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Workers exposed to industrial solvents are also frequently exposed to mechanical noise. In this study, a
combination of a continuous noise (100 dB SPL) and an impact noise (110 dB SPL) was used to mimic the
noise exposure in the workplace. A noise band of 10-20 kHz was used to induce a cochlear injury in the
same cochlear region in the rat as styrene exposure. Styrene levels of 300 and 400 mg/kg were applied to
induce outer hair cell (OHC) loss limited to the third row of the middle turn, but without significant
cochlear functional loss. The combined exposures of the noise and styrene for 3 weeks caused greater
threshold shifts than the noise alone, although the styrene alone did not induce significant threshold
shift. Correspondingly, the combined exposures induced OHC losses that were greater than the sum-
mated OHC losses induced by the noise and styrene exposure alone. Apoptosis in Deiters cells was also
examined after a short-term exposure (7 days) to a combined exposure of a high-level styrene (800 mg/
kg) and the noise. The styrene-noise synergistic interaction was also observed in the Deiters cells. The
synergistic interaction between the noise and styrene suggests that each of the exposures alone (noise
or styrene) may cause stress, temporary alteration, or nonlethal injury in cochlear cells and the combined
exposure strengthens the stress leading to cell death.
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1. Introduction

Styrene, an aromatic hydrocarbon, is used extensively in the
production of plastics, fiberglass, synthetic rubbers, resins, insula-
tors and protective surface coatings (Rybak, 1992; Johnson and
Nylén, 1995). Hearing loss from styrene occupational exposure
has been reported repeatedly (Morioka et al., 1999; Morata et al.,
2002; Sliwinska-Kowalska et al., 2003). However, the occupational
styrene exposure-related hearing loss was not observed in a few
early reports (Muijser et al., 1988; Moller et al., 1990; Sass-Kortsak
et al,, 1995; Calabrese et al., 1996). Evaluation of cochlear damages
in the styrene-exposed workers is not available. In a recent animal
experiment, we have found that styrene-induced cochlear injury
may appear prior to the functional loss (Chen et al., 2008). It ap-
pears that a low-level styrene exposure may cause a significant in-
jury in the cochlea without detectable functional loss.

In the workplace, workers are frequently, sometimes heavily,
exposed to the combination of machine noise and solvents (Miller
et al., 1994; Morata et al., 1994). Several studies have suggested a
synergistic interaction between noise and solvents (Barregard and

Abbreviations: CAP, compound action potential; FITC, fluorescein isothiocya-
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Axelsson, 1984; Morata et al., 1994), whereas other studies showed
that the effects of noise dominated (Jacobsen et al., 1993; Sass-
Kortsak et al., 1995).

Animal experiments have shown a synergistic interaction be-
tween noise and toluene, another industrial solvent (Johnson
et al., 1988; Lataye and Campo, 1997). However, the noise-styrene
synergistic interaction was not seen in a report using a single time
exposure (styrene at 500 ppm, noise at 95 dBA for 7 h, Fechter,
1993). Repeated exposures to styrene and noise in two recent stud-
ies in rats did show the synergistic interaction (Lataye et al., 2000;
Makitie et al., 2003). However, Makitie et al. (2003) only measured
hearing loss at frequencies lower than 8 kHz, probably because
they used a low-frequency noise (31.5-10 kHz). Styrene is known
to cause hearing loss in the middle-frequency region around 10-
20 kHz in the rat (e.g. Lataye et al., 2000; Chen et al., 2007). In
the two studies, missing OHCs were counted and the remaining
OHCs were examined (Lataye et al., 2000; Makitie et al., 2003). Loss
of pillar cells was also reported (Makitie et al., 2003). However,
influences of the combined exposure to noise and styrene on Deit-
ers cells were not studied. Deiters cells are the most vulnerable tar-
get of styrene exposure (Chen et al., 2007, 2008).

In the current study, a combination of a continuous noise
(110 dB SPL) and an impact noise (110 dB SPL) was used to mimic
noise exposure in the workplace, although the noise level is higher
than that in the workplace. A band of 10-20 kHz was used to pro-
duce damage and stress on the styrene-affected cochlear region in
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the rat. Styrene levels of 300-800 mg/kg were used, which may
produce blood levels of 8-20 mg/l (Chen et al., 2007), which is
higher than the blood levels measured in the workers occupation-
ally exposed to styrene (up to 2 mg/l, Mizunuma et al., 1993).
Hearing losses and OHC losses were compared between experi-
mental groups exposed to styrene, noise, and their combinations.
Apoptotic Deiters cells were also counted after a short-term com-
bined exposure to a high-level styrene and noise and compared be-
tween groups.

2. Methods
2.1. Subjects

Long Evans pigmented rats (male, about 2 months of age) were
acquired from Harlan Sprague Dawley and housed in the Univer-
sity at Buffalo animal facility after delivery. All animal facilities
are registered with the US Department of Agriculture and are in-
spected semiannually by the members of the Institutional Animal
Care and Use Committee (IACUC) serving the Research Foundation
of State University of New York. Background noise level in the col-
ony room was 45 dBA. Temperature was maintained at 71°F. Lights
were on from 6:00 am to 6:00 pm. All procedures regarding the use
and handling of animals and styrene/noise exposures were re-
viewed and approved by the IACUC.

2.2. Noise exposure

Rats were exposed to a kurtotic noise, which consisted of a
combination of a continuous noise (100 dB SPL) and an impact
noise (110 dB SPL) for 6 h per day for 5 days per week for 3 weeks
(n=8) or 6 h per day for 7 days (n=5) (see Table 1, #1 and #6).
The continuous noise was measured at the level of the animals’
ears by using a linear weighting and adjusted to 100 dB SPL. The
impact noise was added to the continuous noise signal electroni-
cally and the peak amplitude of the impact noise was set at a level
of 3.16 times (10 dB) higher than the continuous noise. The band
of the noise was 10-20 kHz. Duration of the impacts was 30 ms
with 1 ms of rise and 29 ms of fall time (Fig. 1). The rate of the im-
pacts was 1/s. The noise was generated using a TDT RP2 Real time
signal processor (TDT, Gainesville, FL), amplified by AMP 300
power amplifier (AudioSource Inc., Portland, OR) and then deliv-
ered to speakers (Vifa D25AG35 17 Dome Tweeter, Madisound
Speaker Components, Inc., Middleton, WI) in the glass exposure
chamber (24" x 24" x 36"). The noise level was calibrated at the
level of the animals’ heads utilizing a calibrated Model 800B sound
level meter (Larson Davis Inc., Depew, New York) and a 1/2” con-
denser microphone. Each animal was restricted in a small wire
cage (8” x 6” x 6.5") in the exposure chamber. For each wire cage,
a speaker was sited on the top of the cage, which was 3.25” above
the level of the animal’s ear. The animals were conscious and food
and water were available during the noise exposure.

Table 1
Noise and styrene exposure.

Exposure Duration Animal number
1. Noise 3 weeks 8
2. ST300 3 weeks 6
3. ST400 3 weeks 4
4. Noise + ST300 3 weeks 6
5. Noise + ST400 3 weeks 4
6. Noise 3 weeks 5
7. ST800 7 days 4
8. Noise + STSOO 7 days 3
9. No exposure 7 days 10

2.3. Styrene exposure

Six rats were exposed to styrene (>99%, S4972, Sigma) mixed
in olive oil (0.4 ml/kg) by gavage at a dose of 300 mg/kg once per
day for 5 days per week for 3 weeks (see Table 1, #2). Four rats
were exposed to styrene at a dose of 400 mg/kg once per day for
5 days per week for 3 weeks (see Table 1, #3). Four rats were ex-
posed to styrene at a dose of 800 mg/kg once per day for 7 days
(see Table 1, #7).

2.4. Combined exposure to noise and styrene

Six rats were exposed to the kurtotic noise and styrene at
300 mg/kg for 5 days per week for 3 weeks (see Table 1, #4). Four
rats were exposed to the kurtotic noise and styrene at 400 mg/kg
for 5 days per week for 3 weeks (see Table 1, #5). Three rats were
exposed to the kurtotic noise and styrene at 800 mg/kg for 7 days
(see Table 1, #8). The styrene was given 10-30 min before the 6-h
noise exposure each day.

Ten rats were used as controls (see Table 1, #9).

2.5. Cochlear compound action potential (CAP) recording

Three to five days after the 3-week exposures, rats were deeply
anesthetized with ketamine (50 mg/kg, i.m.) and xylazine (6 mg/
kg, i.m.). The right cochlea was surgically exposed using a ventro-
lateral approach and a silver wire electrode was carefully placed on
the round window membrane for CAP recording. A silver chloride
reference electrode was placed beneath the neck skin. Tone bursts
at 2, 6, 8, 12, 16, 20, 24, 30 and 40 kHz for eliciting CAP were gen-
erated in a real time processor (RP2.1, system3, TDT, Gainesville,
FL). The signals (duration: 10 ms; rise/fall time: 1 ms) were ampli-
fied and delivered to an earphone (rebuilt using an ACO 1/2”
microphone, 7013) placed within a speculum that was opened to
the ear drum. Stimulation intensities were controlled with a TDT
PA5 programmable attenuator. Sound levels at the eardrum were
calibrated with a 1/8” microphone (4138 B&K) using a coupler that
mimics the rat ear canal. Cochlear responses in a time window of
20 ms were recorded and amplified with the DAM50 Bio-amplifier
(World Precision Instruments, Sarasota, FL). The gain of the pream-
plifier was set at 1000, and the band of the filter was set from 0.1 to
3 kHz. The amplified cochlear responses were averaged 50 times in
the TDT RP2.1 real time processor using custom-written data
acquisition/analysis software (D. Sinex on Matlab 6.1) and stored
on a disk in a personal computer. CAP amplitudes were measured
using the custom-written data acquisition/analysis software and
plotted as a function of stimulation intensity, known as the CAP in-
put/output function (I/O function). CAP thresholds were measured
on the CAP I/O function. The threshold was defined as the stimula-
tion intensity that produced a CAP of 5 uV amplitude.

2.6. Histochemical staining for hair cell counting and examination

2.6.1. Staining based on activity of succinate dehydrogenese (SDH)
After CAP recording, the cochleae were removed immediately.
The round and oval windows and the apex of the cochlea were
opened to facilitate perfusion. The cochleae were perfused with
an incubation solution containing 0.05% nitrotetrazolium blue
chloride (cat#N6876, Sigma), 0.05M sodium succinate, and
0.05 M phosphate buffer and then incubated in the solution for
1 h (37 °C). Nitrotetrazolium blue is an electron acceptor that, on
reduction, precipitates as an insoluble and highly colored forma-
zan. SDH in the cell oxidizes sodium succinate and provides elec-
trons for the reduction of the electron acceptor. The stained
cochleae were fixed in 10% buffered formalin for 2 days. After fix-
ation, the cochleae were decalcified in 7% EDTA (ethylenediamine
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Fig. 1. Waveform of the kurtotic noise . Noise band: 10-20 kHz; Impact: 30-ms duration, 1-ms rise time, 29-ms fall time, 1/s; Steady part of the noise: 100 dB SPL; Peak level

of the impact: 110 dB SPL.

tetraacetic acid) solution for 3 days or longer as needed. Cochlear
micro-dissection was accomplished under a light microscope. Hair
cells within each segment of 250 uM on the basilar membrane
were counted under a light microscope (DMBA300 Digital Micro-
scope, Microscope World). The counted cell numbers were com-
pared to the normal numbers obtained in the control rats and
cell losses were expressed as percentages. Cell losses were plotted
as a function of % distance from the cochlear apex (cochleograms).
Representative photomicrographs were captured using the micro-
scope’s built-in camera (DMBA300 Digital Microscope, 400x ) with
the provided software (Motic Image Plus 2.0 ML).

2.6.2. Staining for F-actin and nuclei in the cochlear cells

Cochleae in the rats exposed to the high-dose styrene
(800 mg/kg) and noise were removed after the 7-day exposures
and fixed in 10% buffered formalin for 12 h and then dissected
in PBS (phosphate buffered saline). The specimen (the basilar
membrane with the organ of Corti) was incubated in the solu-
tion of PBSB (PBS containing bovine serum albumin, 5 mg/ml)
containing FITC (fluorescein isothiocyanate) labeled phalloidin
(cat#P5282, Sigma) at a concentration of 5pg/ml for 30-
40 min for F-actin. Propidium iodide (PI) is a fluorescent dye that
binds specifically to DNA. After incubation in the FITC-labeled
phalloidin, the specimen was stained in the solution of PI
(cat#P-3566, molecular probes) at a concentration of 5 pg/ml
for 10 min. The stained specimen was mounted on a slide with
ProLong Gold antifade reagent (cat#P-36934, molecular probes)
and examined using the Carl Zeiss Laser Scanning Systems LSM
510. Hair cells were counted. Stereocilia of the remaining OHCs
were examined, and nuclei of OHCs and Deiters cells were exam-
ined. Condensed nuclei of Deiters cells were also counted. Repre-
sentative images were captured and analyzed using Zeiss LSM
Image Examiner (v. 4.0.0.91).

2.7. Statistical analysis

Differences between exposure groups with respect to CAP hear-
ing threshold changes, cochleograms, and CAP I/O functions were
analyzed using two-way ANOVA. Differences in each individual
point between groups were analyzed using t-tests. A p-value
<0.05 was considered to be statistically significant.

3. Results

Fig. 2 presents CAP I/O functions at 12 kHz after 3 weeks of
exposures (5 days/week). The styrene exposure by gavage at a dose
of 300 mg/kg (ST300) only caused slight CAP reductions at low
stimulus levels <30 dB SPL compared to the control group (open
triangles). The styrene exposure by gavage at a dose of 400 mg/
kg (ST400) caused slight CAP reductions at all stimulus levels from
0 to 90 dB SPL compared to the control group (inverse open trian-
gles) and the differences reached statistical significance by two-
way ANOVA (p = 0.04). However, the differences did not reach sig-
nificance at any individual stimulus level (p > 0.05). The kurtotic
noise exposure caused a ‘low-stimulation-level-bias’ CAP reduc-
tion (open circles), resulting in a shift of CAP I/O function towards
the linear line (dashed line) from the control position (asterisks),
indicating a reduction of cochlear amplification. CAP amplitudes
at each stimulus level below 60 dB SPL were significantly different

10004
3 12 kHz, 3-Week exposure

1% Ctrl
1A ST300

V ST400
100-5 O Noise
] A N+ST300
1 VY N+ST400
1---tinear line

CAP Amplitude (pV)

10 20 30 40 50 60 70 80 90 100
Stimulation (dB SPL)

Fig. 2. CAP I/O functions at 12 kHz after the exposures. Noise: 10-20 kHz, 100/
110 dB SPL, 6 h/day for 5 days/week for 3 weeks; styrene exposures: by gavage, 1/
day, 5 days/week for 3 weeks; combined exposures: styrene was given 10-30 ms
prior to the starting of the noise exposure; N: noise; ST300: styrene at 300 mg/kg;
ST400: styrene at 400 mg/kg; linear line: 1dB/dB; =~ or *™: p<0.01; = or **:
p <0.001. Vertical bars represent SE (standard error).
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from the control levels (**p <0.01; **p <0.001). The combined
exposure to the noise and styrene at 300 mg/kg (N+ST300) showed
further reduction of CAP compared to the noise-group. The differ-
ences between the noise-group and the N+ST300-group were sta-
tistically significant by two-way ANOVA (p < 0.01), but were not
significant at any individual stimulus level by t-test (p > 0.05).
The combined exposure to the noise and styrene at 400 mg/kg
(N +ST400) caused significant CAP reductions not only at low stim-
ulus levels (""p < 0.001) but also at high stimulus levels ("p < 0.01),
likely indicating injury expanding from OHCs to inner hair cell
(IHC)/nerve-fiber/spiral ganglion neuron (SGC) levels.

Fig. 3 presents CAP threshold shifts as a function of frequency
after 3 weeks of exposure to styrene, noise, or their combinations.
Fig. 3A shows exposures to the noise and styrene at 300 mg/kg and
Fig. 3B shows exposures to the noise and styrene at 400 mg/kg. The
styrene exposures induced either no or only slight threshold shifts
(open triangles). The noise exposure caused threshold shifts at fre-
quencies in the noise band and high frequencies (open circles). The
combined exposure to the noise and styrene at 300 mg/kg caused
greater threshold shifts (see filled circles in Fig. 3A) than the noise
exposure alone, although the styrene exposure did not cause
threshold shift except a slight shift at 12 kHz. The differences be-
tween the noise-group and the N+ST300-group were statistically
significant by two-way ANOVA (p < 0.001). The differences at 8
and 16 kHz also reached significance on t-testing (p < 0.001 and
p < 0.05 respectively). The combined exposure to the noise and sty-
rene at 400 mg/kg caused threshold shifts at and above 40 dB in
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Fig. 3. CAP threshold shifts as a function of frequency. (A) styrene gavage at a dose
of 300 mg/kg; (B) styrene gavage at a dose of 400 mg/kg; exposures are as described
in Fig. 2. Sum: summated threshold shifts induced by the noise and the styrene
alone. : p<0.05; ": p<0.01; ": p<0.001. Vertical bars represent SE.

the middle-frequency region (see filled circles in Fig. 3B). The dif-
ferences between the noise-group and the N + ST400-group were
significant by two-way ANOVA (p < 0.0001), and at all frequencies,
except 40 kHz, were significant by t-test ('p<0.05, “p<0.01,
"'p <0.001). The threshold shifts induced by the combined expo-
sure were also greater than the summated threshold shifts induced
by the noise and the styrene (400 mg/kg) alone (thick lines). The
data indicated that the styrene exposures potentiated noise-in-
duced hearing loss (NIHL).

Fig. 4 presents representative surface preparations showing hair
cells in the middle turn (55% from the apex) after 3-week exposure
to styrene at 400 mg/kg (A), the kurtotic noise at 100/110 dB SPL
(B), and the combination of the styrene and the noise (C). The sty-
rene exposure caused loss of OHCs in the third row (marked with
asterisks in A), although only about 5 dB of threshold shift was ob-
served at the related frequency (16 kHz). The noise exposure only
caused occasional loss of OHCs in the first row (marked with ‘X’ in
B), although an 18-dB threshold shift was observed at 16 kHz. The
combined exposure caused a severe OHC loss in all three rows
(marked with asterisks in C), which was related to a >40 dB of
threshold shift at 16 kHz, indicating a complete loss of cochlear
amplification.

Fig. 5 presents OHC losses as a function of cochlear length (coc-
hleogram) after 3 weeks of exposures. Although the noise exposure
induced threshold shifts up to about 30 dB at 12 kHz, the exposure
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Fig. 4. Representative images showing hair cells after 3-week exposure to styrene
at 400 mg/kg (A), to the noise (B), and to their combination (C). The exposures are as
described in Fig. 2. Asterisks or crosses mark the missing OHCs. The location of the
images in the cochleae is about 55% from the apex.
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Fig. 5. OHC losses as a function of cochlear length. (A) styrene gavage at a dose of
300 mg/kg; (B) styrene gavage at a dose of 400 mg/kg; exposures are the same as
described in Fig. 2. Sum: summated OHC losses induced by the noise and the
styrene alone. Vertical bars represent SE.

only caused slight OHC losses with 2 peaks: one was 6% loss in the
middle turn and another was 18% loss in the basal turn (open cir-
cles). The styrene exposure at 300 mg/kg caused OHC losses (see
open triangles in Fig. 5A) similar to the noise-induced OHC loss
in the middle-frequency region, although it did not cause threshold
shift. The combined exposure to the noise and styrene at 300 mg/
kg (N-ST300) caused OHC losses significantly greater than those
caused by the noise or styrene (p < 0.0001 by two-way ANOVA).
The styrene exposure at 400 mg/kg caused about 20-30% OHC
losses in the middle turn (see open triangles in Fig. 5B), due to
missing of OHCs in the third row (see Fig. 4A). The combined expo-
sure to the noise and styrene at 400 mg/kg caused significantly
greater OHC loss than the styrene or the noise (p <0.0001 by
two-way ANOVA). The loss of OHCs induced by the combined
exposure was also greater than the sum of OHC losses induced
by the noise and styrene alone (thick lines), indicating a synergistic
interaction between styrene and noise exposures.

To study the noise-styrene interaction during the cochlear cell
death process, short-term exposures with a high level of styrene
(800 mg/kg) and the noise were used. Fig. 6 presents representa-
tive images showing morphological features of auditory hair cells
after exposure to the kurtotic noise at 100/110 dB SPL for 6 h per
day for 7 days (A), to styrene at 800 mg/kg/day for 7 days (B),
and to the combination of the exposures for 7 days (C). The noise
exposure caused death of 3 OHCs in the first row in the segment

57% from the apex (marked with ‘arrows’ in A). Nuclei of the three
OHCs were missing and the stereocilia and cuticular plate of the
cells were disrupted. Fusion of stereocilia was observed in one
OHC in the first row (marked with arrowheads in A and in the in-
sert focused on the stereocilia), which had a normal nucleus. No
morphological disruption was observed in other remaining OHCs
at this examination level. The styrene exposure induced death of
7 OHCs in the third row and 3 OHCs in the second row in the seg-
ment from the similar region (57% from the apex) showed in B
(pointed with arrows). Eight of 10 disrupted OHCs were com-
pletely gone and two had small pieces of the nuclei (marked with
arrowheads) remaining. In the similar region in a rat exposed to
the combination of the noise and styrene (54% from the apex),
the majority of OHCs were destroyed and only 14 OHCs were pres-
ent in the segment (C). One of the remaining OHCs had a con-
densed nucleus (marked with arrowhead), indicating apoptotic
cell death.

Fig. 7 presents OHC losses as a function of cochlear length after
7 days of exposures. Exposure to the noise (100/110 dB SPL) and
styrene (800 mg/kg) alone for 7 days only caused slight OHC losses
(open symbols). The combined exposure to the noise and styrene
caused OHC losses up to 90% in the middle-frequency region (filled
circles).

Our previous study revealed that the most sensitive target of
styrene in the cochlea was the Deiters cells instead of the OHCs
(Chen et al., 2007). However, Deiters cell loss is hard to count pre-
cisely. In this report, we counted condensed nuclei of Deiters cells
(dying Deiters cells) after the 7-day exposures.

Fig. 8 presents representative images as shown in Fig. 6, but
were focused on the Deiters cell layer. The noise exposure did
not cause damage to Deiters cells (A). Nuclei of the Deiters cells,
including those with the related OHCs being absent (marked by ar-
rows), were intact. However, many Deiters cells were absent or had
condensed nuclei (apoptosis) after the styrene exposure (marked
with arrows in B). For comparison, three intact nuclei of Deiters
cells were marked with arrowheads. The majority of Deiters cells
in the rat exposed to the combination of the noise and styrene
were absent. Only a few normal (marked with arrowhead) and
condensed nuclei (marked with arrows) were recognized.

Fig. 9 presents condensed nuclei of Deiters cells as a function of
cochlear length after the 7-day exposures. No condensed nuclei
were found in the Deiters cell layer in the cochleae exposed to
the noise (open circles). The styrene exposure (800 mg/kg/day) in-
duced condensation of nuclei of Deiters cells in the middle turn
(open triangles). The combined exposure to the noise and styrene
induced more condensed nuclei of Deiters cells in cochlear regions
of <45% and >65% (filled circles). However, in the region of 45-65%
from the apex, there were fewer condensed nuclei of Deiters cells
than induced by the styrene exposure alone. This was because the
majority of Deiters cells in this area had already died. The data
indicated that the noise exposure potentiated styrene-induced
apoptosis in Deiters cells.

4. Discussion
4.1. Noise trauma in the rat cochlea

In the rat, noise exposure may induce a certain level of hearing
loss with only occasional missing hair cells. Noise-induced perma-
nent threshold shift (PTS) up to 40 dB in the low- and middle-fre-
quency regions (<24 kHz) was often observed without significant
OHC loss (Chen and Fechter, 2003). The occasional OHC death or
injury in the stereocilia was usually seen first in the first row (Chen
and Zhao, 2007; Lataye et al., 2000). The majority of the surviving
OHCs were morphologically intact, even in the cochlea with a
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Fig. 6. Representative images showing stereocilia, cuticular plate, and nuclei of OHCs in the cochleae exposed to the kurtotic noise at 100/110 dB SPL for 6 h/day (A), styrene
at 800 mg/kg once per day (B), and their combination (C) for 7 days. Location of the images was 55-60% from the apex. Arrows point to missing OHCs. Arrowheads point to (A)
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Fig. 7. OHC losses after 7 days of exposures to the noise at 100/110 dB SPL for 6 h/
day, styrene at 800 mg/kg/day, and their combination as a function of cochlear
length. Vertical bars represent SE.

linear cochlear I/O function, indicating a complete loss of cochlear
amplification suggesting dysfunction of the surviving OHCs (Chen
and Zhao, 2007). Dysfunction of the noise-exposed OHCs may
mainly result from the disrupted lateral wall, such as reduced

membrane fluidity or injured motor protein, since loss of cochlear
amplification may be observed without reduction of the OHC
receptor potential (Chen, 2006; Chen and Zhao, 2007).

Reactive oxygen species (ROS) are commonly involved in vari-
ous traumatic processes. ROS accumulation has been directly de-
tected in noise-exposed cochlea (Liu, 1992; Ohinata et al., 2000;
Ohlemiller et al., 1999a; Rao et al., 2001; Yamane et al., 1995a,b).
Protective effect of antioxidants against NIHL also indirectly sug-
gest existence of ROS in the cochlea after noise exposure (e.g.
Rao and Fechter, 2000; Henderson et al., 1999; Kopke et al.,
2000; Ohlemiller et al., 1999b; Seidman et al., 1993).

In the current study, rats were exposed to a combination of a con-
tinuous noise (100 dB SPL for 6 h/day) and an impact noise (110 dB
SPL, 1/s), called kurtotic noise. The 3-week exposure (5 days/week)
to the noise caused an about 29-dB threshold shift at 12 kHz and
7-19 dB threshold shifts at higher frequencies The threshold shifts
were smaller than those induced by a 4-h exposure of the continuous
noise with the same band (10-20 kHz) at 110 dB SPL (Chen, 2006).
The noise exposure only caused slight OHC losses in the middle turn
around the location of 60% from the apex and some OHC losses in the
basal turn. About 98% of OHCs were still surviving in the cochlea and
no detectable morphologically abnormality has been observed in the
stereocilia, cuticular plate, and nuclei (data not shown). The noise
did not induce Deiters cell loss. Even those Deiters cells with the re-
lated OHCs missing were still present with normal nuclei.
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(A) Kurtotic Noise

7-days, noise
57% from apex

(C) Noise+Styrene

(B) Styrene

7-days, ST-800
57% from apex

7-days, noise+ST-800
54% from apex

Fig. 8. Representative images showing nuclei of Deiters cells in the cochleae exposed to the noise (A), styrene at 800 mg/kg (B), and their combination (C) for 7 days. The
images were obtained from the same places as those shown in Fig. 6, but focused on the layer of Deiters cells. Thick arrows in A point to nuclei of the Deiters cells with missing
OHCs. Thin arrows in B and C point to condensed nuclei of Deiters cells. Horizontal bars represent 10 pm.

50 ? 1 ? sI 1.2 1.6 2.0 2.4 3.0 4.0 kHz
7 days ® N+ST800
O Noise
| A ST800
40 * Control

Apoptotic Deiters Cells (%)

0 10 20 30 40 5 60 70 8 9 100
Frequency (kHz)

Fig. 9. Deiters cells with condensed nuclei as a function of cochlear length. The

animals were exposed to the kurtotic noise, styrene at 800 mg/kg, and their
combination for 7 days. Vertical bars represent SE.

4.2. The ototoxic effect of styrene in the rat cochlea

Styrene exposure disrupts cochlear cells starting from the mid-
dle turn. The location-dependency of the disruption was explained

with distribution gradients of styrene measured in our previous re-
port (Chen et al., 2007) and antioxidants in the cochlea. Another
characteristic of the styrene-induced disruption is that the degen-
eration starts from the third row of OHCs (Campo et al., 2001; Chen
et al., 2007; Gagnaire and Langlais, 2005; Lataye et al., 2000, 2001,
2003; Loquet et al., 1999, 2000; Makitie et al., 2003), instead of the
first row as seen in the noise-exposed cochlea. Our recent study re-
vealed that Deiters cells were the most vulnerable target of styrene
(Chen et al., 2007, 2008). Death of OHC may result from styrene in-
sult directly or is due to the death of the related Deiters cell. Campo
et al. (1999) postulated an intoxication route from the lateral side
from the blood supply in the stria vascularis. Because normal co-
chlear responses were observed in some styrene-exposed cochleae
with only the first and the second row of OHCs remaining (Chen
et al., 2008), it would seem that styrene destroys the encountered
OHCs and Deiters cells from the lateral side in the organ of Corti,
but does not severely affect the remaining cells. Styrene-induced
death of cochlear cells has been reported to be mainly through cas-
pase-dependent apoptosis pathways (Chen et al., 2007; Yang et al.,
2008). It is still unclear how the styrene exposure triggers apopto-
tic processes. Styrene in the body is mainly metabolized to styrene
7,8-oxide (SO), which may form covalent adducts to DNA, RNA, and
proteins (Koskinen et al., 2001a,b; Liu et al., 2001; Vodicka et al.,
2001). SO has also been proposed to have a direct oxidative stress
effect on cells (Marczynski et al., 2000).
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In this study, the styrene exposure by gavage at 400 mg/kg
caused a loss of OHCs mainly in the third row in the middle turn.
However, the styrene-induced cochlear injury only resulted in a
threshold shift of about 5 dB, consistent with our previous finding
that styrene-induced loss of OHCs less than 30% may not affect co-
chlear function (Chen et al., 2008). The data indicated that the
remaining OHCs in the first and the second rows were still func-
tioning and sufficient to maintain the cochlear amplification.

4.3. Interaction between the noise and styrene exposures

Consistent with previous reports (Lataye et al., 2000; Makitie
et al., 2003), the combined exposure to noise and styrene in this
experiment induced greater cochlear functional loss and hair cell
loss than the summated losses caused by the styrene and the noise
alone. The combined exposure also had greater effect on Deiters
cells than the styrene exposure. The styrene exposure targeted
Deiters cells. However, the noise exposure did not show any effects
on Deiters cells.

Although the remaining OHCs in the first and the second rows
in the styrene-exposed cochleae in this experiment appeared to
be sufficient to maintain the cochlear amplification, the combined
noise exposure severely destroyed the cells. The data suggest that
the styrene exposure may have induced nonlethal injuries in the
remaining OHCs and the added stress by the noise exposure in
the same region eventually kill the cells. Noise exposure at an ex-
tremely high level may cause direct mechanical damage, including
clefts between the third row OHCs and Deiters cells (Henderson
et al., 1994). However, noise exposure usually does not show ef-
fects on Deiters cells. In this study, the noise did not cause Deiters
cell loss. However, the noise exposure potentiated the styrene-in-
duced degeneration in the Deiters cells. The data indicated that
the noise exposure had caused some stress on the Deiters cells,
although no Deiters cells were missing after the noise exposure.

The combined exposure to the noise and styrene at 400 mg/kg
caused CAP reduction not only at low stimulus levels but also at
high stimulus levels, suggesting some damage involving IHCs and
SGNs. Both the noise and the styrene exposure alone did not show
effects on CAP at high stimulus levels. However, the exposures (the
noise and the styrene) may have already caused a certain degree of
stress on the IHC/SGN level. The combined exposure increases the
stress to a critical level leading to functional loss of the cells. We
did not find death of IHCs. The SGNs were not examined in this
study.
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