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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
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to cause hearing loss. Moragt al. (1993), for example,
reported that workers from printing and paint manufacturin
industries exposed to approximately 100—365 ppm toluene a
noise between 88 and 93 dBA were far more likely to suffe
significant hearing loss than matched reference groups expos
to noise only or solvent only. The workers revealed an odc
ratio for hearing impairments of approximately 4 for the nois
exposed group, 5 for the mixed solvent group, and nearly 1
for subjects receiving combined exposure to noise and solver
compared to controls. Whereas the toluene concentration
Morata’s study exceeded the U.S. PEL values, Abledtal.
(1993) determined that 12—-14 years of 97 ppm toluene exp
sure resulted in significantly elevated latency in the brainste
auditory evoked potential among normal hearing workers. Tf
initial component of the brainstem response, which is indice
tive of cochlear function, was especially affected, demonstra
ing subclinical changes in auditory function in a solvent:
exposed population.

In addition to toluene, exposures to other organic solven
have resulted in measurable auditory dysfunction. Szulck-Ki
berskaet al. (1976) demonstrated loss in auditory sensitivity
among workers studied who were exposed to trichloroethyler
(TCE). Auditory impairments were more common among
workers exposed to TCE for a longer duration. Additiona
evidence of solvent-induced hearing loss among workers h
been reported for carbon disulfide and noise (Morata, 198¢
styrene (Muijseret al., 1988), and mixed solvent exposure
(Jacobseret al., 1993; Bergstrom and Nystrom, 1986).

Along with workplace exposure, solvent ototoxicity has
been reported when individuals were exposed to products tt
contain toluene. For example, actual hearing loss has be
reported in glue sniffers who expose themselves to high tolt
ene doses (Ehyai and Freemon, 1983). When toluene’s ototc
icity was evaluated within animal models, Sullivat al.
(1988) found both a loss of auditory sensitivity and a loss ¢
outer hair cells. Toluene has also demonstrated an ability
potentiate the effects of noise. Studies such as the one
Johnson and colleagues (1988) showed an additive effect f
successive exposure to toluene and noise in the rat. Additio
ally, Layate and Campo (1997) have found that simultaneot

During the last decade, workplace exposures to orgar@gposure to toluene and noise, each of which alone resulted
solvents, like toluene and simultaneous noise, have been shdwaring loss in the rat, generated an auditory deficit that e
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ceeded the summated losses for successive exposure to tol@eneral Experimental Protocol: Experimental Design and Group
and noise. Identification

The characterization of toluene’s ototoxicity, specifically in This study evaluated both the acute and persistent effects of toluene on-
the absence of noise exposure, has entailed experimental studiory system of the guinea pig after 1 and 4 weeks of exposure. Expost
ies performed in the rat. Most published studies suggest tlgipditions for the present _sFud_y were selected to span a broad range up t
toluene produces a loss in midfrequency auditory function, B! tat produces ototoxicity in the rat (Camgbal. 1997). In the present

. } stydy, eight guinea pigs were randomly assigned to each of four treatme

exposures have been done at concentrations consider ps. These included a control group that was exposed to clean air with
higher than permissible exposure limits for humans. For exxposure chambers and experimental subjects that received 250, 500, and 1
ample, Campeet al. (1997) found that 4 weeks of 1000 ppnppm toluene by inhalation for 8 h/day for 5 days. A within-subjects design wa
toluene (6 h/day, 5 days/week) resulted in cochlear lesioffgwloyed whereby DPOAE assessment was undertaken before inhalat

R sure and again following exposure. At the conclusion of the toluen
Layate and colleagues (1999) were able to generate SIQnmcglﬁWgsure and DPOAE assessment, the 250 ppm toluene subjects were dist

hearing loss and outer hair cell loss, but with an exposure @f,eq. six of the eight 1000 and 500 ppm subjects were allowed to recover f
1750 ppm toluene (6 h/day, 5 days/week, 4 weeks). In twOdays, at which time DPOAEs were recorded once again. Since audito
short-term studies, Johnson and Canlon found that 3 daysfupftion returned to the preexposure level after this recovery period, toluel
1400 ppm toluene exposure caused no acute hair cell |§§Bosures were resumed for control<r6) and 500 ppm subjects ¢ 4) for

- . . . 8 h/day, 5 days/week for an additional 3 weeks. For each exposure conditic
(1994Db) but did result in lower acute distortion product Otou n completion of DPOAE assessment, cochleae were obtained from

. L . 0
acoustic emissions (DPOAE) amplitudes and elevated aC%Eﬁted number of subjects for comparison of functional and histological dat

auditory brainstem response thresholds (1994a), which devel-

oped into permanent threshold shifts. Rebeftal. (1989) Toluene Inhalation Exposure Protocol

showed that Concentratlons as low as 500 ppm FOIuene (_;OUIQ\II inhalation exposures were performed in freely moving animals placed i
have effects on the amplitudes of the late portion of clicks wire-mesh cage within a custom-built glass chamber (0.3 m diameter
evoked brainstem auditory-evoked responses after 2 h. 0.6 m long). Evaporating technical-grade toluene that was metered into
Even though toluene ototoxicity has been reported, the digated round-bottom flask generated toluene vapor. A pt_eristaltic pump (M
sence of data at levels approaching permissible human Wotﬁ{ﬂex 7521-40, C(_)Ie—Parmer Instrument Co_., \_/ernon Hills, IL) was used t
. ...._control toluene delivery onto glass beads within the round-bottom flask. |
place exposure levels raises some (_:Oncem aqu the utl|ltyﬂ% mostatically controlled heating mantle (Cole-Parmer 89000 electron
such laboratory work for understanding mechanisms of humggyter) controlled evaporation rate. Lab air passed through the round-bott
solvent ototoxicity. The determination that toluene exposuréssk forcing toluene vapor into the chamber. A secondary lab air supply frol
produces ototoxicity in a second species would increase c@R-oil-less compressor was combined with the toluene vapor flow to gener:
fidence that such a relationship has some generality. The idgﬁ_deswed toluene concentration prior to entering the chamber. The tolue

tificati ; itive laborat . d the identificati vapor and secondary air flow rate provided 16 air changes each hour. Tolue
mcauon or a sensitive laboratory Species an € ldentmcatiQl, entration was monitored continuously using an infrared vapor analyz

of a mechanism of ototoxicity may be helpful in determinin@uviran 203, Miran, Foxboro, MA). The sound level in the exposure chambe
human susceptibility to toluene ototoxicity. This study moniwas 60 dB(A) and was below 60 gBfor octave bands centered above 2 kHz

tors the onset and progression of toluene ototoxicity in tieé measured with a Quest (Marlboro, MA) sound level meter with air suppl
guinea pig, the most Commonly used nonhuman mamma|f ing through the exposure chamber. No food or water was available durir
hearing research. To undertake this investigation, DPOA § exposure period.

(Hofstetteret al., 1997; Trautweiret al., 1996) and succiny! ¢ pic Distortion-Product Otoacoustic Emission (CDP)

dehydrogenase (SDH) staining (Chetral., 1999) were used to , _

determine if toluene acts on outer hair cells (OHCs) (Johnsgﬂgﬁfigﬁgfsgw:s %?Zg:gﬁs:l‘dof'g‘;‘ig‘;‘:g;@f;?g";scﬁﬁ dma‘
and Canlon, 1994a; Campoal., 1997; Liu and Fechter, 1997)to an Etymotic Research (Elk Grove Village, IL) ER 10B low noise micro-

or other components of the auditory system. phone. The calibration of the ER 10B at high frequencies was achieved usi
a Larson Davis 2200C Preamp PC (Larson Davis, Provo, UT) witith

METHODS microphone fitted with a probe tube that also fits into the coupler. Th

primary-tone signals were produced by a dual-channel frequency synthesi:

Subjects and attenuated under computer control by matched Tucker Davis Technolog

) ) ) ) ) _ (Gainesville, FL) programmable attenuators (PA4) and transduced by tv
Thirty-two pigmented guinea pigs (approximately 60 days old) were eithgheayers (vifa D25AG-05-06, Speakerlab, Seattle, WA). The CDP was me
obtained from Kuiper Rabbit Ranch or bred from animals obtained froQreq in all guinea pigs for six primary frequency pairs between 6 and 24 kH
Kuiper Rabbit Ranch at the University of Oklahoma Health Sciences Centgfie size of the CDP was maximized by using anFF ratio of 1.28. For
(OUHSC) main animal facility. All animals were housed in an OUHSC anima},, t/output function measurements, the intensity of the primaries was vari

facility, which is registered with the U.S. Department of Agriculture ang, 5_qg steps with the sound level of B, = 50 to 80 dB SPL) and the level
inspected semiannually by the members of the Institutional Animal Care agg,:z (L, = L,-10). Recordings were averaged for 1.97 s.

Use Committee (IACUC). All procedures regarding the use and handling of

animals were review_ed and approved py the IACUC _serving the University eteexposure Screening and Determination of Baseline.

Oklahoma Health Sciences Center. Prior to use, subjects were housed under a

12:12-h light—dark cycle with free access to food and water with a room Subjects were anesthetized by an im injection of ketamine (30 mg/kg) ar
temperature controlled at 22°C. Weight gain was measured weekly as a maskdazine (5 mg/kg) and CDP measurements were made in a double-wall
of general toxicity. sound attenuating room. The external ear canal was inspected otoscopically
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infection and any significant cerumen was carefully removed. The anesthetizhdtectable 3 dB CDP response. The CDP response data sho
animal was placed on a temperature-controlled surface to maintain norfght 250 500. and 1000 ppm toluene all significantly altere
body temperature. Using a micromanipulator, the coupler containing the soynd ' "
source and measuring microphone probe was placed into the ear canal. % ,CDP amp“tUde compared to the con.trol. . i

angle of the micromanipulator was not changed to ensure that the probe-19ure 1 compares the effect of five daily toluene inhalatio

position would be repeatable between sessions with each subject. exposures of 0, 250, 500, and 1000 ppm on CDP-gram amp
tude for the stimulation level of /= 80 dB and = 70 dB.
Posttoluene Exposure Screening The CDP-gram demonstrates the minimal effect of toluene c

For measurements of toluene ototoxicity acutely following exposure, sufl€ function of the outer hair cells. At this level of effect,
jects were anesthetized (as above) immediately following the final tolueffl@quency specificity is not seen. Figure 1A demonstrates th
inhalation exposure, the external ear canal was inspected otoscopically, @OP outputs for all groups were equivalent prior to toluen
testing was performed within 5 min of exposure using the same protocol asé?posure. Further, CDP output was stable in control subjec

preexposure screening and determination of baseline (see above). B . . .
For measurements of CDP recovery, subjects were allowed 3 days in 91\(/3er the 7-day period during which toluene exposures we

animal care facility without solvent exposure and with free access to food aRgformed in parallel groups _(See Fig. 1B). CDP amplitugle
water. On the third day, CDP amplitude was measured using the same prot@veraged 23 dB above the noise floor for these control subjec

as used for preexposure measurements (see above). across test frequencies.
' Figure 1C represents the CDP-gram generated by the 2
Histology ppm toluene subjects. A loss of CDP amplitude of approxi

Histological sections of the cochlea were made to evaluate loss and damégately 5-10 dB occurred at all test frequencies. At 500 ppr
to hair cells as determined by SDH staining density (Céteal., 1999) intwo  (see Fig. 1D), a loss of approximately 15 dB occurred at a
randomly chosen subjects from each exposure condition endpoint (e.g., Zﬁ%quencies tested with no one frequency having a greater Ic

500, and 1000 ppm 1 week; 500 and 1000 ppm 1 week plus 3-day recovesy; - .
500 and 1000 ppm 4 weeks: and 500 and 1000 ppm 4 weeks plus 3_§E(an any other. When the toluene concentration increased

recovery). The animals were decapitated while deeply anesthetized after C].jiOO ppm, the IQSS of CDP was eqmvalent to that fou_nd fc
recording. Both the round and oval windows were opened and the apex of 880 ppm, averaging 10—15 dB loss across all frequencies (s
cochlea was drilled open to facilitate perfusion. The cochleae were perfuey. 1E). Therefore, 500 ppm may represent a saturation poi

with SDH incubative solution (0.05 M sodium succinate, 0.05 M phosphajgy gcute loss of CDP by toluene exposure. There were r
buffer, and 0.05% TetraNitro Blue Tetrazolium) and immersed in the SOIUtiO&DViOUS signs of general toxicity (e loss of weight) observe
for 1 hour (37°C) (see Wangf al., 1990; Zhaet al., 1998). The cochleae were 9 9 y(€.g, 9

then fixed with 10% formalin for at least 2 days. After fixation, the cochlead! the toluene-treated SUbJeCtS-

were decalcified in 10% EDTA solution containing 5% glutaraldehyde for 3 When the effects of toluene exposures on acute audito
days or longer as needed. Cochlea microdissection was accomplished undéreshold were compared statistically, each dosage was fou
light microscope with images stored using a frame grabber underrh@g- significantly different from the controls but not from one

nlflcatlon. Surfap(_a prepara_tlons_of the organ of Corti were evgluated t_o detgrﬁother. Prior to toluene exposures, a repeated-measu
mine SDH staining density (via computer-generated density readings) 1n

sensory cells in subjects taken from each exposure group. SDH staining derSity OVA revealed no significant difference between group:
was plotted as a function of location along the basilar membrane to permiffas 2y = 0.39,p = 0.763) or for the group—frequency interac
comparison between functional impairment and SDH staining density. THi®n (Fp;5140 = 0.99,p = 0.465). However, when CDP ampli
was achieved using Scion Image software based upon established cochiggfes were compared within subjects before and followin

maps relating cochlear location and frequency (Wetal., 1998). Hair cell toluene exposure, a significant treatmentday interaction
loss was quantified by counting of all visibly present cells within each section !

obtained with the Scion imaging software. (Feeg = 3.82,p = 0.021) was found. Scheffe’s post hoc
analysis revealed significant difference for each toluene tree
Statistical Analysis ment from the preexposure CDP measurement to the postt

CDP amplitude data are analyzed by a split-plot factorial ANOVA (NCS 50 ppm.p = O.'O?; 500 ppmp = 0'(.)02; and 1000 ppnp N
2000). Treatment (control vs toluene groups) is analyzed between subj tQZ)’ but no shift in the CDP-gram in the control subjepts(

while tone frequency and time relative to toluene exposure serve as $&99).
repeated measures within subjects. Therefore, the most important source of

variance from the perspective of the hypotheses addressed is the interactior] . .
term of treatmentX test day with respect to toluene exposure. Post hoBe atlonshlp between Dosage and Frequency as Measured

analysis was performed by Scheffe’s multiple-comparison test. with CDP Input/Output Functions

While the CDP-gram provides an index of the effects o
toluene on maximal CDP amplitudes, input/output function
are helpful in determining stability of differences betweer
treated and control subjects by tracking CDP output growth ¢

The CDP-gram provides a general assessment at the effectohulus intensity increases from the lowest level that provide
toluene on CDP output across multiple frequencies at omgust-detectable CDP of 3 dB above the noise floor to sour
stimulation level. Since suprathreshold tone intensities devels producing a maximal CDP. This portion of the stud
used, normal outputs should be significantly above the jushows that toluene exposure reduces CDP amplitude acrc

RESULTS

CDP-grams at High Sound Intensity
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FIG.1. DP grams of 1-week toluene inhalation exposures. Measurements made &t B, 12, 16, 20, and 24 kHz a{ = 80 dB and F = 70 dB in guinea
pigs (meanst SE). (A) Compares the preexposure CDP output of all groups; 0 ppm ((J), 250 ppm (@), 500 ppm (A), and 1000 ppm (H). (B) The chal
CDP output in untreated animals over the parallel period of toluene exposure. Preexposure (no symbol) and postexposure (solid square) are shown. (C
CDP measurements are shown: treated animal preexposure (no symbol) and immediately after (solid symbol) toluene exposure (8 h/day for 5 day
dosages are shown; (C) 250 ppm (@), (D) 500 ppm (A), and (E) 1000 ppm (H).

multiple sound intensities with the effect being more pragenerate at least a 3-dB output was not considered to be
nounced as the toluene concentration increased from 250atxurate measurement. For the control animals (see Fig. 2), |
1000 ppm. With increasing toluene concentrations, sound 16¥DP output at all frequencies remains stable over the 1-we
els required to generate the smallest detectable CDP increst period. The difference in CDP output observed in contr
and the peak CDP output decreases, especially for frequenaebjects from pretest to posttest wag.0 dB over the 30-dB

in the middle of the frequency range tested. tone stimulation range represented in each input/output fun

Figures 2-5 show the CDP input/output functions for sultion.

jects exposed to air and each toluene level for 5 days, 8 h/dayror the animals exposed to 250 ppm toluene (see Fig. 3), t
and tested acutely on the final exposure day. Data that did postexposure CDP amplitudes are reduced from the preexy
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FIG. 2. CDP input/output (growth) functions for untreated animals with stimulation frgrs B0 to 70 dB and at six frequencies between 6 and 24 kHz
Measurements were obtained before (open symbol) and after (filled symbol) a 7-day period that paralleled toluene exposuresSiE)eéhs6 kHz, (B) 8
kHz, (C) 12 kHz, (D) 16 kHz, (E) 20 kHz, and (F) 24 kHz.

sure condition. A loss of function is most apparent for mid- tof outer hair cells that could be recruited but may also sugge
high frequencies. For example, at 12 kHz, an increase of 10 @Bpairment in other parts of the auditory periphery.

in the sound intensity was required to generate a CDP aboveAt 500 ppm (see Fig. 4) some loss of CDP amplitude
the 3-dB criterion; CDP amplitude is depressed at all soundcurred at all frequencies, with the greatest effect observe
intensities that initially generated at least a 3-dB output, excegitove 8 kHz. When CDP output was measured at the mc
the maximal level where the preexposure CDP output wagense stimulus level (70 dB), a 10-dB loss in CDP output wa
achieved. At 16 kHz, toluene exposure resulted not only in abserved between 12 and 24 kHz, suggesting a loss in t
elevation of 5 dB in the sound level required to produce thumber of responding cells compared to the preexposure :
criterion 3-dB CDP, but also depressed the maximal CDP s#ssment. The lowest stimulus intensity needed to elicit a CL
the highest test intensities by about 10 dB from preexposusas elevated by toluene exposure at 12 and 20 kHz by about
levels. The later finding suggests a loss not only in the numh#B. Impairment of function at 16 kHz was sufficiently severe



TOLUENE EFFECTS ON HEARING 23

>
=

40, ©kHz, 250 ppm a0, 8 kHz, 260 ppm
~{7}- Pre-exposure —{1- Pre-exposure
—- 1 wk of exposure —8- 1 wk of exposure
30

201

2
CDP YO growth curve (dB) with
a F2 of 8 kHz

CDP YO growth curve {dB) with
aF2of 6 kHz

-10 T v T T -10 T T T T
40 50 60 70 40 50 60 70

F2 Sound intensity (dB) F2 Sound Intensity (dB)

@}
i~/

40, 12 kHz, 260 ppm 40, 16 kHz, 260 ppm
= —{3- Pre-exposure e —{J- pre-exposure
ﬁ —- 1 wk of exposure § ~l- 1 wk of axposure
-~ 304 f~ 30
g 8
Fs- P
T x 204 £x 204
3y 8¢
£% €%
§ & 1 § & 1
o« os
g g
5 o 5o
(3] 3]
-10 T T v T -10 T T v T
40 50 60 70 40 50 60 70
F2 Sound Intensity {(dB) F2 Sound Intensity (dB)
E F
40, 20 kHz, 250 ppm 40 24 kHz, 250 ppm
= —{3- pre-axposure {3~ Pre-sxposure
% ~8- 1 wk of exposure § — 1 wk of exposure
- 304 a 30
g, g,
®oT $I
£ = 3 »
o8 od
£% £%
g & 104 g [ 104
as ox
g g
a 0 04
] ]
-10 - T r r -10 T v T T
40 50 60 70 40 50 €0 70
F2 Sound Intensity (dB) F2 Sound intensity (dB)

FIG.3. CDP input/output (growth) functions for animals exposed to 250 ppm toluene with stimulation frerd®to 70 dB and at six frequencies between
6 and 24 kHz. Measurements were obtained preexposure (open symbol) and immediately after (filled symbol) 8 h/day, 5-day toluene exposur@H)near
(A) 6 kHz, (B) 8 kHz, (C) 12 kHz, (D) 16 kHz, (E) 20 kHz, and (F) 24 kHz.

such that CDP output increased by only 6 dB across the 30-aBsound intensity is needed to produce a 3-dB CDP amplitud
increase in stimulus intensity. The corresponding dynamkor the lower concentrations, 250 and 500 ppm at 16 kHz,
range of CDP amplitude was 17 dB prior to toluene exposur@.dB CDP is still generated at or near the lowest sound stin
For all the other affected frequencies, growth of CDP output afation level employed. For the other middle frequencies, a *
at least 10 dB was obtained following toluene, while prior tt 10-dB loss in sensitivity occurred across all sound intensitie
exposures these values were 15-20 dB. in subjects receiving 1000 ppm toluene. The maximal CD
At 1000 ppm, the CDP output is decreased for all frequeamplitude that resulted from stimulation by tones of 70 dB wa
cies above 8 kHz. For the 1000-ppm subjects (see Fig. 5), tieeluced by 5 to 15 dB from preexposure baseline depending
pattern of loss follows closely that observed in the 500-ppfrequency.
subjects with the exception of 16 kHz. Here, a 15-dB increaseAll data were subjected to repeated-measures ANOVA 't
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FIG. 4. CDP input/output (growth) functions for animals exposed to 500 ppm toluene with stimulation frerd@to 70 dB and at six frequencies between
6 and 24 kHz. Measurements were obtained preexposure (open symbol) and immediately after (filled symbol) 8 h/day, 5-day toluene exposur@Enear
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determine whether toluene exposure produced significant iRecovery of 5-Day Toluene-Induced Auditory Dysfunction
pairment of CDP amplitude. The treatmexttest day interac-  after 3-Day Rest Period

tion was significant (k. = 4.54,p = 0.001), with Scheffe’s

multiple comparison showing all three toluene treatments to beCDP amplitude returned to or near control levels in all thre
significantly different from controlsp( < 0.02). The treat- exposure groups (250 and 500 ppm not shown), after 3 days
mentX sound intensity interaction was also significafitd.s; recovery from toluene inhalation. Figure 6 shows the recovel
= 3.31, p < 0.001). In addition, the treatmenX day of of function for the 1000-ppm subjecta & 4), demonstrating
exposurex sound intensity interaction was found to be sigfull recovery of the CDP at all test frequencies except, perhap
nificant (Fug 167 = 1.76,p = 0.034). 20 kHz. Statistical analysis did not demonstrate a significal
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FIG. 5. CDP input/output (growth) functions for animals exposed to 1000 ppm toluene with stimulation frem4b to 70 dB and at six frequencies
between 6 and 24 kHz. Measurements were obtained preexposure (open symbol) and immediately after (filled symbol) 8 h/day, 5-day toluene expdsure
SE). (A) 6 kHz, (B) 8 kHz, (C) 12 kHz, (D) 16 kHz, (E) 20 kHz, and (F) 24 kHz.

difference between CDP amplitudes prior to toluene exposwreute CDP output resulting from exposure to toluene compar
and that seen 3 days following toluene exposéte,(= 0.24, to nonexposed controls. Four-week inhalation exposure i
p = 0.67). creased auditory dysfunction of the 500-ppm group (see Fi
) ) ) 7D) relative to the losses seen in the same subjects at t

Development of Acute Loss in CDP Amplitude with 4-Week oncjysion of 1 week of exposure (see Fig. 7B). Whereas tl
Toluene Inhalation Exposures 1-week exposure produced the greatest dysfunction at freque
Continued exposure to 500 ppm toluene for 4 weeks, ces above 16 kHz, as the exposure continues, the loss of Cl
day/week, 8 h/day resulted in greater reduction in CDP outpogcame equally evident across all test frequencies. CDP a
than that seen after 1 week. Figure 7 presents the depressioplitudes were reduced to between 3 and 7 dB across te
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40, 1000 ppm, 1wk plus 3 days recovery staining was relatively even across all turns (see Figs. 8A al
% T Preexposue - Postexp 8F). Around 12 kHz, inner and outer hair cells start to shov
g o signs of lighter staining (see Figs. 8B and 8F). At 16 kHz, hal
ry cells show signs of altered SDH staining (see Figs. 8C and 8F
%E 201 This lack of staining continues around 20 and 24 kHz, with
Es few outer hair cells starting to show heavier staining (see Fig
EE 104 8D—8F). At 40 kHz (a frequency above our functional testing
& range), SDH activity returns to that of the control (see Fig. 8F
o Y The control cochlea shows an even level of staining across
frequencies except for the most basal turn, which seems to dr

" : e 2 off by 25%.

F2 Frequency (kHz2)
FIG. 6. CDP-gram showing the recovery of temporary threshold shift DISCUSSION

induced by 1000 ppm toluene (8 h/day, 5 days) after 3 days of rest with the

possible exception of 20 kHz. Preexposure (no symbol) and postexp@ure (- An important step in considering the potential risk of sol-

are shown for six animals (mearts SE). vent-induced ototoxicity in humans is determining this effec
across species. This study demonstrates the ototoxicity

) toluene in the guinea pig, using exposure levels ranging froi
frequency following 4 weeks compared to levels of 14 and 23 o\ slightly above the human PEL to a level close to th

dB prior to toluene and 6 and 16 dB following 1 week Ofhioxic concentration in the rat. The current findings demor
toluene exposure. Although the loss of function increased &gte that significantly lower toluene concentrations are able

exposures continued from 1 to 4 weeks of exposure, a Pergsqce equivalent auditory dysfunction in the guinea pig &
nent CDP loss was not observed (Fig. 7F). Recovery of thg,asured by the loss of CDP amplitude or threshold shif

CDP amplitude was observed when the animals were scree@neqond, while no hair cell loss resulted from the exposul
3 days following the 4-week exposure. Control animals Wetghadule used here, a change in hair cell metabolism w
run concurrently and their CDPs over the 4-week experimentfliocted. Last, a permanent auditory deficit could not be ge
procedurg are shown (see Figs. 7A-T7C). erated after 4 weeks of exposure.

Analysis of CDP-gram amplitudes between treatment groupspsortion product otoacoustic emissions are acoustic signe
and across the pretest and two subsequent exposure tifies can be recorded from the ear canal in many specie
shows a significant treatment effe€i,(;; = 18.21,p = 0.005). including humans (Brown and Kemp, 1984: Norton anc
Stati;tical si_gnificance was also found for the frequerctest Widen, 1990) and most rodents. These emissions are beliex
day interaction (Foeo = 2.32,p = 0.022). to arise predominantly from the outer hair cells of the cochle
in response to the simultaneous presentation of two differe
tone frequencies (Fand F) (Harel et al., 1997). One such

Figure 8 shows relative SDH staining density in histologicamission is the CDP, represented at 2FF,. A loss in CDP
sections of the cochlea from a representative control subjechplitude results when auditory periphery is impaired (Johr
and a subject exposed to 500 ppm (8 h/day, 5 days/week) $mn and Canlon, 1994a; McFadden and Pasanen, 1994; Sul
4 weeks and a control subject. This toluene subject showedraaniamet al., 1994; Trautweiret al., 1996; Hofstetteet al.,
average loss of CDP output of 18 dB, with the control subjet®97; Momet al., 1999). The CDP can be characterized bot
showing a change in CDP output &f3 dB. Using a published by the maximal output of all functional outer hair cells within
cochlear map of the guinea pig (see Waataal., 1998), an the region of the cochlea responding to the stimulating tones
approximation of frequency correlation was made. A distintly the growth of the emission as the tone intensity increas
reduction in SDH staining density was seen in regions of tliem sound levels at or below the auditory threshold to level
cochlea corresponding to frequencies above 8 kHz, suggestingt saturate the DP response. It can be anticipated that ve
that toluene preferentially impairs metabolic activity in thi$imited OHC impairment might shift the minimal sound level
region of the cochlea. For the cochlea taken immediatelgquired to produce a just-detectable DP response (i.e., a sig
following toluene exposure, the cells that were located towaod 3 dB above the noise floor) but that sufficient units migh
the base (and high frequency) showed loss of SDH (see Figamain functional such that the maximal CDP amplitude elic
8A-8E) staining (i.e., reduced SDH enzyme activity) conited at sound levels well above a detection threshold might |
pared to the control. Figure 8F shows the relative changernnrmal. With more severe damage, both a reduction in tf
inner and outer hair cell SDH staining density averaged acrasaximal CDP amplitude and a shift in the minimal sound leve
sections representing 5% of cochlear length from the apex. Tiegjuired to produce a CDP would be anticipated. The forme
frequency corresponding to each locus is specified. At tlban be estimated using a CDP-gram while the latter can |
cochlear location corresponding to 8 kHz or below, the SDbbserved using a growth or input/output function.

SDH Histological Sections of Toluene-Exposed Cochleae
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FIG.7. CDP-grams comparing different stages of toluene inhalation exposure. Measurement mage6ai®- 12, 16, 20, and 24 kHz at = 80 dB and
F, = 70 dB in guinea pigs (r= 4) (means+ SE). (A) Shows the change in CDP output from baseline (no symbol) immediately after 1 week of 0 ppm (B
h/day, 5 day/week exposure. (B) Shows the change in CDP output from baseline (no symbol) immediately after 4 weeks @)08pipiaay/, 5 day/week
exposure. (C) Shows the recovery of CDP output from baseline (no symbol) after a 3-day rest period from a 4 week O ppm (H) 8 h/day, 5 day/week e
(D) Shows the change in CDP output from baseline (no symbol) immediately after 1 week of 500 ppm (M) 8 h/day, 5 day/week exposure. (E) Shows the
in CDP output from baseline (no symbol) immediately after 4 weeks of 500 ppm (H) 8 h/day, 5 day/week exposure. (F) Shows the recovery of CDP outp
baseline (no symbol) after a 3-day rest period from a 4 week 500 ppm (M) 8 h/day, 5 day/week exposure.

When the change in CDP is closely evaluated againstdédference in dosage, both studies revealed a preferential effe
comparable study performed by Johnson and Canlon (1994&)toluene at frequencies between 8 and 24 kHz. Grante
in the rat, it is evident that very different conclusions regardincomparison of functional output at different exposure concel
an effective dose can be drawn. Johnson and Canlon repotiadions is less than ideal. To appropriately compare toluer
that 5 days of 1400 ppm toluene for 16 h/day was neededdensitivity between the two species, similar dosing regimer
produce a 5- to 10-dB loss of CDP in the rat. To obtain thizre needed. Campet al. (1997) found that rats had no change
same auditory deficit in the guinea pig, only 5 days of 250 ppim auditory function with in the first 24—48 h after exposure tc
toluene for 8 h/day was needed. Even with this significa@®00 and 1250 ppm toluene for 6 h/day, 5days/week for
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in rat and guinea pig, albeit at very different dose levels, n
hair cell loss was found in the guinea pig even with our mos
severe exposure. This again is contradictory to existing data
the rat. In the same Johnson and Canlon study (1994b), t
exposure producing equivalent functional CDP loss resulted
outer hair cell loss in the third row. Interestingly, even though
this study did not find hair cell loss, our histological date
revealed that an acute change in metabolism occurred as
termined by SDH activity. The loss of relative SDH staining
density corresponded to the frequencies showing the great
functional impairment. For the 250-ppm subjects, loss of SDI
staining density was located almost exclusively in the mo:
basal turns of the cochlea (data not shown). For the 1000-py
subjects, the loss of SDH staining density showed a identic
pattern (data not shown) to that of the 500-ppm subjects. Wh
the subjects were allowed to recover for 3 days (independent
exposure duration), a strong and even staining pattern was st
(similar to the control line on Fig. 8F).

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

Even though a permanent ototoxic effect was not found, tt
current findings are nonetheless important. This study hi
established that exposure to toluene, without additional facto
such as noise, can produce temporary auditory dysfunction
the guinea pig at concentrations much closer to the human th

_ _ previously reported in the rat. This is important, because
FIG. 8. SDH surface preparations of a control subject and a 500-ppm

h/day, 5 day/week, 4 week toluene-exposed subject. Cochleae were ta?grliab“Shes a difference between rodent species, suggesting
immediately following CDP recording. (A and B) Section of cochlea tha® Model based solely on the rat may not provide an accure
corresponds with approximately 8 kHz for the control subject and 500-ppicture of toluene ototoxicity. While guinea pigs show recov
toluene subject. All turns located closer to the apex (lower frequencies) showed; of auditory function, even a transient loss of auditon
the same even staining pattern. (C and D) Atapproximately 12 kHz, the confghction represents a significant acute effect. Moreover, re
subject remains “normal” while the SDH staining for the 500 ppm tolueng . . .

subject for both inner and outer hair cells starts to lighten and becomes une\%_ﬁatEd temporary threshold shift (TTS) may 'predlspos'e inc
(E and F) At approximately 16 kHz, the control subject shows no change Yiduals to a permanent threshold shift (PTS) with further insul
staining density or hair cell loss while the 500-ppm toluene subject's inner afupport for this hypothesis has been shown in a study |
outer hair cells are still visible but the staining has become undistinguishaléacrae (1995) in which the PTS resulting from excessiv
from the background. (G and H) At approximately 20 kHz, the control SUbjeng'lp”fication by hearing aids was predictable based upon tl

remain evenly stained with the 500-ppm toluene subject having a few ou . . .
hair cells showing heavier staining but no inner hair cells have returned 1o S that resulted after a day of use by hearing-impaire

normal staining. (I and J) At approximately 24 kHz, the control subject retaflildren. Additionally, Lonsbury-Martiret al. (1987) reported
the dark staining density and the 500-ppm toluene subject's outer hair ddiat, in monkeys, repeated exposure to 100 dB sound press
staining is returning to “normal” but still the inner hair cells are not visibljevel (SPL), 3-min pure tones, generated a TTS that laste
stained. about 20 min and lead to a PTS after 18 months. If TTS i
predictive of susceptibility to PTS for chemical ototoxicants
weeks. The same study determined that a dosage of 1500 ghen repeated exposure to toluene concentrations close to
toluene for 6 h/day, 5 days/week for 4 weeks was neededhtoman PEL may result in significant permanent auditory dy:
generate a significant threshold shift in the high-frequendéynction. In addition, the current report provides a hypothes
region of the cochlea. that may partially explain toluene ototoxicity. Namely, toluene
While equivalent loss in CDP amplitude was demonstrateday interfere with oxidative metabolism at the level of the
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sensory cells. Whether such an action can also explain théssessment of the frequency of hearing deficit by electrocochleograph

neurotoxic consequence of toluene exposure remains to beurotoxicol. Teratol21, 267-276.

tested. Liu, Y., and Fechter, L. D. (1997). Toluene disrupts outer hair cell morphom
etry and intracellular calcium homeostasis in cochlear cells of guinea pig
Toxicol. Appl. Pharmacoll42,270-277.
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