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to cause hearing loss. Morataet al. (1993), for example
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Low-Level Toluene Disrupts Auditory Function in Guinea Pigs.
McWilliams, M. L., Chen, G.-D., and Fechter, L. D. (2000). Toxi-
ol. Appl. Pharmacol. 167, 18–29.

Toluene appears to have adverse effects on the human auditory
system, but it is difficult to estimate its potency since it is com-
monly present in the workplace in combination with noise expo-
sure; workplace noise exposures are often highly variable. Studies
designed to assess toluene ototoxicity specifically have been lim-
ited to high-dose studies in a single laboratory animal model, the
rat. Here permanent hearing loss has been observed at concentra-
tions of 1000 ppm toluene and greater after inhalation exposure
for 5 days, 6 h/day. The OSHA threshold limit value for toluene is
only 100 ppm. The current study focuses on the onset of toluene
ototoxicity acutely in the guinea pig and in adducing a mechanism
of effect. In this study, evidence is presented for the impairment of
auditory function by toluene in the guinea pig, at a concentration
substantially lower than that used for studying permanent impair-
ment in the rat. The impaired function was correlated with re-
duced energy metabolism in outer hair cells. Assessment of audi-
tory function was made using distortion product otoacoustic
emissions (DPOAE) with subsequent measurement of succinate
dehydrogenase (SDH) staining density in hair cells using surface
preparations. Temporary disruption of auditory function in
guinea pigs is seen in subjects exposed to 250, 500, and 1000 ppm
toluene for 8 h/day, 5 day/week for 1 and 4 weeks. Concentrations
as low as 250 ppm toluene were able to disrupt auditory function
acutely in the guinea pig, and 500 and 1000 ppm toluene produced
greater acute dysfunction. SDH staining suggests that reduced
enzyme activity in the midfrequency region of the cochlea occurs
acutely following toluene exposure. Although the auditory dys-
function progressed between 1 and 4 weeks of exposure, a perma-
nent loss did not develop for these subjects and hair cell death was
not seen. The current study identifies early evidence of auditory
system impairment in the guinea pig at low toluene concentration
and evidence for impairment of energy production in hair cells.
While even a transient auditory impairment has implications for
workplace safety, additional study on the transition from such acute
effects to permanent impairment is essential. © 2000 Academic Press

Key Words: Toluene; hearing loss; ototoxicity; cochlea; DPOAE;
surface preparation; guinea pig; succinate dehydrogenase staining.

During the last decade, workplace exposures to org
solvents, like toluene and simultaneous noise, have been s
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reported that workers from printing and paint manufactu
industries exposed to approximately 100–365 ppm toluen
noise between 88 and 93 dBA were far more likely to su
significant hearing loss than matched reference groups ex
to noise only or solvent only. The workers revealed an o
ratio for hearing impairments of approximately 4 for the n
exposed group, 5 for the mixed solvent group, and near
for subjects receiving combined exposure to noise and sol
compared to controls. Whereas the toluene concentrati
Morata’s study exceeded the U.S. PEL values, Abbateet al.
(1993) determined that 12–14 years of 97 ppm toluene e
sure resulted in significantly elevated latency in the brain
auditory evoked potential among normal hearing workers.
initial component of the brainstem response, which is ind
tive of cochlear function, was especially affected, demons
ing subclinical changes in auditory function in a solve
exposed population.

In addition to toluene, exposures to other organic solv
have resulted in measurable auditory dysfunction. Szulck
berskaet al. (1976) demonstrated loss in auditory sensiti
among workers studied who were exposed to trichloroethy
(TCE). Auditory impairments were more common am
workers exposed to TCE for a longer duration. Additio
evidence of solvent-induced hearing loss among worker
been reported for carbon disulfide and noise (Morata, 1
styrene (Muijseret al., 1988), and mixed solvent expos
(Jacobsenet al., 1993; Bergstrom and Nystrom, 1986).

Along with workplace exposure, solvent ototoxicity h
been reported when individuals were exposed to product
contain toluene. For example, actual hearing loss has
reported in glue sniffers who expose themselves to high
ene doses (Ehyai and Freemon, 1983). When toluene’s o
icity was evaluated within animal models, Sullivanet al.
(1988) found both a loss of auditory sensitivity and a los
outer hair cells. Toluene has also demonstrated an abil
potentiate the effects of noise. Studies such as the on
Johnson and colleagues (1988) showed an additive effe
successive exposure to toluene and noise in the rat. Add
ally, Layate and Campo (1997) have found that simultan
exposure to toluene and noise, each of which alone resul
hearing loss in the rat, generated an auditory deficit tha
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19TOLUENE EFFECTS ON HEARING
and noise.
The characterization of toluene’s ototoxicity, specificall

the absence of noise exposure, has entailed experimenta
ies performed in the rat. Most published studies sugges
toluene produces a loss in midfrequency auditory function
exposures have been done at concentrations consid
higher than permissible exposure limits for humans. For
ample, Campoet al. (1997) found that 4 weeks of 1000 pp
oluene (6 h/day, 5 days/week) resulted in cochlear les
ayate and colleagues (1999) were able to generate sign
earing loss and outer hair cell loss, but with an exposu
750 ppm toluene (6 h/day, 5 days/week, 4 weeks). In
hort-term studies, Johnson and Canlon found that 3 da
400 ppm toluene exposure caused no acute hair cel
1994b) but did result in lower acute distortion product
coustic emissions (DPOAE) amplitudes and elevated
uditory brainstem response thresholds (1994a), which d
ped into permanent threshold shifts. Rebertet al. (1989)
howed that concentrations as low as 500 ppm toluene
ave effects on the amplitudes of the late portion of c
voked brainstem auditory-evoked responses after 2 h.
Even though toluene ototoxicity has been reported, the

ence of data at levels approaching permissible human
lace exposure levels raises some concern about the uti
uch laboratory work for understanding mechanisms of hu
olvent ototoxicity. The determination that toluene expos
roduces ototoxicity in a second species would increase
dence that such a relationship has some generality. The
ification of a sensitive laboratory species and the identifica
f a mechanism of ototoxicity may be helpful in determin
uman susceptibility to toluene ototoxicity. This study mo

ors the onset and progression of toluene ototoxicity in
uinea pig, the most commonly used nonhuman mamm
earing research. To undertake this investigation, DPO
Hofstetteret al., 1997; Trautweinet al., 1996) and succin
ehydrogenase (SDH) staining (Chenet al., 1999) were used
etermine if toluene acts on outer hair cells (OHCs) (Joh
nd Canlon, 1994a; Campoet al., 1997; Liu and Fechter, 199
r other components of the auditory system.

METHODS

Subjects

Thirty-two pigmented guinea pigs (approximately 60 days old) were e
obtained from Kuiper Rabbit Ranch or bred from animals obtained
Kuiper Rabbit Ranch at the University of Oklahoma Health Sciences C
(OUHSC) main animal facility. All animals were housed in an OUHSC an
facility, which is registered with the U.S. Department of Agriculture
inspected semiannually by the members of the Institutional Animal Car
Use Committee (IACUC). All procedures regarding the use and handli
animals were reviewed and approved by the IACUC serving the Univers
Oklahoma Health Sciences Center. Prior to use, subjects were housed
12:12-h light–dark cycle with free access to food and water with a
temperature controlled at 22°C. Weight gain was measured weekly as a
of general toxicity.
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Identification

This study evaluated both the acute and persistent effects of toluene
auditory system of the guinea pig after 1 and 4 weeks of exposure. Exp
conditions for the present study were selected to span a broad range
level that produces ototoxicity in the rat (Campoet al. 1997). In the prese
study, eight guinea pigs were randomly assigned to each of four trea
groups. These included a control group that was exposed to clean air
exposure chambers and experimental subjects that received 250, 500, a
ppm toluene by inhalation for 8 h/day for 5 days. A within-subjects design
employed whereby DPOAE assessment was undertaken before inh
exposure and again following exposure. At the conclusion of the to
exposure and DPOAE assessment, the 250 ppm toluene subjects were
tinued. Six of the eight 1000 and 500 ppm subjects were allowed to recov
3 days, at which time DPOAEs were recorded once again. Since au
function returned to the preexposure level after this recovery period, to
exposures were resumed for control (n5 6) and 500 ppm subjects (n5 4) for
8 h/day, 5 days/week for an additional 3 weeks. For each exposure con
upon completion of DPOAE assessment, cochleae were obtained f
limited number of subjects for comparison of functional and histological

Toluene Inhalation Exposure Protocol

All inhalation exposures were performed in freely moving animals plac
a wire-mesh cage within a custom-built glass chamber (0.3 m diame3
0.6 m long). Evaporating technical-grade toluene that was metered
heated round-bottom flask generated toluene vapor. A peristaltic pump
terflex 7521–40, Cole-Parmer Instrument Co., Vernon Hills, IL) was us
control toluene delivery onto glass beads within the round-bottom fla
thermostatically controlled heating mantle (Cole-Parmer 89000 elec
heater) controlled evaporation rate. Lab air passed through the round-
flask forcing toluene vapor into the chamber. A secondary lab air supply
an oil-less compressor was combined with the toluene vapor flow to ge
the desired toluene concentration prior to entering the chamber. The t
vapor and secondary air flow rate provided 16 air changes each hour. T
concentration was monitored continuously using an infrared vapor an
(Miran 203, Miran, Foxboro, MA). The sound level in the exposure cha
was 60 dB(A) and was below 60 dBlin for octave bands centered above 2 k
s measured with a Quest (Marlboro, MA) sound level meter with air su
owing through the exposure chamber. No food or water was available d
he exposure period.

ubic Distortion-Product Otoacoustic Emission (CDP)

Measurements of the CDP-gram and input/output functions were
sing two sound sources for generation of primary tones (F1 and F2) coupled

to an Etymotic Research (Elk Grove Village, IL) ER 10B low noise mi
phone. The calibration of the ER 10B at high frequencies was achieved
a Larson Davis 2200C Preamp PC (Larson Davis, Provo, UT) with1

4-inch
icrophone fitted with a probe tube that also fits into the coupler.
rimary-tone signals were produced by a dual-channel frequency synth
nd attenuated under computer control by matched Tucker Davis Techno
Gainesville, FL) programmable attenuators (PA4) and transduced b
peakers (Vifa D25AG-05–06, Speakerlab, Seattle, WA). The CDP was
ured in all guinea pigs for six primary frequency pairs between 6 and 24
he size of the CDP was maximized by using an F2:F1 ratio of 1.28. Fo

input/output function measurements, the intensity of the primaries was
in 5-dB steps with the sound level of F1 (L1 5 50 to 80 dB SPL) and the lev
of F2 (L2 5 L1-10). Recordings were averaged for 1.97 s.

Preexposure Screening and Determination of Baseline.

Subjects were anesthetized by an im injection of ketamine (30 mg/kg
xylazine (5 mg/kg) and CDP measurements were made in a double-
sound attenuating room. The external ear canal was inspected otoscopic
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20 MCWILLIAMS, CHEN, AND FECHTER
animal was placed on a temperature-controlled surface to maintain n
body temperature. Using a micromanipulator, the coupler containing the
source and measuring microphone probe was placed into the ear can
angle of the micromanipulator was not changed to ensure that the
position would be repeatable between sessions with each subject.

Posttoluene Exposure Screening

For measurements of toluene ototoxicity acutely following exposure,
jects were anesthetized (as above) immediately following the final to
inhalation exposure, the external ear canal was inspected otoscopical
testing was performed within 5 min of exposure using the same protoco
preexposure screening and determination of baseline (see above).

For measurements of CDP recovery, subjects were allowed 3 days
animal care facility without solvent exposure and with free access to foo
water. On the third day, CDP amplitude was measured using the same p
as used for preexposure measurements (see above).

Histology

Histological sections of the cochlea were made to evaluate loss and d
to hair cells as determined by SDH staining density (Chenet al., 1999) in two
randomly chosen subjects from each exposure condition endpoint (e.g
500, and 1000 ppm 1 week; 500 and 1000 ppm 1 week plus 3-day rec
500 and 1000 ppm 4 weeks; and 500 and 1000 ppm 4 weeks plus
recovery). The animals were decapitated while deeply anesthetized afte
recording. Both the round and oval windows were opened and the apex
cochlea was drilled open to facilitate perfusion. The cochleae were pe
with SDH incubative solution (0.05 M sodium succinate, 0.05 M phosp
buffer, and 0.05% TetraNitro Blue Tetrazolium) and immersed in the sol
for 1 hour (37°C) (see Wanget al., 1990; Zhaiet al., 1998). The cochleae we
then fixed with 10% formalin for at least 2 days. After fixation, the coch
were decalcified in 10% EDTA solution containing 5% glutaraldehyde
days or longer as needed. Cochlea microdissection was accomplished
light microscope with images stored using a frame grabber under 103 mag-
nification. Surface preparations of the organ of Corti were evaluated to
mine SDH staining density (via computer-generated density reading
sensory cells in subjects taken from each exposure group. SDH staining d
was plotted as a function of location along the basilar membrane to pe
comparison between functional impairment and SDH staining density.
was achieved using Scion Image software based upon established c
maps relating cochlear location and frequency (Wadaet al., 1998). Hair ce
loss was quantified by counting of all visibly present cells within each se
obtained with the Scion imaging software.

Statistical Analysis

CDP amplitude data are analyzed by a split-plot factorial ANOVA (N
2000). Treatment (control vs toluene groups) is analyzed between su
while tone frequency and time relative to toluene exposure serve a
repeated measures within subjects. Therefore, the most important so
variance from the perspective of the hypotheses addressed is the inte
term of treatment3 test day with respect to toluene exposure. Post
analysis was performed by Scheffe’s multiple-comparison test.

RESULTS

CDP-grams at High Sound Intensity

The CDP-gram provides a general assessment at the ef
toluene on CDP output across multiple frequencies at
stimulation level. Since suprathreshold tone intensities
used, normal outputs should be significantly above the
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that 250, 500, and 1000 ppm toluene all significantly alt
the CDP amplitude compared to the control.

Figure 1 compares the effect of five daily toluene inhala
exposures of 0, 250, 500, and 1000 ppm on CDP-gram a
tude for the stimulation level of F1 5 80 dB and F2 5 70 dB.

he CDP-gram demonstrates the minimal effect of toluen
he function of the outer hair cells. At this level of effe
requency specificity is not seen. Figure 1A demonstrates
DP outputs for all groups were equivalent prior to tolu
xposure. Further, CDP output was stable in control sub
ver the 7-day period during which toluene exposures
erformed in parallel groups (see Fig. 1B). CDP amplitu
veraged 23 dB above the noise floor for these control sub
cross test frequencies.
Figure 1C represents the CDP-gram generated by the

pm toluene subjects. A loss of CDP amplitude of appr
ately 5–10 dB occurred at all test frequencies. At 500

see Fig. 1D), a loss of approximately 15 dB occurred a
requencies tested with no one frequency having a greate
han any other. When the toluene concentration increas
000 ppm, the loss of CDP was equivalent to that found
00 ppm, averaging 10–15 dB loss across all frequencies
ig. 1E). Therefore, 500 ppm may represent a saturation

or acute loss of CDP by toluene exposure. There wer
bvious signs of general toxicity (e.g., loss of weight) obse

n the toluene-treated subjects.
When the effects of toluene exposures on acute aud

hreshold were compared statistically, each dosage was
ignificantly different from the controls but not from o
nother. Prior to toluene exposures, a repeated-mea
NOVA revealed no significant difference between gro

F [3,28] 5 0.39,p 5 0.763) or for the group–frequency inter-
ion (F[15,140] 5 0.99,p 5 0.465). However, when CDP amp-
udes were compared within subjects before and follow
oluene exposure, a significant treatment3 day interaction
(F [3,28] 5 3.82, p 5 0.021) was found. Scheffe’s post h
nalysis revealed significant difference for each toluene
ent from the preexposure CDP measurement to the po

250 ppm,p 5 0.02; 500 ppm,p 5 0.002; and 1000 ppm,p 5
.02), but no shift in the CDP-gram in the control subjects (p 5
.99).

elationship between Dosage and Frequency as Measur
with CDP Input/Output Functions

While the CDP-gram provides an index of the effects
oluene on maximal CDP amplitudes, input/output funct
re helpful in determining stability of differences betw

reated and control subjects by tracking CDP output grow
timulus intensity increases from the lowest level that prov
just-detectable CDP of 3 dB above the noise floor to s

evels producing a maximal CDP. This portion of the st
hows that toluene exposure reduces CDP amplitude a
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21TOLUENE EFFECTS ON HEARING
multiple sound intensities with the effect being more p
nounced as the toluene concentration increased from 2
1000 ppm. With increasing toluene concentrations, sound
els required to generate the smallest detectable CDP inc
and the peak CDP output decreases, especially for freque
in the middle of the frequency range tested.

Figures 2–5 show the CDP input/output functions for s
jects exposed to air and each toluene level for 5 days, 8
and tested acutely on the final exposure day. Data that d

FIG. 1. DP grams of 1-week toluene inhalation exposures. Measurem
igs (means6 SE). (A) Compares the preexposure CDP output of all gr
DP output in untreated animals over the parallel period of toluene expo
DP measurements are shown: treated animal preexposure (no symb
osages are shown; (C) 250 ppm (F), (D) 500 ppm (Œ), and (E) 1000
-
to

v-
ase
ies

-
ay
ot

generate at least a 3-dB output was not considered to
accurate measurement. For the control animals (see Fig. 2
CDP output at all frequencies remains stable over the 1-
test period. The difference in CDP output observed in co
subjects from pretest to posttest was62.0 dB over the 30-d
tone stimulation range represented in each input/output
tion.

For the animals exposed to 250 ppm toluene (see Fig. 3
postexposure CDP amplitudes are reduced from the pre

ts made at F2 5 6, 8, 12, 16, 20, and 24 kHz at F1 5 80 dB and F2 5 70 dB in guinea
s; 0 ppm (M), 250 ppm (F), 500 ppm (Œ), and 1000 ppm (f). (B) The
e. Preexposure (no symbol) and postexposure (solid square) are shown
and immediately after (solid symbol) toluene exposure (8 h/day for 5

(f).
en
oup
sur
ol)
ppm
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22 MCWILLIAMS, CHEN, AND FECHTER
sure condition. A loss of function is most apparent for mid
high frequencies. For example, at 12 kHz, an increase of 1
in the sound intensity was required to generate a CDP a
the 3-dB criterion; CDP amplitude is depressed at all so
intensities that initially generated at least a 3-dB output, ex
the maximal level where the preexposure CDP output
achieved. At 16 kHz, toluene exposure resulted not only i
elevation of 5 dB in the sound level required to produce
criterion 3-dB CDP, but also depressed the maximal CD
the highest test intensities by about 10 dB from preexpo
levels. The later finding suggests a loss not only in the nu

FIG. 2. CDP input/output (growth) functions for untreated animals w
easurements were obtained before (open symbol) and after (filled sym

Hz, (C) 12 kHz, (D) 16 kHz, (E) 20 kHz, and (F) 24 kHz.
o
B
ve
d
pt
s
n
e
at
re
er

of outer hair cells that could be recruited but may also sug
impairment in other parts of the auditory periphery.

At 500 ppm (see Fig. 4) some loss of CDP amplit
occurred at all frequencies, with the greatest effect obse
above 8 kHz. When CDP output was measured at the
intense stimulus level (70 dB), a 10-dB loss in CDP output
observed between 12 and 24 kHz, suggesting a loss i
number of responding cells compared to the preexposur
sessment. The lowest stimulus intensity needed to elicit a
was elevated by toluene exposure at 12 and 20 kHz by abo
dB. Impairment of function at 16 kHz was sufficiently sev

stimulation from F2 5 40 to 70 dB and at six frequencies between 6 and 24
l) a 7-day period that paralleled toluene exposures (means6 SE). (A) 6 kHz, (B) 8
ith
bo
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23TOLUENE EFFECTS ON HEARING
such that CDP output increased by only 6 dB across the 3
increase in stimulus intensity. The corresponding dyna
range of CDP amplitude was 17 dB prior to toluene expos
For all the other affected frequencies, growth of CDP outp
at least 10 dB was obtained following toluene, while prio
exposures these values were 15–20 dB.

At 1000 ppm, the CDP output is decreased for all freq
cies above 8 kHz. For the 1000-ppm subjects (see Fig. 5
pattern of loss follows closely that observed in the 500-
subjects with the exception of 16 kHz. Here, a 15-dB incr

FIG. 3. CDP input/output (growth) functions for animals exposed to 2
6 and 24 kHz. Measurements were obtained preexposure (open symbo
(A) 6 kHz, (B) 8 kHz, (C) 12 kHz, (D) 16 kHz, (E) 20 kHz, and (F) 24 k
B
ic
e.
f

-
he

e

in sound intensity is needed to produce a 3-dB CDP ampli
For the lower concentrations, 250 and 500 ppm at 16 kH
3-dB CDP is still generated at or near the lowest sound
ulation level employed. For the other middle frequencies,
to 10-dB loss in sensitivity occurred across all sound intens
in subjects receiving 1000 ppm toluene. The maximal C
amplitude that resulted from stimulation by tones of 70 dB
reduced by 5 to 15 dB from preexposure baseline dependi
frequency.

All data were subjected to repeated-measures ANOV

ppm toluene with stimulation from F2 5 40 to 70 dB and at six frequencies betw
nd immediately after (filled symbol) 8 h/day, 5-day toluene exposure (m6 SE).
50
l) a
Hz.
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24 MCWILLIAMS, CHEN, AND FECHTER
determine whether toluene exposure produced significan
pairment of CDP amplitude. The treatment3 test day interac
ion was significant (F[3,29] 5 4.54,p 5 0.001), with Scheffe’
multiple comparison showing all three toluene treatments
significantly different from controls (p , 0.02). The trea
ment3 sound intensity interaction was also significant (F [18,167]

5 3.31, p , 0.001). In addition, the treatment3 day of
exposure3 sound intensity interaction was found to be
nificant (F[18,167] 5 1.76,p 5 0.034).

FIG. 4. CDP input/output (growth) functions for animals exposed to 5
6 and 24 kHz. Measurements were obtained preexposure (open symbo
(A) 6 kHz, (B) 8 kHz, (C) 12 kHz, (D) 16 kHz, (E) 20 kHz, and (F) 24 k
-

e

-

Recovery of 5-Day Toluene-Induced Auditory Dysfunctio
after 3-Day Rest Period

CDP amplitude returned to or near control levels in all th
exposure groups (250 and 500 ppm not shown), after 3 da
recovery from toluene inhalation. Figure 6 shows the reco
of function for the 1000-ppm subjects (n 5 4), demonstratin
full recovery of the CDP at all test frequencies except, perh
20 kHz. Statistical analysis did not demonstrate a signifi

ppm toluene with stimulation from F2 5 40 to 70 dB and at six frequencies betw
nd immediately after (filled symbol) 8 h/day, 5-day toluene exposure (m6 SE).
00
l) a
Hz.
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25TOLUENE EFFECTS ON HEARING
difference between CDP amplitudes prior to toluene expo
and that seen 3 days following toluene exposure (F [1,2] 5 0.24,

5 0.67).

evelopment of Acute Loss in CDP Amplitude with 4-We
Toluene Inhalation Exposures

Continued exposure to 500 ppm toluene for 4 week
ay/week, 8 h/day resulted in greater reduction in CDP ou

han that seen after 1 week. Figure 7 presents the depres

FIG. 5. CDP input/output (growth) functions for animals exposed to
between 6 and 24 kHz. Measurements were obtained preexposure (open
SE). (A) 6 kHz, (B) 8 kHz, (C) 12 kHz, (D) 16 kHz, (E) 20 kHz, and (F)
re

5
ut
n in

cute CDP output resulting from exposure to toluene comp
o nonexposed controls. Four-week inhalation exposur
reased auditory dysfunction of the 500-ppm group (see
D) relative to the losses seen in the same subjects a
onclusion of 1 week of exposure (see Fig. 7B). Wherea
-week exposure produced the greatest dysfunction at fre
ies above 16 kHz, as the exposure continues, the loss o
ecame equally evident across all test frequencies. CDP
litudes were reduced to between 3 and 7 dB across

00 ppm toluene with stimulation from F2 5 40 to 70 dB and at six frequenc
mbol) and immediately after (filled symbol) 8 h/day, 5-day toluene expos6
kHz.
10
sy
24
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26 MCWILLIAMS, CHEN, AND FECHTER
frequency following 4 weeks compared to levels of 14 an
dB prior to toluene and 6 and 16 dB following 1 week
toluene exposure. Although the loss of function increase
exposures continued from 1 to 4 weeks of exposure, a pe
nent CDP loss was not observed (Fig. 7F). Recovery o
CDP amplitude was observed when the animals were scr
3 days following the 4-week exposure. Control animals w
run concurrently and their CDPs over the 4-week experim
procedure are shown (see Figs. 7A–7C).

Analysis of CDP-gram amplitudes between treatment gr
and across the pretest and two subsequent exposure
shows a significant treatment effect (F [1,6] 5 18.21,p 5 0.005)

tatistical significance was also found for the frequency3 test
ay interaction (F[10,60] 5 2.32,p 5 0.022).

SDH Histological Sections of Toluene-Exposed Cochleae

Figure 8 shows relative SDH staining density in histolog
sections of the cochlea from a representative control su
and a subject exposed to 500 ppm (8 h/day, 5 days/wee
4 weeks and a control subject. This toluene subject show
average loss of CDP output of 18 dB, with the control sub
showing a change in CDP output of63 dB. Using a publishe
cochlear map of the guinea pig (see Wadaet al., 1998), a
approximation of frequency correlation was made. A dis
reduction in SDH staining density was seen in regions o
cochlea corresponding to frequencies above 8 kHz, sugge
that toluene preferentially impairs metabolic activity in
region of the cochlea. For the cochlea taken immedia
following toluene exposure, the cells that were located tow
the base (and high frequency) showed loss of SDH (see
8A–8E) staining (i.e., reduced SDH enzyme activity) c
pared to the control. Figure 8F shows the relative chang
inner and outer hair cell SDH staining density averaged a
sections representing 5% of cochlear length from the apex
frequency corresponding to each locus is specified. A
cochlear location corresponding to 8 kHz or below, the S

FIG. 6. CDP-gram showing the recovery of temporary threshold
nduced by 1000 ppm toluene (8 h/day, 5 days) after 3 days of rest wi
ossible exception of 20 kHz. Preexposure (no symbol) and postexposuf)
re shown for six animals (means6 SE).
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8F). Around 12 kHz, inner and outer hair cells start to s
signs of lighter staining (see Figs. 8B and 8F). At 16 kHz,
cells show signs of altered SDH staining (see Figs. 8C and
This lack of staining continues around 20 and 24 kHz, wi
few outer hair cells starting to show heavier staining (see
8D—8F). At 40 kHz (a frequency above our functional tes
range), SDH activity returns to that of the control (see Fig.
The control cochlea shows an even level of staining acro
frequencies except for the most basal turn, which seems to
off by 25%.

DISCUSSION

An important step in considering the potential risk of
vent-induced ototoxicity in humans is determining this ef
across species. This study demonstrates the ototoxici
toluene in the guinea pig, using exposure levels ranging
a level slightly above the human PEL to a level close to
ototoxic concentration in the rat. The current findings dem
strate that significantly lower toluene concentrations are ab
produce equivalent auditory dysfunction in the guinea pi
measured by the loss of CDP amplitude or threshold s
Second, while no hair cell loss resulted from the expo
schedule used here, a change in hair cell metabolism
detected. Last, a permanent auditory deficit could not be
erated after 4 weeks of exposure.

Distortion product otoacoustic emissions are acoustic si
that can be recorded from the ear canal in many spe
including humans (Brown and Kemp, 1984; Norton
Widen, 1990) and most rodents. These emissions are be
to arise predominantly from the outer hair cells of the coc
in response to the simultaneous presentation of two diff
tone frequencies (F1 and F2) (Harel et al., 1997). One suc

mission is the CDP, represented at 2F1 2 F2. A loss in CDP
amplitude results when auditory periphery is impaired (J
son and Canlon, 1994a; McFadden and Pasanen, 1994;
maniamet al., 1994; Trautweinet al., 1996; Hofstetteret al.,

997; Momet al., 1999). The CDP can be characterized
y the maximal output of all functional outer hair cells wit

he region of the cochlea responding to the stimulating ton
y the growth of the emission as the tone intensity incre

rom sound levels at or below the auditory threshold to le
hat saturate the DP response. It can be anticipated tha
imited OHC impairment might shift the minimal sound le
equired to produce a just-detectable DP response (i.e., a
f 3 dB above the noise floor) but that sufficient units m
emain functional such that the maximal CDP amplitude
ted at sound levels well above a detection threshold mig
ormal. With more severe damage, both a reduction in
aximal CDP amplitude and a shift in the minimal sound l

equired to produce a CDP would be anticipated. The fo
an be estimated using a CDP-gram while the latter ca
bserved using a growth or input/output function.
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27TOLUENE EFFECTS ON HEARING
When the change in CDP is closely evaluated again
comparable study performed by Johnson and Canlon (1
in the rat, it is evident that very different conclusions regar
an effective dose can be drawn. Johnson and Canlon rep
that 5 days of 1400 ppm toluene for 16 h/day was need
produce a 5- to 10-dB loss of CDP in the rat. To obtain
same auditory deficit in the guinea pig, only 5 days of 250
toluene for 8 h/day was needed. Even with this signifi

FIG. 7. CDP-grams comparing different stages of toluene inhalation

2 5 70 dB in guinea pigs (n5 4) (means6 SE). (A) Shows the change i
h/day, 5 day/week exposure. (B) Shows the change in CDP output fro
exposure. (C) Shows the recovery of CDP output from baseline (no sym
(D) Shows the change in CDP output from baseline (no symbol) immedi
in CDP output from baseline (no symbol) immediately after 4 weeks of 5
baseline (no symbol) after a 3-day rest period from a 4 week 500 ppm
a
a)

g
ted
to
s
m
t

difference in dosage, both studies revealed a preferential
of toluene at frequencies between 8 and 24 kHz. Gra
comparison of functional output at different exposure con
trations is less than ideal. To appropriately compare tol
sensitivity between the two species, similar dosing regim
are needed. Campoet al. (1997) found that rats had no chan
in auditory function with in the first 24–48 h after exposur
1000 and 1250 ppm toluene for 6 h/day, 5days/week f

osure. Measurement made at F2 5 6, 8, 12, 16, 20, and 24 kHz at F1 5 80 dB and
DP output from baseline (no symbol) immediately after 1 week of 0 ppm
aseline (no symbol) immediately after 4 weeks of 0 ppm (f) 8 h/day, 5 day/wee
l) after a 3-day rest period from a 4 week 0 ppm (f) 8 h/day, 5 day/wee
y after 1 week of 500 ppm (f) 8 h/day, 5 day/week exposure. (E) Shows
pm (f) 8 h/day, 5 day/week exposure. (F) Shows the recovery of CDP
8 h/day, 5 day/week exposure.
exp
n C
m b
bo

atel
00 p
(f)



0 p
ed
nc

ate

in rat and guinea pig, albeit at very different dose levels, no
ost
ta in

), the
ed in
ght
ata
s de-
ing
eatest
DH
ost

-ppm
tical
hen
nt of

s seen

ent
pig.

ificant
riod,
func-
ured
) sub-
se in

, the
has

ctors
on in
than

se it
ng that
urate
ov-
tory
, re-
indi-
sult.
y by
sive
n the
ired

d
ssure
sted
S is
nts,
to the
dys-
esis
ene
the

pm
ta

tha
-pp
ow

ont
en

nev
ge
r a
hab
bje
ou
ed
eta
ir c
ibly

28 MCWILLIAMS, CHEN, AND FECHTER
weeks. The same study determined that a dosage of 150
toluene for 6 h/day, 5 days/week for 4 weeks was need
generate a significant threshold shift in the high-freque
region of the cochlea.

While equivalent loss in CDP amplitude was demonstr

FIG. 8. SDH surface preparations of a control subject and a 500-p
h/day, 5 day/week, 4 week toluene-exposed subject. Cochleae were
immediately following CDP recording. (A and B) Section of cochlea
corresponds with approximately 8 kHz for the control subject and 500
toluene subject. All turns located closer to the apex (lower frequencies) sh
the same even staining pattern. (C and D) At approximately 12 kHz, the c
subject remains “normal” while the SDH staining for the 500 ppm tolu
subject for both inner and outer hair cells starts to lighten and becomes u
(E and F) At approximately 16 kHz, the control subject shows no chan
staining density or hair cell loss while the 500-ppm toluene subject’s inne
outer hair cells are still visible but the staining has become undistinguis
from the background. (G and H) At approximately 20 kHz, the control su
remain evenly stained with the 500-ppm toluene subject having a few
hair cells showing heavier staining but no inner hair cells have return
normal staining. (I and J) At approximately 24 kHz, the control subject r
the dark staining density and the 500-ppm toluene subject’s outer ha
staining is returning to “normal” but still the inner hair cells are not vis
stained.
pm
to
y

d

hair cell loss was found in the guinea pig even with our m
severe exposure. This again is contradictory to existing da
the rat. In the same Johnson and Canlon study (1994b
exposure producing equivalent functional CDP loss result
outer hair cell loss in the third row. Interestingly, even thou
this study did not find hair cell loss, our histological d
revealed that an acute change in metabolism occurred a
termined by SDH activity. The loss of relative SDH stain
density corresponded to the frequencies showing the gr
functional impairment. For the 250-ppm subjects, loss of S
staining density was located almost exclusively in the m
basal turns of the cochlea (data not shown). For the 1000
subjects, the loss of SDH staining density showed a iden
pattern (data not shown) to that of the 500-ppm subjects. W
the subjects were allowed to recover for 3 days (independe
exposure duration), a strong and even staining pattern wa
(similar to the control line on Fig. 8F).

Consistent with the lack of hair cell loss, a perman
auditory dysfunction could not be generated in the guinea
Using the same study as a comparison once more, a sign
difference is yet again revealed. After a 3-day recovery pe
all subjects in each exposure condition revealed normal
tional output. CDP amplitudes returned to those meas
before exposure. When the Johnson and Canlon (1994a
jects were allowed to recover for 4 days, a further decrea
CDP amplitudes resulted for all frequencies.

Even though a permanent ototoxic effect was not found
current findings are nonetheless important. This study
established that exposure to toluene, without additional fa
such as noise, can produce temporary auditory dysfuncti
the guinea pig at concentrations much closer to the human
previously reported in the rat. This is important, becau
establishes a difference between rodent species, suggesti
a model based solely on the rat may not provide an acc
picture of toluene ototoxicity. While guinea pigs show rec
ery of auditory function, even a transient loss of audi
function represents a significant acute effect. Moreover
peated temporary threshold shift (TTS) may predispose
viduals to a permanent threshold shift (PTS) with further in
Support for this hypothesis has been shown in a stud
Macrae (1995) in which the PTS resulting from exces
amplification by hearing aids was predictable based upo
TTS that resulted after a day of use by hearing-impa
children. Additionally, Lonsbury-Martinet al. (1987) reporte
that, in monkeys, repeated exposure to 100 dB sound pre
level (SPL), 3-min pure tones, generated a TTS that la
about 20 min and lead to a PTS after 18 months. If TT
predictive of susceptibility to PTS for chemical ototoxica
then repeated exposure to toluene concentrations close
human PEL may result in significant permanent auditory
function. In addition, the current report provides a hypoth
that may partially explain toluene ototoxicity. Namely, tolu
may interfere with oxidative metabolism at the level of
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29TOLUENE EFFECTS ON HEARING
neurotoxic consequence of toluene exposure remains
tested.
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