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Abstract. Toluene is a major component of numerous commercial organic solvent formulations. It is often listed among the
chemicals capable of producing the organic solvent syndrome and a neurobehavioral hypersensitivity condition. The hyper-
sensitivity condition (continued long-term intensification of some behavioral reactions in response to pharmacological or
environmental stressors) is usually associated with the increased tonus of the functional dopaminergic system. The aim of our
current research was to determine whether, under conditions of inhalation exposure, toluene can produce long-term behav-
ioral changes or modify the intensity of the behavioral response to apomorphine, a dopaminergic receptor agonist. In our
experiment, male rats were exposed to 25, 100 and 250 ppm toluene for 4 weeks (5 days/week, 6h/day). The following behav-
iors were tested: finding water in a radial maze; open field motor activity; acquiring the conditional response of passive avoid-
ance; sensitivity to a thermal pain stimulus (hot plate test) and changes in this sensitivity caused by stress; and acquiring the
conditional response of two-directional active avoidance. The behavioral response to apomorphine, i.e. the increased spon-
taneous locomotor activity, was assessed on day 10 after the termination of the exposure in the rotary drum test.

In the behavioral experiment, significant differences between groups were recorded only for the hot plate test; in the 100
and 250 ppm rats, electric-shock-related anxiety response was stronger than in the control group. In the experiment using
pharmacological provocation, the behavioral response to apomorphine in the rats exposed to 100 ppm or 250 ppm toluene
was significantly lower. Our results indicate that low concentrations of toluene may produce long-term behavioral changes
in rats. However, these changes seem to be linked with reduced rather than increased functional tonus of the dopaminer-
gic system.
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INTRODUCTION

Occupational exposure to organic solvent vapors may
cause long-term functional disturbances in the central
nervous system (CNS) known as the solvent syndrome.
Impaired learning ability and memory, and changes in
the sphere of emotions are the main characteristics of
the syndrome [1-3]. Solvents are also quoted among

agents capable of inducing multiple chemical sensitivity
(MCS) manifested by multiple system ailment syndrome
in response to intake of chemicals at doses tolerable by
the majority of the population [4-6]. MCS includes
mainly CNS symptoms, such as impaired concentration,
attention and memory, depression, sleepiness, anxiety

and irritability. According to some authors [7,8], MCS
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results from a process known as time-dependent sensiti-
zation (TDS). TDS is triggered by an occasional chemi-
cal stressor: it continues to develop gradually during sev-
eral days or even weeks after cessation of the exposure to
the chemical stressor and persists for months. In the
experimental animals, TDS is manifested by behavioral
hypersensitivity (usually detectable by altered motor
activity) to chemical (e.g. psychostimulants such as
amphetamine or cocaine) or psychophysical (pain, noise,
immobility) stressors. There is much experimental evi-
dence that the TDS behavioral hypersensitivity results
from an increased functional tonus of the dopaminergic
system [9].

Toluene is a major component of many solvent mixtures
used for the paint and varnish production. It is listed
among the chemicals responsible for the development of
the solvent syndrome [1,2]. Some results show that the
behavioral effects of toluene exposure resemble those
recorded for amphetamine [10]. Amphetamine, an indi-
rect dopaminergic agonist, is a model inductor of TDS
and behavioral hypersensitivity condition [9].

The aim of our experiment was to find out whether inhala-
tion exposure to toluene may lead to long-term behavioral
changes in the rat and to test changes (if any) in rat behav-
ioral reactivity to apomorphine (a dopaminergic agonist)
resulting from toluene exposure. The results of the exper-
iment were expected to support or repeal the conjecture
that the behavioral effects of the exposure represented
behavioral sensitization associated with exposure-related
hyperactivity of the dopaminergic system. The available
literature data show that low-dose toluene exposure may
produce long-term effects in the functional condition of
the dopaminergic system, but the results fail to provide a
clear-cut indication either of the mechanism responsible
for the changes or for their direction [11].

MATERIALS AND METHODS

Chemicals
Toluene (methylbenzene) from FLUKA and apomor-
phine from SIGMA were used.
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Animals

Male IMP:WIST outbred 4-month (at the experiment
onset) rats were used in our experiment. The animals
were kept in single breeding cages under standard condi-
tions (12h/12h light on/dark cycle, 22°C-24°C tempera-
ture, 50-60% relative humidity). Water and standard food
(Murigran pellets) were accessible to the animals ad libi-
tum. Body mass was determined once a week. Behavior
and general condition of the animals were observed each
day between 9:00. and 15:00.

Inhalation exposure

The rats were exposed to toluene in 0.25m? toxicological
chambers with forced air flow. Air flow in the chamber,
monitored continuously throughout the experiment, was
15 to 16 air changes per hour. Desired solvent vapor con-
centrations were obtained by passing the air through a
scrubber filled with the test solvent.

The animals were exposed to the chemicals during 4
weeks (5 days/week, 6h/day). The rats were placed in the
toxicological chambers in single 25 ¢ 20 ¢ 20 cm wire
cages (1 cm dia. mesh). During the exposure, neither food
nor water were accessible to the animals.

Procedure and apparatus
The results of the following tests (performed in the order
as specified below) were used as the basis for assessing the
behavioral effects of toluene exposure:

radial maze (assessment of short-term memory) — 14-19
days after the exposure;

rotary drum (assessment of motor activity) — 25 days
after the exposure;

active avoidance (assessment of long-term memory) —
35-45 days after the exposure;

hot plate (assessment of sensitivity to pain and intensity
of pain-related emotional response) — 50 and 51 days after
the exposure;

active avoidance (assessment of the ability to learn) - 53
days after the exposure.
Body mass of the animals was controlled once a week
throughout the experiment.
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A detailed description of the apparatus used in the exper-
iment (except for that used to test spontaneous activity)
may be found elsewhere. [12].

Radial maze

The radial maze test comprised two phases: the assess-
ment of the adaptation before and after the exposure and
the main test after the exposure. During the adaptation
phase, each rat was allowed to explore the radial maze for
3 min/day during five consecutive days. Radial maze arms
contained water. Each day, the following were deter-
mined: the number of re-entries to the arms already visit-
ed (perseveration errors), the number of omitted arms
(omission errors), and the time required for eight selec-
tions (duration of test).

During two days preceding the main test, water was acces-
sible to the animals in the breeding cages only for 5
min/day. Before each daily test, the containers placed at
each of the arm ends were filled with water. Each test
started with placing the rat on the central platform and
ended after eight selections of radial maze arms or after 3
min had elapsed. Time required by the rat to make eight
selections and the number of perseveration and omission
errors were determined.

Rotating wheel

The apparatus used to test motor activity of the animals
comprised 8 rotary drums mounted in the breeding cages.
Each drum was 70 cm dia. and 10 cm wide. Rotation of the
drum by 90 degrees triggered an electric pulse from a con-
tactron excited by each of four magnets placed on the
drum periphery; the pulse was then fed to a pulse count-
er. The motor activity was assessed from counter reading.

Passive avoidance

The test consisted of six trials denoted 1, 2, 3, 4, 5 and 6.
Trials 1, 2, 3 and 4 were performed at one-day intervals.
Trial 5 was performed after three, and trial 6 after seven
days since trial 3. In trials 1 and 2, the rat was placed on
the platform and the time after which the animal had
stepped down on the floor was recorded. After it had
stepped down on the floor, the rat was allowed to explore

the room for 1 min and then transferred to its breeding
cage. In trial 3, immediately after the step-down, the rat
received a series of electric footshocks (100 ms pulse
width, 2.0 mA, 1.0 Hz) for 10 s, and was then immediate-
ly transferred to its breeding cage. In trials 4, 5 and 6, the
procedure was similar to that in trials 1 and 2, except for
the case that the rat had not stepped down on the floor
within 180 s and was removed from the platform and
placed in the breeding cage.

Time for which the animal had stayed on the platform in
the trials after the shock was used as a measure of the
long-term memory.

Hot plate

The hot plate test comprised the determination of the
latency of the unconditional paw lick response after the rat
had been placed on the hot plate. Immediately after it had
licked its hind paw, the animal was removed from the hot
plate to end the trial. The test consisted of three trials.
Immediately after the first trial, the rat was transferred to a
80 * 30 ¢ 30 cm cage, where it received for 2 min a series of
2.0 mA, 100 ms 0.5 Hz electric footshocks from the metal
bars of the floor. Trial 2 was performed after 2 or 3 s since
the termination of the electric shock series, while trial 3 was
performed 24 h afterwards. If the animal had not reacted as
expected within 60 s, it was transferred to its breeding cage.
The paw lick latencies determined in the consecutive trials
were denoted L1, L2 and L3, respectively.

Active avoidance

The rats were trained to shift between two parts of the
cage to avoid electric footshock (unconditional stimulus —
US). The presentation of the footshock (square-wave 100
ms 2 mA 1.0 Hz electric pulses) was signaled by 500 Hz
tone pulsating at 3.0 Hz (conditional stimulus — CS). The
trial commenced with the presentation of CS in the part of
the cage occupied at the moment by the rat. If, within 5 s
since CS start, the rat did not shift to the other part of the
cage, the metal floor bars of the cage part occupied by the
rat were connected to the electric shock generator. CS
and US ceased immediately after the rat had passed to the
opposite side of the cage, and the trial was finished. Time
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interval between the consecutive trials was 20 to 40 s
(mean - 30 s).

Acquiring the active avoidance the response was assessed
from the results of one 30-trial session (53 days after the
exposure). The number of shocks avoided during consec-
utive S-trial blocks served as the basis of the assessment.

Statistical analysis

Non-parametric one-way Kruskall-Wallis ANOVA and
the Scheffe test [13] were used to analyze rotary drum and
active avoidance test results. Data from the remaining
tests were processed by two-way ANOVA for the repeat-
able measurements. The differences were considered sig-
nificant when p value was < 0.05.

Toluene ability to produce the behavioral hypersensitivity
condition was assessed from motor activity of the rats
placed in rotary drums. The motor activity was assayed
after 10 days since the exposure cessation, before and
after subcutaneous administration of apomorphine at
1 mg/kg. The duration of each determination was 60 min.
The exposure effect was assessed by comparing the pre-
and post-injection results with the results of a 60-min
determination performed on the day preceding the first
day of the toluene exposure.

The differences were assayed by two-way ANOVA for the
repeatable results (group measurement). The differences
were assumed to be significant when p value was < 0.05.

RESULTS

Body mass

For the whole duration of the experiment, body mass of
the rats in all groups increased. The groups did not differ
in the values of the body mass gain.

Radial maze

The results obtained before (adaptation) and after the
exposure (main test) were analyzed. For the adaptation,
significant differences between groups in the number of
the perseveration or omission errors were not recorded.
Our comparison of main test results, i.e. trial duration, the
number of omission and perseveration errors, and the
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total number of entries, did not reveal statistically signifi-
cant differences between the groups.

Rotary drum
Our statistical analysis did not reveal any significant dif-
ferences between the groups.

Passive avoidance
The analysis (two-way ANOVA, groups x trials) showed a
significant effect of the trial factor: F(5,14) = 54.5, p <
0.001. In three last trials (after the application of the elec-
tric shock) the latency of staying on the platform was sig-
nificantly longer than in the trials before the application
of the shock. The interaction was significant: F(15,14) =
2.1, p < 0.05. The between-group comparisons within the
individual trials revealed significant differences in the trial
performed 48 h after the application of the electric shock.
The latency of staying on the platform was shorter for the
25 ppm rats than for the control group. The comparisons
between trials within each group revealed longer time of
staying on the platform in the trials after the shock as
compared to those before its application (Fig. 1).
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Fig. 1. Step-down passive avoidance learning. Trials 1-3 were per-
formed at 24 h intervals. The step-down response was punished by a 10
s-footshock in trial 3. Trials 4, 5, 6 were performed 24 h, 3 days, and 7
days after trial 3, respectively.

Hot plate

The statistical analysis of the paw-lick latency (two-way
ANOVA, groups x trials) revealed a significant effect of
the trial factor: F(2,44) = 29.2, p < 0.001; the latencies
immediately and 24 h after the electric shock were signif-
icantly longer than those preceding the shock. The inter-
action was significant: F(6,44) = 5.2, p < 0.001. The com-
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Fig. 2. Hot-plate behavior. Upper diagram: a comparison of the laten-
cy of the paw-lick response to a thermal stimulus. L1 - paw-lick laten-
cy in trial 1 performed before a footshock, L2 — paw-lick latency in trial
2 performed several s after a footshock, L3 — paw-lick latency in trial 3
performed 24 h after the footshock. Lower diagram: A comparison of
the change in the paw-lick latency noted immediately (L2/L1) and 24 h
(L3/L1) after footshock.

parisons between the groups revealed: in the control
group — longer paw-lick latency immediately than 24 h
after the shock; in the 25 ppm group - longer paw-lick
latency immediately after than before the shock; in the
100 ppm and 250 ppm groups — longer paw-lick latency
immediately and 24 h after than before the shock (Fig. 2).
The groups did not differ in the value of the L2/L1 pro-
portion. However, they did differ in the value of the L3/L1
proportion (non-parametric test: (x> = 8.7, df = 3, p <
0.05). For the 100 ppm group, the value of the proportion
was higher than in controls.

Active avoidance

To assess the speed of learning, each training session was
divided into six five-trial blocks. The level of performing
the conditional response (the number of electric shock

avoidances) in the consecutive blocks was analyzed by
two-way ANOVA, groups x blocks.

The analysis revealed a significant effect of the block fac-
tor; the performance was highest in the last block. The
effect of the group factor was insignificant.

Assesment of toluene to initiate behavioral hypersensitivity
Our analysis revealed a significant effect of the measure-
ment factor: F(1,20) = 4.93, p < 0.05. Statistically signifi-
cant increase in motor activity after the administration of
apomorphine was recorded for the control and the 25

ppm groups (Fig. 3).
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Fig. 3. The comparison of locomotor activity (rotary drum test) before
and after apomorphine injection.

DISCUSSION

The results of our experiment show that a four-week
inhalation exposure of the experimental rats to toluene
(6 h/day, 5 days/week) at 25, 100 and 250 ppm did not sig-
nificantly affect the health condition of the animals, as
evidenced by similar body mass gain in all groups. The
exposure did not produce significant changes in the rat
behavior in the majority of the experimental situations.
Statistically significant differences were noted only in the
hot-plate test; for the 100 ppm and 250 ppm rats, the
effect of a 2-min electric shock (longer paw-lick latency)
was more persistent than in the control and 25 ppm
groups. No difference between groups in the results of the
active avoidance test and in the L1 and L2 values record-
ed in the hot-plate test means that it would not be rea-
sonable to assume that the higher L3 values were due to
reduced sensitivity to pain. The longer latency of the paw-
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lick response in our experimental situation was associated
with the animals' persistent attempts to get off the hot
plate, a behavior that was competitive to the protective
paw-lick response. The differences detected between the
groups may indicate that, in the 100 and 250 ppm groups,
the neuronal systems responsible for the active forms of
the protective behaviors dominated over the systems con-
trolling the unconditional protective responses. This
effect could not be due to the presence of toluene or its
metabolites in the nervous tissue, as observed seven weeks
after the exposure. It is generally recognized that the bulk
of absorbed toluene is eliminated from the organism with-
in ten to twenty hours after exposure cessation, and its
removal from the nervous system is particularly rapid.
[14]. The time interval between exposure cessation and
the execution of the individual tests was therefore long
enough to remove completely the solvent and its metabo-
lites. Thus, it seems reasonable to suppose that the
observed changes were due to toluene interacting with the
nervous tissue in the past.

The stronger behavioral response in a dangerous situation
may indicate that toluene exposure induces TDS and
behavioral hypersensitivity to stressogenic factors. Such
condition is attributable to the hyperactivity of the
dopaminergic system. Thus, it is reasonable to expect that
the response to dopaminergic agonists in toluene-exposed
rats is stronger than in those non-exposed.

The effects of this experiment suggest that the behavioral
reactivity to apomorphine in the toluene-exposed rats was
reduced. Besides, the effect seemed to be directly propor-
tional to the solvent concentration; it was observed only in
the 100 ppm and 250 ppm groups. The weaker behavioral
response to apomorphine in the exposed rats points to a
reduced functional tonus of the dopaminergic system.
This change is contrary to that induced by psychostimu-
lants, such as amphetamine or cocaine [15,16]. Thus, it is
clear that, in spite of some similarity between behavioral
effects of the acute exposure to amphetamine and toluene
[10,17], the functional changes in the dopaminergic sys-
tem caused by each of the two chemicals are reverse.
The results of the experiment deny the conjecture that the
behavioral effects of toluene exposure noted in the first
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experiment reflected the neurobehavioral hypersensitivity
linked to hypersensitivity of the dopaminergic system. On
the other hand, the evidently lower behavioral sensitivity
to apomorphine in the exposed rats makes us speculate
whether the change could underlie the behavioral effects,
i.e. higher L3 values in the hot-plate test. If so, the admin-
istration of non-specific blockers of this system (e.g.
haloperidol) should produce behavioral effects similar to
those observed for toluene exposure. Further research is
required to verify this conjecture and to determine the
type of biochemical changes caused in the dopaminergic
system by exposure to toluene and other benzene deriva-
tives.

The available data indicate that a four-week exposure to
toluene at a low (80 ppm) concentration does not affect
spontaneous motor activity of the experimental rats, but it
makes them sensitive to apomorphine [11,18]. The pub-
lished reports also show that exposure to higher concen-
trations of toluene does not produce a similar effect
[19,20]. In our present experiment we used toluene con-
centrations identical as those used in our earlier research
on benzene derivatives (25, 100 and 250 ppm), expecting
that the effect of exposure to 100 ppm might be similar to
that observed for the 80 ppm exposure. It is quite likely
that our results were due to a drop of dopaminergic recep-
tor density in the CNS (in nucleus accumbens) or reduced
affinity of those receptors to the agonist, or to a combina-
tion of those effects. Suitable biochemical research is
required to elucidate this question.

REFERENCES

1. Gupta BN, Kumar P, Srivastava K. An investigation of the neurobe-
havioral effects on workers exposed to organic solvents. J Soc Occup
Med 1990; 10: 94-6.

2. Bukowski A, Sargent EV, Pena BM. Evaluation of the utility of a stan-
dard history questionnaire in assessing the neurological effects of sol-
vents. Am J Ind Med. 1992; 22: 337-45.

3. Lundberg I, Hogstedt Ch, Liden C, Nise G. Organic solvents and
related compounds. In: Corn MW, editor. Handbook of Hazardous
Materials. Portland: Academic Press; 1993. p 766-84.

4. Antelman SM, Eichler AJ, Black CA, Kocan D. Interchangeability of

stress and amphetamine in sensitization. Science 1980; 207: 329-31.



EXPOSURE TO TOLUENE ORIGINAL PAPERS

5. Antelman SM. Stressor-induced sensitization to subsequent stress:
implications for the development and treatment of clinical disorders. In:
Kalivas PW, Barnes CD, editors. Sensitization in the Nervous System.
New York: Telford Press; 1988. p. 227-56.

6. Cullen MR. The worker with multiple chemical sensitivities. An
Overview Occup Med. 1987; 2: 655-63.

7. Bell IR. Clinically relevant EEG studies in psychophysiological find-
ings: possible neural mechanisms for multiple chemical sensitivity.
Toxicology 1996; 111: 101-17.

8. Bell IR, Schwartz GE, Baldwin CM, Hardin EE. Individual differ-
ences in neural sensitization and the role of context in illness from low-
level environmental chemical exposure. Environ Bhlth Perspect 1997,
105: 457-66.

9. Robinson TE, Becker JB. Enduring changes in brain and behavior
produced by chronic amphetamine administration: a review and evalu-
ation of animal models of amphetamine psychosis. Br Res Rev 1986;
396 (2): 157-98.

10. Glowa JR. Comparisons of some behavioral effects of d-ampheta-
mine and toluene. Neurotoxicol 1987; 8: 237-48.

11. Von Euler G, Ogren SO, Li XM, Fuxe K, Gustafsson JA. Persistent
effects of subchronic toluene exposure on spatial learning and memo-
1y, dopamine-mediated locomotor activity and dopamine D2 agonist
binding in the rat. Toxicology 1993; 77: 223-32.

12. Gralewicz S, Wiaderna D, Tomas T, Rydzyaski K. Behavioral
changes following 4-week exposure to pseudocumene (1,2,4-trimethyl-

benzene) in the rat. Neurotoxicol Teratol 1997; 19 (4): 327-33.

13. Siegel S. Nonparametric Statistics for the Behavioral Science. New
York: McGraw Hill; 1956.

14. Environmental Health Criteria. Vol. 52. Toluene, Warsaw: Ministry
of Health and Social Welfare; 1994.

15. Kalivas PW, Stewart J. Dopamine transmission in the initiation and
expression of drug- and stress-induced sensitization of motor activity.
Brain Res Rev 1991; 16 (3): 223-44.

16. White FJ, Hu X, Zhang X, Wolf M. Repeated administration of
cocaine or amphetamine alters neuronal responses to glutamate in the
mesoaccumbens dopamine system. J Pharmacol Exp Ther 1995; 273:
445-50.

17. Evans EB, Balster RL. CNS depressants effects of volatile organic
solvents. Neurosci Biobehav Rev 1991; 15: 233-41.

18. Von Euler G, Oren S O, Li XM, Fuxe K, Gustafsson JA. Persistent
effects of 80 ppm toluene on dopamine-regulated locomotor activity
and prolactin secretion in the male rat. Neurotoxicology 1994; 15:
621-24.

19. Hillefors-Berglund M, Liu Y, von Euler G. Persistent, specific and
dose-dependent effects of toluene exposure on dopamine D2 agonist
binding in the rat caudate-putamen. Toxicol 1995; 1-3: 185-94.

20. Von Euler G, Ogren SO, Bondy SC, McKee M, Gustafsson JA,
Eneorth P, et al. Subacute exposure to low concentration of toluene
affects dopamine-mediated locomotor activity in the rat. Toxicol 1991;
3:333-49.

Received for publication: February 12, 2002
Approved for publication: July 5, 2002

[JOMEH, VVol. 15, No. 3, 2002

245





