or lower power objective
minimized this photoexcitation artifact. The 10% neu-
tral density filter was optimal in reducing the effects of
photoexcitation and allowing maximum discrimination
between negative and positive controls using 3 mM hy-
drogen peroxide treatment of the fibroblasts.

Subsequent experiments using SE cultures were per-
formed according to the guidelines established by these
preliminary findings with fibroblasts. SE cultures were
loaded with 20 uM dichlorofluorescin diacetate in
DMEM/F12 for 15 min at 37°C in the dark. The ex-
plants were rinsed with DMEM/F12 and viewed using a
Nikon Diaphot inverted microscope with a 25X objec-
tive. The standard FITC filter cube was again used.
Excitation wavelengths were attenuated to 10% of their
original intensity by use of a neutral density filter. Hair
cells in the SE cultures were initially visualized and
focused under phase contrast, and then the first fluo-
rescent image was acquired prior to drug exposure.
Fluorescence analog images were acquired via an inten-
sified CCD camera and stored as digital images using
Image-1 software (Universal Imaging Corp., West
Chester, PA). Cultures were then exposed to 100, 500,
or 1000 uM gentamicin (Elkins-Sinn, Cherry Hill, NJ)
in DMEM-F12 immediately after acquisition of the first
image, and images were acquired every 10 s thereafter.
In those experiments conducted with a free radical scav-
enger, either 10 mM glutathione or 1000 U/ml catalase
(Boehringer Mannheim) was combined with 500 uM
gentamicin and applied to the culture well at the time
of imaging. At the end of each experiment, 3 mM hy-
drogen peroxide was added to the culture medium to

confirm adequate loading of DCFH. In each case, max-
imum fluorescent intensity of DCFH was reached after
direct stimulation with hydrogen peroxide. Controls
were obtained using DMEM/F12 without gentamicin
and with each of the free radical scavengers alone with-
out gentamicin. Hydrogen peroxide (3 mM) was also
used at the conclusion of the control experiments to
confirm activity and adequate loading of hair cells
with DCFH. After each experiment was completed,
fluorescent intensities were measured and analyzed
from the stored digital image sequences using NIH im-
age software.

2.3. Hair cell density measurements

Auditory SE cultures were grown as described above
for 48 h. They were then exposed to 100, 500, or 1000
UM gentamicin for 1 h. Following gentamicin exposure,
the cultures were washed with fresh culture medium
3 times and then returned to the incubator. In the ex-
periments conducted with an antioxidant, hair cells
were exposed to either 10 mM glutathione or 1000 U/
ml catalase with 500 pM gentamicin for 1 h. Controls
were obtained using culture medium without gentami-
cin and with medium supplemented with each of the
free radical scavengers, also without gentamicin. After
the cultures were exposed to the experimental treatment
for 1 h and washed, they were allowed to survive in
culture for an additional 6 h and then fixed in 4% par-
aformaldehyde. The 6 h incubation after drug exposure
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Fig. 1. Diagram of cuiture slide and method for measurements of
hair cell density. A: Culture slide measuring 2.5X8.5 cm with 16
round culture wells. B: Higher detail of one culture well, divided
into eight sectors, showing reticule superimposed within each sector.
Hair cells inside the reticule were counted for each sector and an
average cell density was calculated for each culture well.
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Fig. 2. Epifluorescence photomicrographs of representative live hair cell explants during DCFH imaging. A: Hair cell explant at initiation of
imaging prior to 500 pm gentamicin exposure. B: The same explant 50 s after gentamicin exposure. C: After 150 s of drug exposure. D: After
addition of 3 mM hydrogen peroxide (positive control). Note the gradual increase in fluorescent intensity over time after drug exposure and
the rapid increase in fluorescent intensity after peroxide exposure. Calibration: 40 um.

was included to allow time for hair cell stereocilia (pre-
sumably also the hair cells) to be lost from the explant
due to the drug damage, thus enabling us to quantify
the results of the treatment on hair cell survival. After
15 min fixation, the explants were stained with a 1:50
dilution of rhodamine phalloidin, a fluorescent marker
of f-actin (Molecular Probes), in 0.1% Triton X-100
(Sigma) for 90 min. The cell cultures were then rinsed
in phosphate buffered saline 3 times, the removable
culture chamber was detached, and the culture slides
were coverslipped. Hair cells were viewed on a Leitz
Orthoplan microscope using epifluorescence under a
25X objective.

To quantify the density of hair cells surviving in each
condition, we used the following methods illustrated in

Fig. 1. Each culture slide contained 16 wells (Fig. 1A).
Each round culture well was divided into eight equal
sectors (Fig. 1B), and a 10X 10 reticule was randomly
placed onto each sector assuring that the reticule cov-
ered a region that contained adherent, well-stained cells.
Each culture well measured 7 mm in diameter, and the
reticule measured 0.5 mm across under 25 X magnifica-
tion. The number of hair cells that lay in the area of the
reticule was counted for each of the eight sectors of the
culture well. For those sectors bearing no attached sup-
porting cells, no counts were registered. The number of
phalloidin stained hair cells per square millimeter was
averaged over all eight sectors for each explant. Hair
cell density is reported as number of cells with intact
stereocilia bundles per square millimeter of tissue area.
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Fig. 3. Pseudocolor images of four live sensory epithelium explants at three time points after drug exposure. The pseudocolor scale represents
fluorescent intensity where purple equals a low level of fluorescence and red equals a very high level of fluorescence. A 2-D hair cell explant is
transformed into a 3-D image by using the level of fluorescent intensity as the z-axis. Therefore, the height of cach peak represents the level of
fluorescent intensity of one hair cell. A: Control explant imaged at 10, 50, and 150 s after gentamicin exposure. B: Explant exposed to 500 pM
gentamicin at the same time points. C: Explant exposed to 1000 pM gentamicin. Note the increasing levels of fluorescent intensity over time
and with increasing gentamicin concentration. D: Explant exposed to 500 uM gentamicin and 10 mM glutathione. Here, the suppression of
free radical production with the use of antioxidant is demonstrated. Calibration: 60 um.

3. Results rescent activity after gentamicin exposure. Fig. 2 dem-
onstrates responses from a representative explant from

3.1. General observations chick auditory epithelium during an imaging experi-
ment conducted with 500 uM gentamicin. Upon initia-

Using the optimum parameters that had been estab- tion of the experiment, there is a low level of fluores-
lished by the preliminary experiments using fibroblasts, cence as shown in Fig. 2A. After addition of 500 pM
hair cells did demonstrate a significant change in fluo- gentamicin to the culture medium, we consistently saw




6 K. Hirose et al. | Hearing Research 104 (1997) 1-14

—m— control
—&— 100pM  —a4— 1000 uM

—e— 500uM

125 -
100 4
>
£
[
)]
£ 754
£
00
Q
(77
o
S 50-
[T
25 -
0 .
0 50

i 1
100 150

Time (seconds)

Fig. 4. Free radical production in hair cells after exposure to three concentrations of gentamicin. Hair cells explants were imaged after addition
of 100 uM gentamicin (@, »=21 explants), 500 UM gentamicin (@, »= 16 explants), and 1000 uM gentamicin ( A, n=17 explants). @, controls
(n=16 explants). Note the increase in free radical production with time and with dose of gentamicin. Control, 500, and 1000 pM gentamicin
were found to be significantly different (P < 0.001). Control and 100 uM gentamicin were not significantly different. Error bars: SEM. Where
no error bars are shown, the SEM was smaller than the size of the symbol.

a increase in fluorescence of DCFH-labeled hair cells.
Fluorescent images seen at 50 s and 150 s after exposure
are shown in Fig. 2B,C. Finally, we added hydrogen
peroxide to the medium after 3 min of drug exposure
to demonstrate that DCFH fluorescent intensity had
not been saturated, and indeed, there was an even
further increase in fluorescent intensity (Fig. 2D).

3.2. Free radical production with various concentrations
of gentamicin

Fig. 3 demonstrates four representative SE cultures
(A,B.C, and D) imaged at 10, 50, and 150 s after drug
exposure, represented by the three columns. These ex-
plants are depicted in pseudocolor where red represents
a very high level of fluorescence and purple represents a
low level of fluorescence. Two-dimensional data, as seen
in Fig. 2, were transformed into a 3-D image by proj-
ecting the level of fluorescent intensity onto the z axis
of the image. Thus, the peaks in Fig. 3 represent indi-

vidual hair cells with high levels of fluorescent activity
as depicted by their color on the pseudocolor scale, as
well as the z-coordinate, the height of each peak. Con-
trol explants, shown in Fig. 3A, demonstrated a small
increase in fluorescent intensity over the three time
points. Fig. 3B,C show explants exposed to 500 and
1000 uM gentamicin, respectively. As this figure dem-
onstrates, there is an increase in the maximum level
of fluorescent intensity reached with the higher genta-
micin concentration, and there is also a greater number
of hair cells that obtain a high level of fluorescence with
the higher drug concentration. When hydrogen perox-
ide was added to these cultures at the conclusion of the
experiment, even higher fluorescent intensities were
reached, confirming adequate DCFH loading and con-
firming that DCFH fluorescence had not been saturated
(images not shown).

These imaging experiments were repeated and the
data compiled for the controls and for each of the three
gentamicin concentrations. In each explant, 20 cells
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Fig. 5. Free radical production in apical versus basal hair cells. 0O,
basal hair cells (n=9 explants for each concentration); @, apical
hair cells (n =16 explants for each concentration). There was no sig-
nificant difference between the free radical production in apical ver-
sus basal hair cells in either of the two different gentamicin concen-
trations tested. Error bars: SEM. Where no error bars are shown,
the SEM was smaller than the size of the symbol.

were randomly selected, and fluorescent intensities for
each of the 20 cells were measured for each time point.
The values of the 20 cells were averaged for each ex-
plant at each time point. The grand mean for each time
point was generated by averaging the means from 16—
20 explants for each time point. Standard errors were
calculated from the means for the individual explants.
These calculations were then repeated for each genta-
micin concentration. Fig. 4 demonstrates both the time-
and dose-dependence of the free radical production due
to gentamicin exposure. A steep rise in oxygen free
radical formation was detected during the initial minute
after exposure to gentamicin in the 500 and 1000 uM
groups, but not in the control group or the 100 uM
exposure group. Note that the level of fluorescent in-
tensity plateaued after 120 s of exposure to gentamicin.

These data were analyzed by a 2-way analysis of
variance (ANOVA) which showed significant effects of
drug concentration (P < 0.001) and of time (£ < 0.001)

on fluorescent intensity. Notably, there was also a sig-
nificant time by concentration interaction (P <0.001).
In other words, fluorescent intensity increased signifi-
cantly over time, and the slope of the increase in fluo-
rescent intensity increased as a function of gentamicin
concentration. Multiple comparison with the Student-
Neuman-Keuls test of the data from different concen-
trations averaged over time revealed significant differ-
ences between all groups (P < 0.001) except in the com-
parison of the control group versus the 100 uM
gentamicin group. While the mean fluorescent intensi-
ties of the 100 uM gentamicin group were lower than
those of the control, this difference was not statistically
significant.

Free radical formation in apical and basal hair cells
was directly compared in 48 explants. Fig. 5 shows the
results of these experiments for two concentrations of
gentamicin. This figure indicates that basal and apical
hair cells did not differ with respect to their production
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Fig. 6. Free radical production after exposure to antioxidant in con-
junction with gentamicin. The controls (@, n=16 explants) showed
a higher level of fluorescent intensity than the explants treated with
antioxidant alone (m, n=16 explants). Also, the explants treated
with gentamicin alone (0. #=16 explants) showed a higher level of
fluorescent intensity than those treated with gentamicin and antioxi-
dant (C, n=9 explants). Antioxidants effectively suppressed the in-
crease in free radicals produced by 500 uM gentamicin (P <0.001).
Antioxidants also effectively suppressed free radicals produced in
the control cultures (P < 0.001). Error bars: SEM. Where no error
bars are shown, the SEM was smaller than the size of the symbol.






