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HINMAN, D. J. Biphasic dose-response relationship fi~r effects of toluene inhalation on locomotor activity. PHAR- 
MACOL B1OCHEM BEHAV 26(1) 65-69, 1987.--To investigate the effects of inhalation of toluene on spontaneous 
locomotor activity, rats were exposed to graded concentrations of toluene and locomotor activity was measured con- 
tinuously before, during and after exposure. This study used a randomized, cross-over, graded-dose experimental design, 
with sham-exposure as the control. The locomotor activity pattern during toluene exposure depended upon the toluene 
concentration in the air. At the lowest effective concentration (5000 ppm) locomotor activity increased monophasically 
during exposure, and decreased monophasically during recovery. At higher concentrations (10,000-15,000 ppm) locomotor 
activity initially increased in a concentration-dependent manner. With continued exposure to the higher concentrations, 
locomotor activity decreased and eventually ceased at the highest concentration. Recovery from exposure to high concen- 
trations of toluene was also biphasic. These results demonstrate that the behavioral responses to extremely high concen- 
trations of toluene are characterized by biphasic actions as demonstrated both by analysis of concentration-response and 
time-action characteristics. Exposure to concentrations of toluene similar to those used in this study occurs during organic 
solvent abuse and glue sniffing in humans. 
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ORGANIC solvent abuse is a significant social problem, 
especially among adolescents [4, 15, 27, 30]. One frequently 
abused solvent is toluene, and toluene is preferred by solvent 
abusers due to its pleasant effects and lack of side effects 
[16]. Thus, investigation of the pharmacologic effects of tol- 
uene inhalation is important to understanding organic 
solvent abuse. 

Abuse of organic solvents involves exposure to extremely 
high concentrations of solvents [4, 15, 19, 20]. However, the 
full dose-response curve should be investigated to under- 
stand the pharmacology of a drug. Some of the effects of 
toluene inhalation in experimental animals are: changes in 
locomotor activity [11, 14, 22], changes in open-field behav- 
ior [12], disruption of operant behaviors [8, 17, 31, 34], al- 
teration of performance in the Sidman avoidance schedule 
[28], anticonvulsant activity [33], antipunishment activity 
[33], and self-administration of solvents [32]. Elec- 
trophysiologic studies demonstrated both excitatory and de- 
pressant effects of toluene exposure [1,29]. In addition, ex- 
posure to toluene produced hearing loss [22, 23, 25]. 

Varying effects of toluene on spontaneous locomotor ac- 
tivity in rats have been reported. In acute exposures, activity 
was increased in adult rats exposed briefly to high concen- 
trations of toluene [11,12] or in mice exposed to lower con- 

centrations of toluene for one hour [14]. Activity was de- 
creased in weanling rats exposed to toluene subchronically 
[22]. Thus, it is possible that toluene inhalation produces a 
biphasic effect on spontaneous locomotor activity. To test 
this possibility, the dose-response curve for effects of tolu- 
ene on locomotor activity was measured in this study. In 
previous studies [11, 12, 22], locomotor activity was meas- 
ured during recovery from toluene inhalation. Analysis of 
behavior during recovery from solvent inhalation is complex 
due to the rapid drug elimination. The increase in locomotor 
activity could either be related to the rapid elimination of 
toluene [11], or to the actual level of toluene in the brain [14]. 
To test these two alternatives, in the present study locomo- 
tor activity was measured continously during exposure to 
toluene, as well as during recovery from exposure. 

METHOD 

Animals 

Adult, male Long Evans hooded rats (300-400 g) were 
used. The rats had free access to food and water, and were 
housed in individual cages in a room with a 12 hour light/12 
hour dark cycle (lights on from 7:00 a.m. to 7:00 p.m.). 
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Inhalation Apparatus and Generation qf Toluene Vapors 

The rats were acutely exposed to toluene in a positive- 
pressure, whole-body inhalation chamber. This system was 
modified from inhalation systems previously described [2, 
10, 13]. The chamber was constructed of Plexiglas and lined 
with Teflon to minimize adsorption of toluene to the surface 
of the chamber. The volume of the chamber was 19.25 liters, 
and the dimensions were 35x22x25 cm. The airflow rate 
was 15 liters/minute as measured by a Brooks model 1355 
SHO-RATE 1500 flowmeter. The estimated time to reach 
99% of equilibrium (t:~:~) for this system was 5.9 minutes 

[t9.~=(4.604 x chamber volume)/airflow rate]. 

Toluene vapors were generated using a universal vaporizer 
as previously described [12]. This custom-built vaporizer 
had a 2 liter-capacity stainless steel reservoir. Room air (at 
ambient room temperature) was filtered by a Balston DFU 
filter to remove dust and oil, and then bubbled through the 
toluene via a stainless steel mesh bubbler. The saturated 
toluene vapors were diluted with room air to produce the 
final concentration of toluene. Tubing and connectors were 
either stainless steel or Teflon-coated plastic to minimize 
adsorption of toluene. The toluene was reagent grade (purity 
>99%; J. T. Baker Co.). 

The concentrations of toluene reported are nominal val- 
ues (see [12]). The concentrations were calculated from the 
ratio of airflow through the vaporizer to the airflow of the 
room air diluent. Assuming that the toluene vapors were 
saturated, the concentration of toluene (in ppm) = (vapor 
pressure of toluene/atmospheric pressure) x 10,000. The 
actual concentrations of toluene in the air were not meas- 
ured. However, the experimental design was a concentra- 
tion-effect study with graded concentrations of toluene ad- 
ministered in a randomized order. Thus, day-to-day varia- 
tion in the toluene concentration could not bias the results. 

Procedures 

This study used a randomized, cross-over, graded- 
concentration experimental design. Six rats were used. Each 
rat was exposed to sham-exposure and several concentra- 
tions of toluene (2 to 5 exposures per rat). None of the rats 
died during the course of the study. The order of presenta- 
tion of toluene concentrations was randomized by Latin 
square. 

Each exposure consisted of three phases: habituation, 
exposure and recovery. A single rat was placed in the inha- 
lation chamber and the chamber was sealed with duct tape. 
During the habituation phase, room air was pumped through 
the inhalation chamber. During the exposure phase, toluene 
vapors were continuously pumped through the chamber. 
During the recovery phase, room air was again pumped 
through the chamber. The durations of the habituation and 
exposure phases were 30 and 60 minutes, respectively. The 
duration of the recovery phase was predetermined, and var- 
ied according to the concentration of toluene during the ex- 
posure. Preliminary studies showed that the recovery time 
following exposure to 2500 to 15,000 ppm toluene ranged 
from 30 to 90 minutes. During sham-exposure, room air was 
pumped through the inhalation chamber continuously for 2.5 
hours. 

Locomotor activity was monitored continuously 
throughout each exposure by placing the exposure chamber 
on a Model SE Animex activity monitor. The sensitivity of 
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FIG. 1. Locomotor activity in rats before, during and after exposure 
to toluene. The time of exposure is indicated by the shaded area. 
Top panel: sham exposure. Bottom panels: increasing levels of tolu- 
ene (levels indicated in the insets). Each point is the mean of 5-6 
observations: the vertical bars are the s.e.m. 

the activity monitor was calibrated each day prior to the 
exposures. The number of activity counts per 5 minutes was 
tabulated. In addition, the locomotor activity was qualita- 
tively assessed by subjective observation of the behavior. 
All the studies were conducted between 12:00 noon and 6:00 
p.m. (during the lights-on part of the light/dark cycle). 

Data Analysis 

The data were analyzed by analysis of variance {ANOVA, 
two-factor [treatments-by-subjects], mixed design with re- 
peated measures [observation intervals]) and multiple t-tests 
[61. 

RESULTS 

Locomotor Activity During Habituation 

During the 30-minute habituation period, locomotor ac- 
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FIG. 2. Dose-response curves for effects of toluene on locomotor 
activity. Solid symbols are the maximum activity per 5 minutes dur- 
ing exposure (regardless of time). Open symbols are locomotor ac- 
tivity during the period t 55 to 60 minutes. Each point is the mean 
of 5-6 observations; the vertical bars are the s.e.m. The abscissa is 
toluene level (logarithmic scale). 

tivity was initially high and decreased steadily with time 
(Fig. 1). Locomotor activity in the habituation period was 
not significantly different among the five exposure groups 
[ANOVA for treatment, F(4,155)=0.76, p>0.05]. After 
habituation, rats in the sham-exposure group consistently 
showed a low level of activity during the remainder of the 
observation period. 

Locomotor Activity During Exposure to Toluene 

Exposure to graded levels of toluene produced a dose- 
dependent increase in locomotor activity (Fig. 1) which 
was significant with respect to dose level, time and 
interaction factors [ANOVA, F(4,311)= 104.67. p<0.001 ; 
F(I 1,311)=4.19, p<0.001 ; and F(44,311)=6.05, p<0.001, re- 
spectively]. Locomotor activity was not significantly differ- 
ent in the 2500 ppm toluene group than in the sham-exposure 
group (p>0.05 at each observation period, multiple t-test). 
At 5000 ppm toluene, locomotor activity initially was low, 
then increased monophasically and finally remained elevated 
during remainder of the exposure. At the two highest levels 
of toluene, a biphasic time-action curve was observed which 
showed a maximum increase in activity at approximately 30 
and 15 minutes during exposure to 10,000 and 15,000 ppm 
toluene, respectively. At the highest level, all the rats even- 
tually ceased spontaneous activity. At this level of exposure 
the rat was typically lying on its side, with vigorous myo- 
clonic jerks (cf. [12] for description), but with no overt signs 
of cyanosis. 

Subjective observation of the overt behavior of the rats 
during the exposure revealed that the increased locomotor 
activity was associated with extreme ataxia, headshakes and 
hindlimb myoclonus, with the rat continuously moving about 
the inhalation chamber in an apparently random manner (no 
stereotypic behaviors). No attempt was made to quantitate 
these behaviors either during the exposure or during the re- 
covery. Quantitative assessment of these behaviors during 
recovery from toluene exposure was previously reported 
[121. 

The biphasic effects of toluene are also demonstrated by 
examination of the dose-response curves (Fig. 2). The two 
dose-response curves in Fig. 2 were constructed based on 
different criteria. In one curve, the maximum locomotor ac- 
tivity observed during the exposure, regardless of the time of 
occurrence, was used as a measure of response. In the other 
curve, the locomotor activity at a fixed time (the end of the 
exposure) was used. In the curve showing the maximum 
locomotor activity the dose-response curve is a monophasic 
curve with a maximum effect at approximately 5000 ppm 
toluene. In the curve showing locomotor activity at a fixed 
time of observation the dose-response curve is biphasic with 
a maximum effect at 5000 ppm toluene. 

Locomotor Activity During Recover3' From Toluene 

Activity patterns during recovery from toluene were de- 
pendent upon the level of toluene during exposure [Figs. 1 
and 2; ANOVA for treatment, time and interaction factors, 
F(4,155)=16.59, p<0.001; F(5,155)=0.84, p>0.05; and 
F(20,155)=1.71, 0.05<p<0.1, respectively]. During re- 
covery from 5000 ppm toluene, locomotor activity decreased 
monophasically and recovery occurred in approximately 20 
to 30 minutes. Recovery from the two highest levels of tolu- 
ene was biphasic, with both the time to maximum activity 
and time to recovery dependent upon the level of toluene 
during exposure. 

Subjective observation of the rats during the recovery 
revealed that the overt behavior was qualitatively similar to 
that occurring during the exposure: extreme ataxia, head- 
shakes and hindlimb myoclonus, with continuous random 
movement about chamber. These behaviors gradually de- 
creased with time until the rat typically went to a corner of 
the chamber and became quiescent (some rats appeared to go 
to sleep). 

DISCUSSION 

The results of this study clearly demonstrate that expo- 
sure to inhalation of toluene produces biphasic effects on 
spontaneous locomotor activity in rats. At the lowest effec- 
tive level of toluene, locomotor activity increased mono- 
phasically with time and this increased activity was sus- 
tained through the rest of the exposure. At higher levels of 
toluene, the biphasic actions of toluene were observed. Ini- 
tially, locomotor activity increased, with the time to peak 
dependent upon the level of toluene in the air. With contin- 
ued exposure to a constant level of toluene, activity then 
decreased and eventually spontaneous activity ceased at the 
highest level. The biphasic actions of toluene inhalation were 
demonstrated both by analysis of dose-response and time- 
action characteristics. 

Patterns of locomotor activity during recovery from acute 
exposure to toluene were related to the patterns observed 
during the exposure. Thus, at lower toluene levels, locomo- 
tor activity increased monophasically during exposure and 
decreased monophasically during recovery. At higher levels, 
biphasic responses occurred both during exposure and dur- 
ing recovery. During recovery from exposure to the higher 
levels, activity initially increased followed by a decrease to 
baseline levels of activity. 

In the present study, only total locomotor activity during 
exposure to and recovery from toluene were measured. Lo- 
comotor activity is only one aspect of the behavioral syn- 
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drome associa ted with toluene exposure  [11, 12, 14, 22]. It is 
possible that the biphasic dose- response  curves  result  from a 
change in the relat ive contr ibut ions of  various types of  ac- 
tivity which const i tute  total motor  activity.  Fur ther  investi- 
gation will be required to examine  more fully this issue. 

These  results are consis tent  with the hypothesis  that lo- 
como to r  act ivi ty during exposure  is dependent  on the level 
of  to luene at the site of  action,  presumably  the central  nerv-  
ous system (CNS).  Thus,  at low levels  of  toluene,  locomotor  
act ivi ty  is increased,  whereas  at higher levels  this solvent-  
induced hyperact iv i ty  is a t tenuated.  This hypothesis  can ac- 
count  for the occur rence  o f a  biphasic t ime-act ion curve  both 
during exposure  and during recovery ,  since the CNS levels 
of  toluene would increase monophas ica l ly  during exposure  
and decrease  monophasical ly  during recovery  (cf. [3,5]). 

The pattern of  solvent  abuse among humans is to inhale 
solvent  vapors  for only a few minutes to achieve  the desired 
effects [4, 15, 20] which may last as long as 60 minutes fol- 
lowing a single exposure  [16]. During this period the individ- 
ual could exper ience  rapid changes in the levels of  solvent  in 
the CNS,  since el imination o f  to luene from the brain follow- 
ing inhalation is very rapid [7, 24, 26]. Thus,  it has been 
suggested that behavioral  effects o f  toluene are related to the 
rapid el imination of  toluene from the brain [11] rather  than to 
the actual CNS level of  to luene [5,14]. To address this issue, 
in the present  study locomotor  act ivi ty  was measured  both 
during exposure  to to luene and during recovery .  If the 
hyperact iv i ty  associa ted  with toluene inhalation were a 
function of  the rapid el imination of  toluene,  then the 
hyperact iv i ty  would be greater  during the r ecovery  than dur- 
ing the exposure .  

The results showed that both the t ime-act ion curve  during 
exposure  and the dose- response  curve  were biphasic;  
biphasic t ime-act ion curves  were  also recorded  during re- 
covery  from inhalation. Fur thermore ,  the level of  hyperac-  
tivity during the r ecovery  was similar to the hyperact iv i ty  
during the exposure .  F rom these observat ions  it can be con- 
cluded that the biphasic act ions of  toluene are not related to 
the rapid el imination of  toluene,  and are probably related to 
actual brain levels  of  toluene.  

The results of  the present  study are consis tent  with previ- 
ous studies demonstra t ing biphasic effects of  toluene on 
other  responses  such as E E G  and s leep-wake patterns [1,29], 
operant  behaviors  [17] and algesia [9]. Thus the biphasic 
actions of  toluene may general ize to many phar- 
macodynamic  effects.  Accordingly ,  in compara t ive  analysis 
of  solvent  abuse it is essential  to define the level of  exposure .  
This may explain why studies of  solvent  abuse in humans 
have not produced consis tent  results. For  example ,  EEG 
patterns during solvent  inhalation have been repor ted  to be 
ei ther increased slow wave act ivi ty [4,19], spikes and slow 
waves  [4] or  increased high f requency activity [21]. These  
apparent ly conflicting results may represent  actions of  
solvent  exposure  measured at different parts of  the dose- 
response curve.  

In studies of  inhalation exposure ,  both concentra t ion and 
duration of  exposure  determine  the dose-response  charac- 
teristics [5,18]. These  variables must be considered when 
compar ing results f rom different studies. Thus,  in the pres- 
ent study, biphasic responses  to toluene were observed  
when rats were exposed  to 2500-15,000 ppm toluene for one 
hour. In contrast ,  only increased locomotor  activity oc- 
curred in mice exposed  to 520-1400 ppm toluene for 1 hour 
[14] or in rats exposed  to 2500-30,000 ppm toluene for 5-12 
minutes [11,12]. Biphasic effects of  toluene on rearing were 
recorded in rats exposed  to 1000-4000 ppm toluene for 4 
hours [29]. Decreased  locomotor  activity occurred  in wean- 
ling rats exposed subchronical ly  to 900-1400 ppm toluene for 
14 hours/day [22]. These  observat ions  reinforce the conclu- 
sion that toluene inhalation produces  biphasic effects on 
spontaneous  behavior ,  and that the effects are dependent  on 
both the concentra t ion  of  toluene and the duration of  expo- 
sure. 
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