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Abstract

The effects of a combination of two antioxidant compounds were studied in a chinchilla model of noise-induced hearing loss. After
obtaining baseline hearing thresholds using inferior colliculus evoked potentials, chinchillas were exposed for 6 h to cctave band
noise cenlered at 4 kHz (105 dB SPL). Post-naise thresholds were obtained [ h after the noise exposure, and then animals received
either saline or salieylate and N-v-acetylcysicine combination. Another group received antioxtdant treatment I h prior to noise.
Hearing was tested at 1, 2 and 3 weeks post-noise. Subsequently, the cochleae were harvested, and cytocochleograms were prepared.
There was a 20040 dB SPL threshold shift at 3 weeks for tested controls. Permanent threshold shifts (PTS) were significantiy reduced
{P < 0.05) to approximately 10 dB for the pre-treatment group at week 3. The PTS for the post-treatment group at week 3 was
similar to the pre-treatment group at I and 2 kHz (0-10 dB) but was intenmediate between the control and pre-treatment groups at
4 and 8 kHz (23 dB). Animals pre-treated with antioxidant had a siguificant reduction in bair cell loss but those post-treated with
antioxidant had no protlection from hair cell loss. These findings demonstrate the feasibility of reduction of noisc-induced hearing
loss using clinically gvailable antioxidant compounds. € 2000 Elsevier Science B.V, All rights reserved.
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1. Introduction lion in the USA and Europe). The US government

spends over 250 million dollars in compensation each

Hearing loss due to noise exposure is an increasing vear for military-related noise-induced hearing loss (D.
problem in industrialized and developing societies. Ohlin, US Army Hearing Conservation Program, per-
Noise is a prevalent worldwide ‘pollutant’, with 600 sonal communication). Mechanical hearing protection
million persons estimated (Alberti, 1998) working in is essential and effective, however, inherent limitations

environments with hazardous levels of noise {5060 mil- allow a significant percentage of perinanent hearing loss

to occur after relauvely short military noise exposures

s , (Attias et al., 1994). Hence, a phannacological preven-
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(NIHL) would be an important element of a compre-
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United States Government. The damage associated with some types of noise ex-
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posure has been linked to the creation of free radical or
reactive oxygen species (ROS). Acoustic over-stimula-
tion has been shown to increase intra-cochlear ROS
(Yamane et al. 1995: Ohlemiller, 1998). High levels
of ROS. induced by noise. activate the up-regulation
of cochlear antioxidant enzvine acuvity (Jacono et al..
1998) and moedulate the key antioxidant compound re-
duced glutathione (GSH) (Yamasoba ¢t al. [998h:
Kopke et al., 1999). A variety of agents with antioxi-
dant properties have bgen shown to attenuate threshold
shifts and/or hair cell loss when given prior to a dam-
aging noise exposure (Seidman et al., 1993; Quirk et al.,
1994; Hu et al., 1997: Yamasoba et al. 1998a.b;
Kopke et al.. 1999; Komjathy et al, 1998; Liu ¢t al,
£999; Hight et al, 1999). When administered to the
mner ear before, or even shortly after noise exposure,
protein trophic factors have also been demonstrated to
prevent NIHL (Kerthley et al.. 1998; Shoji et al., 1993).

Auditory threshold shill after acoustic overexposure
begins during exposure, however, hair cell loss in the
noise-damaged cochlea may not begin for 3-3 days and
continues for a period of time following both continu-
ous (Fredelius et al., 1988) and impulse (Hamernik and
Henderson, 1974) noise exposure, Models of excitotox-
ity used in the CNS suggest that ongoing ROS dam-
age may be related to spreading excitotoxicity or initia-
tion and propagation of ROS chain reactions (Mattson
and Scheff, 1994). Hence, a potential therapeutic win-
dow exists for pharmacological intervention to ‘rescue’
hearing loss afier the cessation of noise exposure.

The present study investigates the efficacy of utilizing
a combination of FDA-approved antioxidant com-
pounds (salicylate plus N-L-acetyleysteine (L-NAQC)) to
either prevent or attenuate the level of NIHL in a chin-
chilla model. Both agents may be administered orally,
which is a desirable characteristic. Low dose salicylate
is known to scavenge hydroxyl free radicals (Ohlemiller,
1998} and in so doing to form the iron chelator dihy-
droxybenzoate. Iron chelators can prevent ROS forma-
tion by inhibiting the Fenton reaction (Yamasoba et al.,
1998a). Salicylate may also inhibit the transcription fac-
tor nuclear factor-xB, a potential activator of inflam-
matory or cell death pathways (Kopp and Ghosh,
1994; Yin et al., 1998) or induce heat shock proteins
which are known to provide a protective effect for the
cochlea (Altschuler et al., 1996). L-NAC is another po-
tentially effective candidate because it acts as an ROS
scavenger as well as a neuroprotective agent by increas-
ing intracellular GSH. L-NAC s a well-tolerated anti-
dote 1o ROS-induced liver damage due to acetamino-
phen overdose (Kopke et al., 1997}, GSH ester applied
te the round window membrane of chinchillas substan-
tially prevents noise-induced hair cell loss (Hight et al.,
1999},

2. Materials and methods

Fifteen female adult Chinclilla faniger were divided
equally into three cxperimental groups. Each animal
received IC electrode implants | week prior o noise
exposure, Baseline hearing thresholds were 1aken within
2 days of the initial noise exposure (Fig. 1). The three
groups consisted of a saline control group, a pre-neise
treatment group, and a post-noise treatment group, the
latter two hercafter referred to as ‘pre-treatiment” and
‘post-treatment’ groups.

Pre-treatment animals received L-NAC (325 mg/kg)
and salicvlate (30 mg/kg) by intraperitoneal injection
I h prior to and | h following noise exposure and
then twice per day (b.n.d.} the following 2 days. The
post-treatment group received the same dosage,
although in this ¢case at 1 h following noise and b.i.d.
the ensuing 2 days. Saline-noise animals were injected
with a similar volume of saline over the same schedule
as the post-treatment group. All three groups had
audiclogic 1ests performed pre-noise, | h post-noise,
and once a week for 3 weeks. Shorily after the last
audiometric determination, animals were humanely
killed, and the temporal bones were harvested and sub-
sequently stained with a vital dye to indicate the pres-
ence of living hair cells,

The care and the use of the animals in this study were
approved by the Animal Care and Use Committee of
Naval Medical Center San Diego in accordance with
the guidelines of the Declaration of Helsinki.

2.1, IC electrode placement

Animals were anesthetized with a ketamine/xylazine
mixture and placed in a siereotactic head holder. Fur
covering the cranium was removed and a midline scalp
incision was made, Periosteum was stripped from the
calvarium, and the underlying bone was treated with
silver nitrate solution (10%) and then coated with cya-
noacrylate cement. Using a diamond burr and high
speed drill, a | mm burr hole was produced [ mm
anterior, and lateral to bregma. A 0.5 cm Teflon-coated
tungsten rod electrode (reference) was then inserted and
fixed using dental cement. Two more burr holes were
drilled 1 mm lateral to midline and 5 mm anterior to
the bullae. Using a micromanipulator, two 1 cm Teflon-
coated tungsten rod electrodes were inserted individu-
ally. Electrode placement was confirmed using a real-
time ¢lick-gvoked auditory brainstem voltage response.
The electrode was then fixed in place with dental ce-
ment. The skin wound was allowed to granulate around
the skullcap. All animals received an antibiotic prophy-
lactically for 72 h post-operatively (enrofloxacin, 2.5 mg/
kg by inltramuscular injection).
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2.2, Evoked porenrial mieasirement

Animals were awake and lightly restrained in a plas-
tic fube during the 30 min recording procedure. Digi-
tally-generated stimuli consisted of tone pips (4 ms
Blackman rise/fall ramp. 0 ms plateau. and constant
alternating phase) at octave intervals 1, 2. 4, and
& kHz. All acoustic stimuli were routed through a com-
puter-controlled attenuator to an insert earphone (Ety-
motic Resgarch ER-2). The sound delivery tube of the
inscrt earphone was positioned approximately 5 mm
from the tympanic membrane. Earphone sound delivery
was calibrated using a coupler attached to the sound
level meter approximating the distance from the car-
phone to the tympanic membrane. Five hundred sam-
ples were collected from the recording electrode, amph-
fied (50000-75000x). filtered (100-1500 Hz). and fed
to an A/D converter computerized on a signal process-
ing board. Stimuli at a rate of 23/s were varied in 10 dB
descending steps until threshold was reached, then 5 dB
ascending steps were presented to confirm threshold.
Earphone inserts on the tested ear were removed, and
controls during which no sound was presented were
determined for comparison. Threshold was defined as
the mid-point between the lowest level at which a clear
response was evidenced and the next lower level where
no response was observed.

2.3. Noise exposure

One week was allowed to elapse after placement of
the IC electrade in order to allow surgical healing prior
1o noise exposure. Qur protocol was developed from
the procedure of Hu et al. (1997). Specifically, an octave
band noise centered at 4 kHz was generated by a stan-
dard audiometer (GSI 16), sclected to white noise,
routed through an attenuator (HP 330 D). a band-
pass filter (Krohn-Hite 3550R), and a power amplifier
{(Crown DI30A model 716) to an audiometric loud-
speaker suspended directly above the animal’s cage.
The sound spectrum output of the system was con-
firmed using a Larson and Davis model 800B sound
level meter, centering the octave bandwidth at 4 kHz.
In order to ensure consistent noise exposure conditions,
the noise output of the system was periodically moni-
tored using a sound level meter (Larson and Davis
800B). Also, a pre-amplifier (Larson and Davis mode)
825y and a condenser microphone (Larson and Davis,
LDL 2559) were positioned within the cage at the level
of the animal’s head. Each animal was exposed contin-
uously to the noise at a level of 105 dB SPL for 6 h.
During the noise exposure, the animal was unrestrained
in a small wire cage with ad lib food and water access.
When the animals were not being exposed to noise, they
were housed in a quiet animal colony.

2.4, Histologic examinulion

Following auditory tests {i.e. at 3 weeks post-noise
exposure), the animals were heavily anesthetized with
ketamine (30 mg/ke) and aylazmne (I mg/kg). Each tem-
poral bone was quickly removed from the skull. The
cochlea was exposed and slowly perfused through the
oval window and round window with a solution of
0.2 M sodium succinate and 0.1% nitrotetrazolivm
blue in 0.2 M phosphate buffer (pH 7.4 at 37°C). Sam-
ples were then immersed in the same selution for | h at
37°C. Lastly, the cochlea was rinsed with buffer and
fixed with 4% paraformaldchyde for 24 h. Cochleae
were dissected and sections of the organ of Corli were
mounted on glass slides and examined for hair cell loss
under a light microscope at 400X magnification. Miss-
ing or non-viable hair cells were noted by the absence
of blue vital stain in the area of inner and outer hair
cells. An experienced but cxperiment-blinded observer
counted missing hair cells over the length of the basilar
membrane per cochlear turn utilizing specialized soft-
ware. A cytocochleogram was developed for inner and
outer hair cells for each cochlea, and cytocochleogram
means were computed and graphed.

2.5, Sratistical analyses

A threc-way ANOVA with interaction model was
used for analyzing the effect on hearing thresholds
over time for each ear being treated as repeated mea-
sures. Where a significant eflect included more than two
levels, pair-wise comparisons of the levels were made by
Scheffé methods {post hoc test). A one-way ANOVA
was used to analyze the hearing threshold data at the
3-week time point at the termination of the experiment,
and the Newman-Keuls multiple comparison lests {post
hoc) were used to analyze the hearing threshold treat-
ment effects when significant differences were identified.
To analyze cytocochleogram statistics, the area under
the curve representing missing inmer or outer hair cells
was determined for each cochlea using AutoSketch R2
for Windows (Autodesk, Inc.). Mean arcas under the
curve were compared across treatment groups using
one-way ANOVA. When differences were found, Tu-
key's post hoc analysis was applied to identify signifi-
cant differences. A P-value smaller than 0.03 was con-
sidered significant.

3. Results
3.1, Audiometry

Baseline audibility threshold averages for both right
and left ear evoked potentials at 1, 2. 4 and 8 kHz are
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Fig. 1. Baseline hearing threshold. Pre-ncise audibility thresholds
derived from IC evoked potentials for the subjects of this study are
shown for 1, 2, 4, and 8 kHz frequencies. The audibility thresholds
range from a high of 28 dB sound pressure level (SPL) at | kHz 10
a low of 53 dB SPL at 8 kHz. These are mean values of sums of
left and nght ears prior to noise exposure. There were a total of
15 subjects and 30 ears. Error bars represent S.E.M.

represented in Fig. 1. Thresholds ranged from a max-
imum of 28 to a minimum of 8 dB SPL at | to 8 kHz,
respectively. These thresholds are consistent with inde-
pendently published normative data (Henderson et al.,
1973; Hu et al., 19%7).

Auditory threshold shifts (group means for left and
right ears) are displayed (Fig. 2A-D) as post-noise
thresholds (dB SPL) minus baseline threshold (dB
SPL). Means were plotted as a function of treatment
group (saline-noise, antioxidant pre-treatment and anti-
oxidant post-treatment), over time (0, 1, 2, 3 weeks) and
by threshold test frequency (I, 2, 4, and 8 kHz).

As shown (Fig. 2A-D), 6 h sound exposure produced
an initial threshold shift ranging from approximately
55 dB at 1 kHz (Fig. 2A) to approximately 80 dB at
the higher frequencies (Fig. 2B-D). The post-treatment
group receiving the antioxidants 1 h after exposure
demonstrated threshold shifts similar to those of the
saline-noise group except at 1 kHz, where the shift
was only 33 dB. The itnitial threshold shifts were re-
duced for the pre-treatment group compared to the sa-
line-noise group at all frequencies. This suggests that
the antioxidants were able to reduce temporary thresh-
old shifts induced in this model given that noise expo-
sure was standardized and calibrated for all groups.
There was evidence of recovery of threshold shift
among all three groups. However, the threshold shift
recovery for the saline-noise group stabilized over
weeks 2 and 3, resulting in no significant threshold im-
provement for any of the frequencies tested. In con-
irast, both the pre- and post-treatment groups showed
statistically significant improvement over the entire time

period for all frequencies except 1 kHz (see Table 1),
where the interaction effect with time was not signifi-
cant (P=0.739). There was an overall treatment effect
for both pre- and post-treatment at | kHz compared
with the saline-noise condition {(Fazs = 7.4678; P=0.013
and P<0.01, respectively on post hoc analysis; see Ta-
ble 1}, but the former two condilions’ effects were not
statistically different from each other. Hearing thresh-
olds at 1| kHz improved (compared to saline-noise)
from week 0 to week | and from week | to week 2,
but not from week 2 to week 3. This finding diminished
the comparison of the treatment conditions with lime.

As seen in Fig. 2, the permanent threshold shift ob-
served for the pre- and post-treatment groups was re-
duced compared to that of the saline-noise group. The
threshold shift at 3 weeks for controls varied between
20 and 40 dB SPL from I to 8 kHz. The permanent
threshold shifl for the pre-treatment animals was sig-
nificantly reduced to approximately 0-10 dB. The per-
manent threshold shift for the post-treatment group at
3 weeks was similar to the pre-treatment group at | and

Table 1
Summary of threshold shift statistical results

F P dr
| kHz
Treatment {overall effect) 7.4678 <0.01 2,28
Pre-treatment® 0.013 2,28
Pre-ireatment by lime 0.5869 ns 6, 24
Pre-treatment at 3 weeks® 10.630 < 0,001 2,28
Post-trealment® 0.008 i
Post-treatment by time 0.5869 ns 6, 24
Post-treatment at 3 wacks® 10.680 < 0,001 128
2 kHz -
Treatment {overall effect) 1.6273 < (.01 2, 28
Pre-treatment® 0.007 2 28
Pre-treatment by time 5.0637 <0.001 6, 24
Pre-treatment at 3 weeks® 9.285 < 0.01 2. 28
Post-treatment® 0.013 2,28
Post-treatment by time 5.0637 <0001 6,24
Post-treatment at 3 weeks® 9.285 <0.01 2. 28
4 kHz
Treatment {overall effect) 6.6610 < (.01 r |
Pre-treatment® 0.005 2EOR
Pre-treatment by time 3.8650 <0001 6 M
Pre-tresitment al 3 weeks? 8.151 = (,01 2, 28
Post-treatment* ns 2. 28
Post-treaument by time 3.8650 <0001 6,24
Post-treatment at 3 weeks® 8.151 <0.05 2,28
8 kHz
Treatment (overall effect) 9.1020 <0.01 2,28
Pre-treatment® 0.002 2, 28
Pre-treatment by time 2.958% <0001 6, 24
Pre-treatment at 3 weeks* 6.3050 <00l 2,28
Post-treatment® ns 2,28
Post-treatment by time 2.9589 <0.05 6. 24
Post-treatment at 3 weeks? 6.83050 ns 22

ns = not significant.
*Compared to saline control.
YPost hoc analysis.
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Fig. 2. A-D: Threshold shift after poise exposure. Audibility threshold shifts messured at 1, 2, 4, and 8 kHz after 2 6 h 4 kHz octave band
noise exposure at 105 dB SPL, as a function of time, Lest frequency, and treatment group. Threshold shift was calculated as the threshold for a
particular frequency at 2 time point after noise exposure minus the baseline thresheld for that frequency in dB SPL. Thresholds at time point
day O were obtained | h after exposure. The data depict means of Jeft and right ears of five animals (10 cars) in each group for a total of
n=15 (30 ears). Initial threshold shifts at day 0 were equivalent for saline-ncise and post-treatrnent groups at ali frequencies except at 1 kHz
where the initial threshold shift was reduced for the post-treatment group. The initial threshold shifts were reduced for the pre-treatment group
compared to the saline-noise group at all frequencies. There was recovery of threshold shift among all three groups. However, the threshold
shift recovery for the saline-noise group tended to plateau over weeks 2 and 3. In conirast, the permanent thresheld shifis that were observed
for the pre- and post-treatment groups were reduced significantly (P < 0.05) compared to the saline-notse group. The threshold shift at 3 weeks
for saline-ncise animals varied between 20 and 40 dB SPL from [ to 8 kHz. The permanent threshold shift for the pre-treatment animals was
significantly reduced to about 0-10 dB. The peninanent threshold shift for the posi-treatment group at 3 weeks was similar 1o the pre-treatment
group at | and 2 kHz (0 w 10 ¢B) (A and B) but was intermediate between the saline-noise and pre-treatment groups at 4 and 8 kHz (23 d¢B)
{C and D). The post-treatment effect at | kHz may be explained by the reduced initial threshold shift seen at | kHz Error bars represent
S.E.M.

2 kHz (0-10 dB), but was intermediate between the sa-
line-noise and pre-treatment groups at 4 and 8 kHz (23
dB). Threshold shift for the pre-treatment group was
significantly lower at 1, 2, 4 and 8 kHz, (P <0.05) for
treatment effects averaged over time as evidenced by
application of two-factor repeated measure ANOVA,
The post-treatment group effect reached sigaificance
at 1, 2, 4, and 8 kHz, when week } was compared to
week 1 (P <0.05). The effect at 1 kHz may be explained

by the reduced initial threshold shift observed in the
post-treatment group at 1 kHz.

3.2, Hair cell counts

Fig. 4A-D illustrates mean inner and outer hair cell
counts in a cytocochleogram which portrays missing
hair cell percentages on the y-axis as a function of the
measured percent distance from the cochlear apex. The
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Fig. 3. A and B: Representative individual ear cytocochleogram
data. These cytocochleograms depict percent missing inrer {solid
line) and outer (dashed lipe) bair cells as a function of % distance
along the basilar membrane from the apex, also correlated with fre-
quency response range. Panel A is from the right ear of a pre-
treated, noise-exposed animal and demonsirates a narrow band ol
outer bair cell loss to over 90% as well as scaltered inner hair cell
loss. In contrast to this, panel B from the left 2ar of 2 saline-nois¢
animal demonstrates a much broader band of greater than 90% oui-
¢r hair cell loss and more extensive inner hair cell loss than seen in
the pre-treated car.

associated frequency region of the cochlea is plotted on
the x-axis. Fig. 3A,B depicts individual cytocochleo-
grams from a pre-treated noise-exposed cochlea, and a
saline-lreated noise-exposed cochlea, respectively. Fig,
4A demonstrates that there is very littlc inner or outer
hair cell loss in control animals not exposed to noise.
Fig. 4B shows that the 6 h 4 kHz octave band noise
exposure caused substantial hair cell Joss, with maximal
loss occurring between 5 and 6 kHz. Sixty to 80% of the
outer hair cells were lost in the region between 3 and
8 kHz on the cochlea. Fewer inner hair cells were lost
(maximum of 30%) in approximately the same region of
the cochlea. In contrast, as shown in Fig. 4C, there was
a substantial reduction in both outer and inner hair cell
loss in the pre-treatment group compared to saline-
noise (20-30% outer hair cell loss vs. 60-80%, 0-10%
inner hatr cell loss vs. 20-30%, respectively). The outer
hair cell loss reached statistical significance for pre-
treatment vs. saline saline-noise groups (P < 0.05), but
not for inner hair cell diffcrences. As noted in Fig. 4D,
there was no statistically significant difference in hair

cell loss in the post-treatment group compared to the
saline-noise group.

3.3. Crrocochleogram — area under the curve analvsis

A mulu-way ANOVA was applied to demonstrate
that there were no ear-1o-ear differences among all ani-
mals. Therefore, each cochlea was used in the area
under the curve analysis as an independent observation
giving 10 observations across three treatment groups
(total of 30 observations).

Using a Kruskal-Wallis analysis, it was demon-
strated that there was a significant treatment effect for
both the inner hair cell (IHC) and outer hair cell (OHC)
area under the curve measures. For IHC and OHC
areas the x* values were 6.057 (df=2) and 11.760
(df =2), respectively. Dunn’s multiple comparison tests
determined that pre-treatment with antioxidants pro-
vided the greatest protection for auditory hair cells
showing the least area under the curve for the OHC
measures. Pre-treatment OHC values were significantly
different from both the saline and post-treatment
groups. However, for IHC measures, the pre-treatment
of antioxidants was not significantly different from the
saline group, but was significantly different from the
post-treatment group.

4. Discussion

While transducing acoustical encrgy inte neural sig-
nals, the cochlea produces ROS as a normal cellular
byproduct. Under normal circumstances, various anti-
oxidant defense mechanisms presen! in the inner ear
prevent these damaging radicals from causing any per-
manent harm (Kopke et al., 1999). With extreme acous-
tic over-stimulation, normal homeostasis is no longer
maintained, however, and cells may undergo a non-re-
coverable injury leading to a permanent NIHL. By aug-
menting the native antioxidant defense system during
periods surrounding a noise stress, our results suggest
that permanent threshold shift of hearing may be pre-
vented or reduced.

The present study demonstrates the potential efficacy
of a combination of two FDA-approved agents in pre-
venting, and to a lesser extenl reversing, permanent
noise-induced threshold shifts in a chinchilla model of
NIHL. The thresholds reported in this study were sim-
ilar to data published from other Iabs, which utilized
the same animal model for NIHL (Hu et al., 1997;
Henderson et al., 1973). After an intense 6 h noise ex-
posure, we found very substantial hair cell loss as well
as significant permanent shifis in evoked IC auditory
thresholds. Threshold shifts and hair cell losses reported
in this study were more substantial than in previous
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Fig. 4. A-D: Mean eytocochlepgram data. Panels A-Dr graphically depict mean inmer and outer hair cell losses in a cytocochleagram which
graphs mean percent missing hair cells on the j-axis as a function of percent distance from the cochiear apex and associated frequency region
of the cochlea on the x-axis. Panel A {(no noise) demonstrates that there is very little inner or outer hair cell Joss ip non-noise-expesed animals.
Panel B {untreated noise-exposed) shows that the 6 b 4 kHz octave band noise exposure at 105 dB SPL in untreated saline-ncise animals
caused substantial hair cell [oss, with a maximal loss occurring at 56 kHz. Sixty to 80% of the outer hair cells were lost in the region between
3 and 8 kHz. Fewer inner hair cells were lost (maximum of 30%) in approximately the same region of the cochlea. Panel C (Pre-TX) shows
there was a substantial reduction in both outer and inner hair cell loss in the pre-lreatment group compared to the saline-noise group (20-30%
outer hair cell loss vs. 60-80%, 0-10% inner hair cell loss vs, 20-30%; 3 wecks post-noise exposure). Panel D (Post-TX) shows there was no
ditference in hair cell loss in the post-treatment group compared to the saline-noise group. Errer bars represent S.E.M.

experiments (Hu et al,, 1997) which utilized a 4 h ex-
posure of the same frequency spectrum and intensity of
sound. By increasing the poise trauma, we increased the
difference in threshold shift between untreated (saline-
noise} and treated subjects,

Despite the intensity of this noise exposure, the anti-
oxidant combination, when applied shortly before the
noise exposure, reduced permanent threshold shifts by
75%, and inner and outer hair ceil loss by over 50%.
These data are consistenl with previous studies using
other antioxidant compounds or compounds with anti-
oxidant actions, administered either systemically (Seid-
man et al., 1993; Autias et al,, 1994 Quirk et al., 1994;
Yamasoba et al.,, 1998b; Komjathy et al., 1998), or
applied 1o the round window membrane (Hu et al.,
1997; Shoji et al., 1998; Keithley et al., 1998; Liu et
al.. 1999; Hight et al., 1999) prior (o noise exposurs.
Administration of the antioxidant agents utilized in this
study resulted in a reduction in threshold shift and/or
hair cell loss, further supporting the hypothesis that
ROS play a significant role in the causative mechanisms
of NIHL. The pharmacological agents used in this

study, when compared to other published agents (de-
scribed above), may prove suitable in future chnical
trials to prevent NIHL. The ability to use an oral agent
would by inference be useful for groups exposed to
penodic noise trauma at known intervals. Whether or
not these agenls are protective for impulse noise is not
known.

Administration of the antioxidant compounds after
noise exposure significantly reduced permanent thresh-
old shift but evidenced no effect in preventing hair cell
loss in our model. Improvement of hearing thresholds
in the post-treatment group despite hair cell losses,
which were equivalent to the untreated saline-noise
group, is unclear. There could have been an enhance-
ment of cellular repair processes or prevention of on-
going sub-lethal damage in the surviving hair cells,
which could not be detected with our histological tech-
niques, our procedure identified only viable hair cells.
Thus, the enhanced cochlear function in the post-treat-
ment group may have been a result of enhanced func-
tion in the remaining hair cells (i.e. compared to saline-
noise controls). The relative lack of effectiveness when
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the antioxidants were given afier the noise is not ¢lear,
but the duration and intensity of the noisc exposure
may have exceeded the agent's antioxidant capacity
when given after the noise exposure. Consequently.
the noise-induced burst of ROS may have initiated a
precipitation of excitotoxicity similarly observed alter
CNS trauma or ischemia (Mattson and Scheff, 1994).
or it may have activated self-propagating chain reac-
tions of lipid peroxidation or other oxidation cascades
which were not effectively countered by our antioxidant
combination (Maltison and Schefl, 1994).

[t has been previously reported that loss of hair cells
of the organ of Corti is not the only characteristic of
hearing loss. The degree of hair cell loss following noise
trauma is sometimes difficult to correlate with the audi-
tory threshold shift (Lataye and Campo, 1996; Liber-
man and Beil. 1979; Ades et al., 1974} and with the
total dose of noise (Erlandsson et al, 1987). Tt has
been reporied that the orderliness of the stereocilia,
along with cellular changes such as swelling of the syn-
apses at the base of outer and inner hair cells (Spoend-
lin, 1979: Robertson, 1983; Canlon et al., 1992), is as
important as the absence of hair cells (Ulfendah! et al.,
1993). In the present study, we oo report this imperfect
correlation of hair cell loss with hearing loss. As re-
ported previously, we agree that two distinct mecha-
nisms of acoustic trauma may take place within the
organ of Corti, i.e. metabolic and mechanical damage
{(Lataye and Campo, 1996; Ades et al., 1974). While
simple hair cell loss is easily observed, at what point
do degenerative changes render a hair cell non-func-
tional or partially or intermittently functional? And of
equal importance, how does this correlate with auditory
threshold measurements?

Aliernatively, the burst of ROS may initiate necrosis
andfor apoptosis (programmed cell death) pathways
{Raffray and Cohen, 1997; Liu et al., 1998; Nakagawa
et al, 1997} that could not be prevented or terminated
by these compounds given under these conditions. A
recent study by Pirvola et al. (2000) demonstrated
DNA fragments of hair cell nuclei after ototoxic drug
and noise exposure in vitro and in vivo. Pirvola and
colleagues report that the ¢-Jun N-terminal kinase path-
way, which is associated with apoptosis, is activated in
hair cells after noise exposure,

On-going hair cell loss leading to transient gaps in
the reticular lamina, with exposure of hair cells to toxic
endolymph, might play a role in propagation of the
injury after noise ccssation (Bohne, 1976; Bohne and
Rabbit, 1983:; Fredelius, 1988). This catabolic time
course may not be amenable 1o antioxidant reversal,

As with other biological systems, a concentration ef-
fect of toxin (in this case toxic noise} may produce
zones of necrosis in areas of maximal concentration
surrounded by zones of injury where the concentration

is reduced, The injured cells may be repaired or under-
go programmed ceil death depending on the severity of
the injury and availability of agents which might induce
repair (Raffray and Cohen, 1997). Further study is
needed 1o optimize the conditions and agents that
may reverse hearing loss when the agents are adminis-
tered after noise exposure. Although further pre-clinical
study is warranted, these data suggest that it may be
feasible to augment mechanical hearing protection with
pharmacological antioxidant agents to more completely
prevent permanent hearing loss due to excessive noise.
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