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Circadian variations of acute toxicity and blood and
brain concentrations of inhaled toluene in rats
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Abstract
To investigate circadian variations in the acute
toxicity of toluene, rats were exposed to it
(2000 ppm or 4000 ppm) both in the dark (the
animals' active phase) and the light (the in-
active phase) for 4 hours. The performance
decrements of rats were greater in the light
phase than in the dark phase in all time zones of
exposure to toluene. In the dark phase, the
performance recovered almost to that pre-
exposure, whereas a significant delay of
recovery was noted in the light phase. The
differences in the number of lever presses be-
tween exposure to 2000 ppm toluene and con-
trol (air) exposure were also greater in the light
phase than in the dark phase. Significant dif-
ferences according to the time of exposure
were also found in toluene concentrations in
blood and the brain. Both blood and brain
concentrations in the light phase were higher
than those in the dark phase at four hours after
exposure to 2000 ppm toluene or at two hours
after exposure to 4000 ppm toluene. These
results suggest that there was a significant
difference in circadian susceptibility after
exposure to toluene, which might be caused by
circadian differences in the pharmocokinetics
of toluene in the light and dark phases.

(British Journal of Industrial Medicine 1993;50:280-286)

It is well known that many functions of the human
body, including thermoregulation, sleep wake cycles,
and renal function, have strong periodic characteris-
tics that change over a cycle of roughly 24 hours
(circadian rhythm).' There are also many reports
indicating that pharmacological effects vary accord-
ing to the time of drug administration during the
day.2 For instance, some reports show that circadian
rhythms influence the effects of anaesthetics or sleep-
ing drugs such as pentobarbital, hexobarbital,34 and
ethanol.5

According to labour statistics in the United States,
about 18% of the labour force has to work in shift
systems under unsocial and unphysiological con-
ditions.6 In many industrialised countries over the
past two decades a number of enterprises that require
continuous process operations have adopted unusual
workshifts. Therefore, it is probable that the time of
exposure to chemical substances differs depending on
the actual working conditions. So far only a few
reports have been made on the adverse effects of toxic
substances on living organisms exposed to such
chemicals at different times of day.7'" In many
previous studies ofthe influence ofcircadian rhythms
on pharmacological effects, the main concerns were
the lethality at high concentrations such as the
median lethal dose (LD50)' or the duration of the
effects ofsedatives.'2 '3 It is also important to'study the
circadian difference in toxicity at concentrations
lower than the LD,0 using techniques such as operant
conditioning behaviour, because behavioural per-
formance and fatigue have a close relation with the
health condition of night workers.'46
The aim of the present study was to show, firstly,

the circadian variations in susceptibility to the acute
behavioural toxicity oftoluene, a widely used organic
solvent, in rats exposed at different times; secondly, to
investigate how this correlated with toluene concen-
trations in the blood and brain, because the behav-
ioural effects oftoluene on the central nervous system
are closely related to such increases. '5 Chrono-
biologically there are many circadian differences in
physiological functions that affect the pharmacokin-
etics of toluene under dark and light in the environ-
ment, for example, metabolising enzyme activity in
the liver and renal function in the excretion of solvent
metabolites.'6'"

Methods
ANIMALS AND ILLUMINATION REGIMENS
A total of 112 male Wistar rats were used for the
behavioural test. Because rats are nocturnal animals,
they were kept under inverted dark light conditions
(dark phase: 0900-2100; light phase: 2100-0900)
beginning at four weeks of age to accommodate them
to this illumination regimen. To keep the active
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Table 1 Order of exposure to toluene

Ist exposure 2nd exposure 3rd exposure 4th exposure

Group 1 4000 ppm 4000 ppm 2000 ppm 2000 ppm
(in the light phase) (in the dark phase) (in the light phase) (in the dark phase)

Group 2 4000 ppm 4000 ppm 2000 ppm 2000 ppm
(in the dark phase) (in the light phase) (in the dark phase) (in the light phase)

phase of the rats within a constant time zone, the
feeding time was fixed at 0900, the beginning of the
dark phase. Water was given freely. Body weight was
kept constant to eliminate a difference in fat volume
during the exposure experiments.

BEHAVIOURAL PROCEDURE
The shock avoidance response (fixed negative interval
schedule with a sound signal)'8 was used to establish a
behavioural baseline for the observation of
behavioural changes after exposure to toluene. The
animals were trained for one hour every two days
with a reinforcement schedule having a 10 second
shock to shock interval, a sound signal being pre-
sented for five seconds before every electric shock.
Under this schedule, the animals could avoid an
electric shock if they pressed a lever when the sound
signal was on. The apparatus used in the behavioural
test consisted of Skinner boxes that were placed in a
gas chamber with programming and recording
equipment. A shock generator and scrambler (BRS/
LVE) were used to deliver a 2-5 mA DC shock to the
grid floor of each Skinner box for 0 3 seconds. The

Schedule of behavioural
test

Exposure

Dark phase

Light phase

experimental contingencies were controlled by a
Sord M23 microcomputer and related peripheral
apparatus.
The behavioural baseline was established in the

animals after 10 to 15 training sessions. After this, 16
rats whose avoidance rate was successful in over 85%
of the trials were selected and exposed to toluene.
The 16 rats were assigned to two groups, each with
eight rats, in such a manner that there was no
difference in themean number ofavoidance responses
between the two groups. For group 1, the first
exposure was given in the light phase and the second
exposure in the dark phase. By contrast, the first
exposure was given in the dark phase for group 2 and
the second exposure in the light phase. These
procedures were carried out to minimise any differ-
ences occurring as a result of the sequence of
exposure in the light and dark phases (table 1).

TOLUENE EXPOSURE AND TIME OF BEHAVIOURAL TESTS
Static exposures were conducted in two exposure
chambers described previously.'9 The rats were
exposed to toluene for four hours at 4000 ppm and

20 min
40 min

n-Hm ****/////
80 min 40 min 40 min 100 min 40 min 40 min

4 h

1000 1100 1200 1300 1400 1500 1600 1700

2200 2300 0000 0100 0200 0300 0400 0500

Clock hour

Figure I Time schedule of behavioural tests and exposure.
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2000 ppm. Concentration of toluene vapour was
determined with a Shimazu 4 BPTF gas chromato-
graph. Figure 1 shows the time schedule of the
experiment. The time of exposure was set at 1000-
1400 in the dark phase and 2200-0200 in the light
phase. At 40 minutes before each exposure the pre-
exposure level was measured to exclude the warming
up effect and to check the performance of the rats on
the day of experiment. Then the rats were contin-
uously exposed to toluene. After four hours of
exposure, toluene was exhausted from the chamber,
and the process ofrecovery was carefully watched for
the next three hours.

After a time interval of more than one week, the
next behavioural experiment was conducted to check
the stability of the base line and the rats were
subjected to the second exposure. After an interval of
another week, the rats were exposed to 2000 ppm of
toluene for four hours in the dark or light phase. The
third and the fourth exposures were performed with
the procedure described above. The numbers oflever
presses and shocks received per 20 minute period for
each time zone for both light and dark phases were
adopted as the behavioural test parameters.

MEASUREMENT OF TOLUENE CONCENTRATIONS IN
BLOOD AND BRAIN
Toluene concentrations in rat blood and brain were
quantitatively determined at 40 minutes, two hours,
and four hours after the start of exposure and at 30
minutes after the end of exposure. Six rats were used
for each time schedule in both the light and the dark
phases. Accordingly, a total of 96 rats equivalent in
weight and age to the animals of the behavioural
experiment were used for the measurement of
toluene concentrations in blood and brain. The rats
were killed and blood was dispensed into an all glass
container with heparin. The brain was then removed.
The concentrations of toluene in blood and brain
were determined by the modified gas chromato-
graphic equilibration method of Sato et al.20

STATISTICAL ANALYSIS
The differential effects of toluene between the dark
phase exposure and the light phase exposure were
evaluated by comparing the performance of rats
during and after their own performance under a
dummy exposure in air. The statistical significance of
experimental results was determined by a two or
three way analysis of variance in which the exposure
effects, time effects, and the differences within the 16
individual rats were included as the two or three
factors. For the comparison of toluene concentra-
tions in blood and brain, Student's t test was used to
compare the concentration under the light and dark
phases at 40 minutes, two hours, and four hours after
the start of exposure and at 30 minutes after the end
of exposure.

Results
BODY WEIGHT
For the 16 rats used in the behavioural test, the
average body weight (SD) at the start of the learning
performance experiment was 408-0 (29 9) g for the
eight rats in group 1 and 401-4 (50-0) g for those in
group 2. Neither apparent toxicological signs nor an
increase or decrease in body weight were found
during the experiments.

BASELINE LEVEL OF PERFORMANCE BEFORE EXPOSURE
TO TOLUENE
Before the exposure, 20-40 minutes of warming up
were required to reach a constant value for the
number of avoidances in both light and dark phases.
Thereafter, the number of avoidances of each rat
stabilised, being more than 100 in 120 trials at the end
of the experiment, and no difference was found
between the light phase and the dark phase (fig 2A).
In the number of lever presses, the mean (SD) ofthe
number of lever presses for every 20 minutes was
181-5 (11-4) in the dark phase and 176-0 (13-7) in the
light phase. The mean number of lever presses was
slightly increased in the dark phase, but no significant
difference was found between the two phases (fig 2B).

AVOIDANCE PERFORMANCE WITH EXPOSURE TO 4000
PPM TOLUENE
A significant decrease in the avoidance response was
noted soon after the start of exposure compared with
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Figure 2 Baseline performance of the avoidance response
(A) and the number of lever presses (B) per 20 minutes in
rats in air without toluene exposure in the dark phase and
light phase.
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Figure 3 Effects of exposure to 4000 ppm toluene on the
avoidance response (A) and the number of lever presses (B)
per 20 minutes in rats.

the value before the exposure in both the light and
dark phases. Also, there was a significant difference in
the decrements of avoidance performance between
the exposure in the dark phase and that in the light
phase (fig 3A). The mean (SD) of the number of
avoidances for every 20 minutes in the light phase
and in the dark phase respectively for all 16 rats was:
(1) before the exposure 109 0 (1 7) and 104-9 (2 3); (2)
20 minutes after exposure 69-8 (6&3) and 82-5 (6-2);
(3) two hours after exposure 59-4 (9 4) and 91-6 (5- 1);
(4) three hours after exposure 54-6 (9-3) and 74-2
(8 6); (5) four hours after exposure 47 6 (8 7) and 69- 1
(7 6); (6) 20-40 minutes after the end of exposure
89 8 (7 1) and 104 4 (3 7). In the dark phase exposure
to toluene, the performance level recovered roughly
to the pre-exposure level, whereas a significant delay
of recovery was noted in the light phase.
As shown in fig 3B, a significant increase in the

number of lever presses was seen at two hours and
three hours after the exposure in the dark phase.
After the end ofexposure the number of lever presses
in the dark phase gradually decreased to almost the
level of pre-exposure. By contrast, a significant delay
of recovery to the pre-exposure level was noted in the
light phase at two hours and three hours after the end
of exposure.

PERFORMANCE CHANGES WITH EXPOSURE TO 2000 PPM
TOLUENE
As shown in fig 4B, after the start of exposure to
toluene, the number of lever presses was significantly
increased compared with the baseline level before the
exposure. The differences in the number of lever
presses between exposure to toluene and control (air)
exposure was greater during exposure in the light
phase than during the exposure in the dark phase. No
significant difference in the number ofavoidances was
noted throughout all time zones for both light and
dark phases (fig 4A).

TOLUENE CONCENTRATIONS IN BLOOD AND BRAIN
Tables 2 and 3 show the toluene concentration in the
blood and brain after exposure to 4000 ppm and
2000 ppmtoluene. There were statistically significant
differences between light phase and dark phase blood
and brain concentrations at two hours after exposure
to 4000 ppm and at four hours after exposure to
2000 ppm. Circadian differences in concentrations in
both blood and brain toluene were found at four
hours after exposure to 2000 ppm toluene and at two
hours after exposure to 4000 ppm.

Figure 5 shows the relation between the number of
avoidances and the blood toluene concentrations
under 4000 ppm toluene exposure for the dark v light
phase. The blood toluene concentration increased
almost linearly after the exposure, which correlated
well with the behavioural decrements of performan-
ces of rats per 20 minutes. The concentrations of
blood toluene in the light phase were higher than

A Avoidance performance
120-T
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Figure 4 Effects of exposure to 2000 ppm toluene on the
avoidance response (A) and the number of lever presses (B)
per 20 minutes in rats.
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Table 2 Blood concentration (mg/dl) of toluene after 4000 ppm and 2000ppm exposure in the dark phase and light phase

40 minutes after 2 hours after 4 hours after 30 minutes after the
exposure exposure exposure end of exposure
Mean (SD) Mean (SD) Mean (SD) Mean (SD)

4000 ppm (n = 6)
Light phase 102-9 (8 2) 143-4 (20 0)* 172-8 (42 7) 99-4 (16-7)
Dark phase 92-7 (8 7) 120-5 (5 8) 148-4 (22 0) 99-0 (10 0)

2000 ppm (n = 6)
Light phase 49-1 (5-6) 61-1 (4-7) 97-0 (8.4)* 72 5 (13 8)*
Dark phase 44-5 (5 8) 64-4 (10-5) 69-5 (9-9) 51 2 (6-0)

*Significantly different from dark phase.

those of the dark phase at the same periods after
exposure.

Discussion
Unexpectedly, under the non-exposure conditions
(air exposure), lever pressing performance in the
light phase was almost the same as in the dark phase.
This was probably because such a strong stimulation
(a 2-5 mA electric shock) was given to the rats that
their performance in the light phase was maintainedi
at the same level as in the active phase. During the
exposure to 4000 ppm toluene the number of

avoidances both in the dark phase and light phase
decreased, whereas the number of lever presses;
increased to nearly two to threefold that of non-

exposure. Also, during exposure to 2000 ppm, the
number of lever presses was increased, although.
there were no differences in the avoidance response

rates. Such behavioural changes showed that higher
concentrations of toluene (generally 1000 to 4000'
ppm) caused performance decrement of avoidance
responses with abnormal excitement of the central
nervous system in rats after the increases in blood and
brain concentrations: this agrees well with previous
reports."52

In the present study we investigated whether there
was any circadian difference in the susceptibility of
rats exposed to toluene during the dark phase and the
light phase under exposures to 4000 ppm and
2000 ppm toluene, concentrations about a half to a

quarter of the LD50 (8800 ppm) of exposure to
toluene.22 Exposure to toluene seems to be an

appropriate model for the chronopharmacological

study of organic solvents, as it is absorbed quickly by
inhalation exposure, metabolised, and excreted via
the urine within several hours. We found that the
adverse effects of toluene in the conditioned
avoidance performance of rats were different in the
light phase and dark phase. Both the decreased rate of
the number of avoidances during exposure to 4000
ppm toluene and the increased rate of lever pressing
during exposure to 2000 ppm in the light phase were
significantly higher than those in the dark phases. A
significant differenceaccordingto the timeofexposure
was also found in the concentrations in blood and
brain.
The mechanism accounting for circadian differen-

ces in the pharmacological effects ofchemicals has not
yet been thoroughly investigated, but two reasons

may cause such differences in the susceptibility to
drugs that affect the central nervous system. The first
is the circadian difference in pharmacokinetics of the
drugs brought about by the circadian difference in
activity of enzymes metabolising the drug. The
second is presumed to be a change in pharmaco-
logical effects, influenced by the circadian rhythm of
brain amine metabolism, because effects of some

neuroleptic drugs were synchronised with the cir-
cadian differences ofsynthesis and the release ofbrain
amines.2324 Soliman and Walker reported a distinct
circadian difference in ethanol concentration in blood
according to the time of administration, which might
be why the lethal rate and the duration of sedation in
the light phase and dark phase were different.25 On the
other hand, Nagayama et al reported that in the case

of the antipsychotic tetrabenazine no difference was

Table 3 Brain concentration (mg/dl) of toluene after 4000 ppm and 2000 ppm exposure in the dark phase and light phase

40 minutes after 2 hours after 4 hours after 30 minutes after the
exposure exposure exposure end of exposure
Mean (SD) Mean (SD) Mean (SD) Mean (SD)

4000 ppm (n = 6)
Light phase 119-9 (18-7) 146-0 (13 4)* 155-2 (41-0) 99-9 (21-3)
Dark phase 95-1 (16-0) 127-6 (9 6) 144-4 (15-4) 99-0 (10 0)

2000 ppm (n = 6)
Light phase 62-3 (4 6) 70-4 (6 3) 101-5 (11-7)* 75-6 (9.9)*
Dark phase 57-2 (3 9) 63-6 (6 3) 69-9 (6 5) 43-0 (4-2)

*Significantly different from dark phase.
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The feeding time of the animals, which is usually
in the humans' or animals' active phase, may play
another important part in the circadian difference of

in) toxicity. Recently biochemical and pathological
studies indicated that hepatotoxicity in rats given an

40 min) organic solvent was enhanced by food deprivation.3'
In the present study we fixed the time of feeding for

K>= all animals at 0900, the beginning of the dark
,in) (animals' active) phase, to avoid such a confounding
(240 min) effect by the feeding schedule.

Further studies to clarify the degree of circadian
difference oftoxicity in rats exposed to low concentra-

50 200 tions of toluene and the mechanism of circadian
Lg/ml) variation of organic solvents will be needed because

threshold limit values of industrial chemicals aredances and considered only for eight hour exposure in the active

.Mean (SD) of phase of the human 24 hour circadian variation.
cposure times Nevertheless, more and more shift workers are
iene engaged in irregular work schedules in modem
zes. industrialised countries. Exposure to other solvents

may also exert different biological effects according to
the time of exposure.

found in the blood concentration of tetrabenazine
according to the time of administration in the light
phase and dark phase, whereas a large difference was
noted in the duration of the effect of sedation,26
suggesting that the circadian difference ofthe sedative
effectsmightbeinfluencedbythecircadian differences
of the activity of brain amines. In the present study,
the circadian difference of susceptibility to acute
exposure to toluene may not be related to the
circadian fluctuation of monoamine synthesis and
release in the brain, because it was reported that
the concentrations of brain monoamines were not
changed in an experiment with a single inhaled
exposure in rats, although they were changed under
chronic toluene exposure.

It has also been reported that some ofthe metabolic
enzymes in the liver have a 24 hour daily rhythm of
activity, being synchronised with light dark regimens
in the environment.27 For example, Nair and
Casper,'9 and Holsclaw et all' reported that the
activity of hexobarbital oxidase was high in the dark
phase and low in the light phase. On the other hand, it
is well known that 80% of inhaled toluene is also
metabolised via the process ofoxidation ofthe methyl
radical in the side chain by the mixed function
oxidase in liver.28 Therefore, it is probable that the
rate of metabolism of toluene differs with the time of
exposure because of the circadian rhythm of such
oxidase activity. In the present study toluene concen-
trations in both blood and brain were significantly
higher in the light phase than in the dark phase after
4000 ppm two hour exposure and 2000 ppm four
hour exposure. These results suggest that the cir-
cadian rhythm of enzymatic activity is one of the
causes of circadian differences in the susceptibility to
toxicity after exposure to toluene.2930
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