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Abstract

Volatile organic solvent (inhalant) abuse continues to be a major health concern throughout the world. Of particular concern is the abuse of
inhalants by adolescents because of its toxicity and link to illicit drug use. Toluene, which is found in many products such as glues and household
cleaners, is among the most commonly abused organic solvents. While studies have assessed outcomes of exposure to inhalants in adult male
animals, there is little research on the neurobehavioral effects of inhalants in female or younger animals. In attempt to address these shortcomings,
we exposed male and female Long-Evans rats to 20 min of 0, 2000, 4000, or 8000 parts per million (ppm) inhaled toluene for 10 days in rats aged
postnatal (PN) day 28–39 (adolescent), PN44–PN55, or NPN70 (adult). Animals were observed individually in 29-l transparent glass cylindrical
jars equipped with standard photocells that were used to measure locomotor activity. Toluene significantly increased activity as compared to air
exposure in all groups of male and female rats with the magnitude of locomotor stimulation produced by 4000 ppm toluene being significantly
greater for female adults than during any age of adolescence. The results demonstrate that exposure to abuse patterns of high concentrations of
toluene through inhalation can alter spontaneous locomotor behavior in rats and that the expression of these effects appears to depend upon the
postnatal age of testing and sex of the animal.
© 2007 Elsevier Inc. All rights reserved.
Keywords: Toluene; Locomotor; Adolescent; Sex
1. Introduction

The practice of inhaling chemical vapors from products
found in society for the purpose of achieving a quick
intoxication is known as inhalant abuse. While inhalant abuse
continues to be a lesser recognized form of substance abuse,
products that are typically abused are easily accessible, easily
used, and easily concealed. Abuse typically involves 15 to 20
inhalations of very high solvent concentrations (usually several
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thousand ppm) which occur over a very short period of time
(10–15 min) [11,31]. While the exact concentration inhaled
varies by compound, estimates are between 5000 and
15,000 ppm for toluene, one of the most commonly abused
solvents [16,65]. Toluene is found in varying percentages in a
wide variety of commonly available household products such as
gasoline, paint, varnish, glue, shoe polish, fingernail polish, and
rubber cement. Recent national data suggest that greater than
half of the commonly abused inhalants contain varying amounts
of toluene and over 30% of inhalant users under 18 years old
have inhaled toluene [46–48]. While earlier Household Surveys
showed large increases in the number of new users (N200%
between 1990 and 2002), trends have leveled off and the rates of
use have been stable for the last four years. Nevertheless, a
substantial number of male and female adolescents still report
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use of inhalants. In 2005, 877,000 individuals 12 years old or
older used inhalants for the first time with 72.3% being under
the age of 18 years at first use (average age was 16.1 years of
age) [47,48]. Hence, inhalant abuse is largely a problem in
children and adolescents.

While rodent studies have been very helpful in understanding
the neurological and behavioral consequences of inhalant
exposure [7], most of these studies have used adult rodents.
Recent research, however, suggests that adolescent and adult
animals may respond differently to the administration of
psychoactive drugs such as inhalants [52,53]. In rats, adolescence
has been most commonly defined as the two-week period from
postnatal day 28 to postnatal day 42 (PN28–PN42) [52,53].
During this period, rats exhibit behavioral patterns that are
characteristic of adolescent mammals of many species, including
increased risk taking, increased orientation towards and interac-
tion with peers, and increased preference for novelty [52–54]. In
addition, a number of studies have shown that significant neural
pruning and re-organization occur during the period of adolescent
development [52,53]. In light of these findings, it is not surprising
that differences in the effects of drugs of abuse in adolescent
rodents, as compared to adult rodents, have been reported. For
example, younger animals have been shown to develop less
sensitization than adult animals following repeated exposure to
stimulants such as cocaine [14,29], amphetamine [28], and
methylphenidate [9,10]. Similar results have been observed for
alcohol [12,39]. While the effects of toluene have been
investigated in younger animals, the majority of these studies
have focused on gestational exposure followed by later asses-
sment of toluene's effects in pre-weanling and older animals [see
review [5]]. For example, results from our laboratory and others
have shown that repeated, brief, high-concentration binge
maternal toluene exposure adversely impacts prenatal develop-
ment and early postnatal maturation of pups (PN22–PN63), as
well as their spontaneous exploration and amphetamine-induced
locomotor activity [5,8,22,27]. These results suggest that
exposure to high concentrations of toluene during early deve-
lopment may be more deleterious than exposure during
adulthood. Since inhalants are a class of compounds abused
primarily by teenagers and young adults, delineation of any age-
dependent differences during this developmental stage is
important for understanding abuse of these compounds.

To this end, the purpose of the current study was to evaluate
age-dependent and sex differences in responsivity to inhalants
such as toluene. Locomotor activity was chosen as the endpoint
for this investigation for a couple of reasons. First, the effects of
toluene and other abused inhalants on activity in rodents have
been well-characterized. For example, inhaled toluene concen-
trations similar to those encountered in abuse settings produce a
profile of effects in adult rodents that progress from motor
excitation at low concentrations (i.e., 500–4000 ppm) to
sedation, motor impairment and anesthesia at higher concentra-
tions of 6000–15,000 ppm [4,24,68]. Biphasic dose–response
curves for locomotor activity have also been documented for
acute concentrations of 1,1,1-trichloroethane (TCE; 500 ppm–
14,000 ppm) [6,4,60,64]. Concentrations of these solvents that
initially produce only sedation or anesthesia can result in coma
and ultimately death by respiratory depression when exposure is
prolonged or continuous [7]. Repeated exposure to solvents
such as toluene and TCE produces sensitization to the motor
increasing effects of these compounds [7,24]. Interestingly,
repeated toluene or TCE exposure also enhances cocaine's or
diazepam's motor increasing effects, respectively [3,64],
suggesting a common neurochemical pathway. The second
reason for assessment of locomotor activity (vs. other possible
dependent measures) was the resulting ability to investigate
sensitization, a phenomenon whereby initial drug-induced
stimulation of locomotor activity in rodents is enhanced
following repeated administration of the abused drug. Close
association between dopamine pathways that govern ambula-
tory motor activity and those involved in reward has led to the
hypothesis that locomotor sensitization represents a form of
neural adaptation that concomitantly results in an increase in the
sensitivity of reward pathways to stimulation by dopamine
[44,45]. According to the sensitization theory, this hypersensi-
tivity is progressive and may lead to an increase in subjectively
felt “wanting” or “craving” for the drug [44,45], resulting in
continued or increased use. Regardless of whether or not this
theory is ultimately validated, the behavioral phenomenon of
locomotor sensitization to drugs of abuse (particularly psycho-
motor stimulants) has been investigated in both adult and
adolescent rodents. Hence, the use of this measure facilitates
comparisons of patterns of behavior produced by repeated
exposure to toluene as compared to repeated administration of
other drugs of abuse.

2. Methods

2.1. Subjects

Timed pregnant adult femaleLong-Evans rats (Harlan,Dublin,
VA), ordered for arrival on gestation day 14, gave birth in the
animal facility at Virginia Commonwealth University a week later
to all immature (PN28–PN39 and PN44–PN55) rats included in
this study. Dams were individually housed in clear plastic cages
(52×28×22 cm) with sawdust bedding available in each cage for
nesting. The AAALAC-certified vivarium had a temperature-
controlled (20–22 °C) environment with a 12-h light–dark cycle
(lights on at 7 a.m.). The dams were left undisturbed except for
providing food, water, and fresh bedding until they gave birth
(postnatal day 0, PN0). Pups were sexed and culled to no more
than 10 pups per litter. Forty-eight litters were required for
completion of the entire study. Pups remained with their dams
until weaning at PN21. On PN21, pups were separated from the
dam and were randomly selected (one male and one female per
litter) for each of the treatment groups described below.
Subsequently, they were pair-housed with a same-sex rat from
another litter. The rat pups were tested for 10 days between ages
PN28–PN39 or PN44–PN55. Drug naïve rats in the adult
condition were ordered (Harlan) at an age from PN65–PN75 and
were also pair-housed with a same-sex rat. Adult animals were
allowed to acclimate to the vivarium for at least one week before
testing; hence, adult rats were at least PN70 when testing began.
We recognize that shipping stress may affect the behavior of rats;
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however, we note that baseline rates of activity (which might also
be affected by exposure to stress) were similar across age and sex,
although we also realize that this similarity does not necessarily
eliminate the possibility that toluene exposure may represent a
challenge that may bring out stress effects that are latent under
baseline conditions. Group sizes were as follows: 5 male and 5
female adult rats in the air group and in each toluene concentration
group; 8 male and 9 female rats aged PN28–PN39 in the air and
4000 ppm groups and 5 adolescent rats of each sex at each of the
other two concentrations; 5 female rats aged PN44–PN55 at each
toluene concentration plus 5 in the air condition; and 3 male rats
aged PN44–PN55 in the air condition, 4 male rats of this age that
were exposed to toluene 4000 ppm, and 5 PN44–PN55 male rats
at each of the other two toluene concentrations. PN44–PN55 rats
were tested in order to determine whether increases in activity
after repeated exposure in the younger PN28–PN39 rats was due
to sensitization or to a developmental increase in sensitivity.
Throughout the experiment, all rats had free access to food and
water in their home cages. These studies were carried out in
accordance with guidelines published in the Guide for the Care
and Use of Laboratory Animals (National Research Council,
1996) and were approved by the Institutional Animal Care and
Use Committee at Virginia Commonwealth University.

2.2. Apparatus

Vapor exposures were conducted in 29-l transparent glass
cylindrical jars (47 cm H×35 cm diameter; total floor
space=962 cm2) which were outfitted with Plexiglas tops.
Briefly, vapor generation commenced when solvent was injected
through a port in the Plexiglas top onto filter paper suspended
below the sealed lid and located 32 cm from the bottom of the
chamber, as described previously [67]. A fan, mounted on the
inside of the lid, was then turned on which volatilized and
distributed toluene within the chamber. Nominal chamber
concentrations did not vary by more than 10% from measured
concentrations as determined by single wavelength monitoring
infrared spectrometry (Miran 1A, Foxboro Analytical, North
Haven, CT). Two pairs of standard photocells, mounted at right
angles to each other outside and 4 cm above the glass bottom
inside each static exposure chamber, were used to measure
locomotor activity. Locomotor activity was operationally defined
as the sum of the interruptions of either photocell beam (counts)
during each 20-min exposure to air or inhalants. A computer with
Med-PC software and interfacing (Med Associates, Georgia, VT)
was used to record locomotor counts. In addition, the possibility
of human exposure to inhalants was minimized by housing the
vapor exposure chambers under a standard laboratory hood.
During all exposure sessions, the hood fan was turned on.

2.3. Procedure

Male and female rats (both pups and adult) were assigned to
receive exposure to air or to one of the toluene concentrations
(2000, 4000 or 8000 ppm). In order to control for possible litter
effects [26], each rat pup of a given age was randomly chosen
from a different litter such that none of the rats of the same age and
sex were from the same litter. An exception was that one male and
one female from the same litter may have received the same
toluene concentration (i.e., assignment of males and females to
groups occurred independently of each other). Toluene or air
exposure and locomotor testing began on PN28, PN44, or
NPN70. Rats of each age thatwere assigned to the air or 4000 ppm
were tested first. The choice of this concentration was based upon
our extensive prior research with toluene. After the large age
differences in the effect of 4000 ppm were observed, assessment
of a smaller and larger concentration (2000 and 8000 ppm,
respectively) was initiated in order to determine whether this
effect was concentration-dependent. Because the large number of
animals in the study and the small number of exposure chambers
(i.e., 2 chambers) prevented testing all rats during the same two-
week period, rats were tested in cohorts. Each cohort contained
rats of both sexes; some cohorts contained rats of the same age and
others contained rats of different ages. Timely completion of the
study required that rats be tested throughout the day during each
two-week test cycle. Each individual rat was tested at
approximately the same time each day; however, test times for
rats within the same group were spread throughout the day (e.g.,
one rat from a group may have always been tested in the morning
whereas another rat was always tested in the afternoon).

During the study, ratswere transported to the laboratory at least
1 h prior to the start of the experiment. Body weights were
measured daily during this pre-session period of acclimation to
the experimental environment. At the start of the session, each rat
was placed into one of the vapor exposure jars and exposed to air
or toluene during a 20-min session. After the session, each rat was
returned to its home cage. For the next 4 days, rats were exposed
daily to air or their assigned concentration of toluene during a 20-
min session. On days 6 and 7 of the experiment (PN33–PN34 and
PN49–PN50 for the two groups of immature rats/sex), animals
were left undisturbed in their home cages in the vivarium. The
purpose of this interruption in daily toluene exposure was to
determine the effects of intermittent (vs. continuous) administra-
tion, as the former has been shown to enhance development of
sensitization to locomotor stimulants [62,63]. Subsequently, rats
received 5more daily exposure and testing sessions (PN35–PN39
and PN51–PN55 for the two groups of immature rats/sex).
Throughout the exposure regimen, an individual rat was always
tested in the same exposure chamber. Due to the short duration of
adolescence in rats, placement into the locomotor chambers did
not occur prior to toluene or air exposure (i.e., no habituation
period). Nevertheless, baseline locomotor activity remained
relatively constant across all days of the study in all groups.

2.4. Chemicals

Toluene (T-324, Fisher Scientific Co., Fairlawn, NJ) was
purchased commercially (purityN99.5%). Vapor concentrations
were calculated nominal concentrations.

2.5. Statistical analysis

Locomotor counts were measured as the number of photocell
beam breaks. During toluene or air exposures, mean (±SEM)
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numbers of locomotor counts were calculated for the entire 20-
min session. A four-way split-plot ANOVA (age X sex X
concentration X exposure session) was performed on data for
all rats, with exposure session as the repeated factor and the
other three factors as the between-subjects factors. Power
estimates for each of the main effects and the four-way
interaction exceeded 80% (0.8). Subsequently, separate two-
way split-plot ANOVAs were run for each sex and age
(concentration X exposure session). Changes in body weights
(weight on day 10−weight on day 1) were calculated for rats
within each age and sex group. Separate one-way ANOVAs
were performed to compare mean change in body weights
across toluene concentration in each group. When ANOVAs
were significant, Tukey post hoc tests (α=0.05) were used to
compare individual means.

3. Results

3.1. Weight

As expected, immature rodents of both sexes weighed less
than same-sex adult rodents. Further, they exhibited more
weight gain over the course of the two-week exposure period
than did adults. Within each age group, however, toluene did
not significantly affect the amount of weight gain for either sex
(pN0.05 for each one-way ANOVA; data not shown),
Fig. 1. Effects of toluene and air on locomotor counts in female (top panels) and m
panels), and adult (NPN70; right panels). Each point represents the mean (±SEM) of l
session. N=5 adult rats of each sex at all concentrations; N=9 female and 8 male ado
8000 ppm; N=5 female rats aged PN44–PN55 at all concentrations, 3 male rats aged P
this age group for 2000 and 8000 ppm. ⁎Indicates significant ANOVA interaction and
interaction and Tukey post hoc difference (pb0.05) from air. $Indicates a significant
collapsed across concentrations). In addition, analysis of data for male rats aged PN
results indicated a significant difference (pb0.05) of 4000 ppm from air (collapsed
suggesting that toluene did not affect growth rate (i.e.,
decreased weight, had it occurred, would have been a possible
indication of toxicity).

3.2. Locomotor activity

The initial 4-wayANOVA revealed significantmain effects for
all four factors: age [F(2,107)=31.1, pb0.01], sex [F(1,107)=
10.6, pb0.01], concentration [F(3,107)=42.3, pb0.01], and
session number [F(9,944)=84.4, pb0.01]. In addition, most of
the 2- and 3-way interactions were significant, including
interactions for age X concentration [F(6,107)=15.4, pb0.01],
sex X session [F(9,944)=3.9, pb0.01], concentration X session
[F(27,944)=12.8, pb0.01], sex X age X session [F(18,944)=
1.9, pb0.01], sex X session X concentration [F(27,944)=2.6,
pb0.01], as well as the 4-way age X sex X concentration X
exposure session interaction [F(54,944)=2.0, pb0.01]. Given
the complex pattern of significant differences, all subsequent
analysis of the results was based upon separate 2-way
(concentration X session) ANOVAs for each age and sex group.

Fig. 1 shows the effects of exposure to toluene and air on
locomotor activity in female (top panels) and male (bottom
panels) rats across three different ages. In female adolescent rats
(PN28–PN39) [Fig. 1, top left panel], post hoc analysis of the
significant concentration X session interaction [F(27,208)=
3.84, pb0.01] revealed that the locomotor activity of rats
ale (bottom panels) rats aged PN28–PN39 (left panels), PN44–PN55 (middle
ocomotor counts (measured as photocell beam breaks) during a 20-min exposure
lescent rats for air and 4000 ppm and 5 adolescent rats of each sex for 2000 and
N44–PN55 for air, 4 male rats in this age group for 4000 ppm, and 5 male rats in
Tukey post hoc difference (pb0.05) from day 1. #Indicates significant ANOVA
ANOVA main effect and Tukey post hoc difference (pb0.05) from day 1 (i.e.,
44–PN55 revealed main effect of concentration, for which Tukey post hoc test
across days), as indicated on the graph.
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exposed to any of the toluene concentrations (2000, 4000 or
8000 ppm) was significantly higher (compared to activity level
on day 1 and/or compared to air exposure) on several days
during the second week of exposure. Female rats aged PN44–
PN55 [Fig. 1, top middle panel] also showed significantly greater
activity as compared to air and to day 1 after several days of
exposure to 4000 or 8000 ppm toluene but not after exposure to
2000 ppm toluene [F(27,142)=5.71, pb0.01 for the concentra-
tion X session interaction]. Nevertheless, the 4-way overall
ANOVA results suggest that the magnitude of locomotor
stimulation produced by 4000 ppm toluene was significantly
greater in PN44–PN55 rats than in PN28–PN39 rats. The
pattern of toluene effects observed in adult female rats was
similar to those at younger ages (Fig. 1, top right panel), with
one notable difference. In adult female rats, 4000 ppm toluene
significantly increased activity on the first day of exposure
(as compared to the air condition) and activity remained
elevated throughout the rest of the two-week exposure period
[F(27,144)=2.7, pb0.01 for the concentration X session
interaction]. Initial activity was not increased by any other
toluene concentration in adults and was not increased by any
concentration in younger and older adolescents. Increased
activity as compared to day 1 was also observed with exposure
to 8000 ppm toluene, but this increase did not occur until day
4 of exposure, indicating the development of sensitization.
The increased activity produced by 8000 ppm over time was
also significant compared to the air group on days 8 and 9 of
exposure. The magnitude of increases in activity seen in adult
female rats during exposure to 4000 and 8000 ppm toluene
was significantly greater than the magnitude of increases that
occurred in younger rats, as suggested by results of the 4-way
ANOVA.

In male adolescent rats (PN28–PN39) [Fig. 1, bottom left
panel], post hoc analysis of the significant concentration X day
interaction [F(27,190)=1.96, pb0.01] revealed that exposure
to 8000 ppm toluene significantly increased activity as
compared to air on the 10th day of exposure. In addition,
changes across time occurred at the 4000 and 8000 ppm toluene
concentrations. Each of these concentrations significantly
increased activity (compared to initial exposure to the
concentration) on several days during the latter part of the
first week and during the second week of exposure. Analysis
of the data for male rats aged PN44–PN55 [Fig. 1, bottom
middle panel] showed significant main effects for concentration
[F(3,13)=6.03, pb0.01] and day [F(9,116)=4.43, pb0.01],
but the concentration X day interaction [F(27,116)=1.0,
pN0.05] was not significant. Post hoc analysis of the main
effect for concentration revealed that exposure to 4000 ppm
toluene (collapsed across day) significantly increased activity as
compared to air exposure. In addition, post hoc analysis of the
main effect for day showed significant increases in activity
(collapsed across toluene concentration) during the second
week of exposure. The activity of adult male rats (NPN70) was
also enhanced by exposure to 4000 ppm toluene with respect to
air exposure and across days [F(27,144)=7.68, pb0.01 for
concentration X day interaction] (Fig. 1, bottom right panel).
Post hoc analysis of this concentration X day interaction
revealed that, from day 3 onward, 4000 ppm toluene
significantly increased activity compared to air and compared
to its initial effect on day 1. Further, the pattern of significant
results in the overall 4-way ANOVA suggests that the
magnitude of the locomotor stimulation produced by
4000 ppm toluene in adult male rats was significantly larger
than the stimulation observed in either group of younger rats.

4. Discussion

Over the range of concentrations assessed in the present
study (2000–8000 ppm), toluene produced only increases in
activity. The pattern of these activity increases varied widely as
a function of concentration, number of exposure sessions, age
and sex. Acutely, exposure to 2000 or 8000 ppm toluene failed
to alter locomotion in rats of any age or sex. Only the 4000 ppm
concentration of toluene increased activity upon initial
exposure. Further, it did so only in female adult rats, although
a main effect of this concentration (collapsed over sessions) was
also observed in males aged PN44–PN55. In general, previous
studies in adult male mice [4,13,66] and rats [24,25,68] have
shown that toluene's acute locomotor effects are biphasic:
excitatory at lower concentrations (i.e., 500–4000 ppm)
followed by sedation and motor impairment at higher
concentrations (i.e., 6000–15,000 ppm) with recovery of
function shortly after removal from toluene exposure. While
the discrepancies between the results for adult male rats in this
study and those of previous reports are somewhat puzzling, a
wide variety of factors have been shown to contribute to the
pattern of effects produced by a given solvent or drug on motor
activity, including age, sex, task parameters (e.g., habituation,
duration), species, and strain. In particular, previous studies
have demonstrated inter-strain differences in the CNS effects of
pesticides and inhaled anesthetics in adult male rodents [32,51],
suggesting that strain may have played a role in the
discrepancies noted above. At least one previous study, for
example, reported that 5000 ppm was the minimal effective
concentration required to produce increases in motor activity in
adult male Long-Evans rats [25]. Since toluene effects on the
motor activity of female rodents or adolescent rodents of either
sex have not been well-studied, it is difficult to determine
whether or not results would differ under parameters used in
other labs.

In contrast to the lack of acute toluene effects on locomotion
in most of the groups, clear evidence of sensitization was
observed with repeated exposure. During at least one of the later
sessions, one or more concentrations of toluene increased
activity, compared to air and compared to initial toluene
exposure, in rats of all ages and both sexes. While a few
previous studies have reported the development of sensitization
after repeated exposure of adult male rodents to inhaled [62,63]
or systemically administered toluene [40–42], the present study
is perhaps the first to examine the effects of toluene in a
sensitization paradigm in adolescent rats. Our results here reveal
that development of sensitization to the locomotor stimulant
effects of toluene in adolescent rats of both sexes was minimal
and did not occur until the second week of exposure sessions.
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Development of sensitization in older rats of both sexes was
both quicker and more pronounced, as it occurred during the
first week of exposure and with successive increases in
magnitude during the period of transition from adolescence to
adulthood. Several factors may have conceivably played a role
in mediation of these age differences following acute and
repeated exposure to toluene. Since this study was develop-
mental in nature, maturation may have contributed to age
differences in drug effects. Indeed, chronic daily exposure to
very high concentrations of toluene (10,000–40,000 ppm) from
PN3 to age 8 weeks resulted in pronounced hypnotic effects and
loss of righting reflex in male rats at PN3 [30]. The magnitude
of toluene-induced hypnotic effects and loss of righting reflex
were dramatically reduced during adolescence followed by a
partial return to levels observed during infancy by adulthood at
8 weeks. This effect was not due to tolerance, as initial exposure
to toluene at 8 weeks was similar to that observed in the
chronically exposed rats, nor was it due to age-related changes
in toluene elimination, as brain and liver levels were similar in
the 8-week-old rats regardless of length of toluene exposure.
Hence, although toluene concentrations used in the present
study were 10-fold lower than those in this previous study, it is
nevertheless possible that the decreased effects of acute
exposure to toluene on locomotion in adolescents resulted
from maturational differences in sensitivity to toluene; i.e.,
adolescents younger than at least PN35 (age at which first
increases over air or day 1 occurred) had not yet reached an age
where sensitivity to toluene or other solvents had developed. If
this were the case, however, we would have expected to see
increased activity upon initial exposure in the PN44–PN55,
which was not observed. A second alternative is that
adolescents require a longer period of exposure before stimulant
effects on motor activity appear. In this case, we would expect
to see results like those we obtained; i.e., initial exposure did not
increase activity in PN44 rats, even though the animals in the
PN44–PN55 group were only slightly older at the start of the
exposure regimen than the adolescents were at the end.
Interestingly, this group also showed a pattern of sensitization
development that was mid-way between those of adolescents
and adults. Hence, maturation cannot fully account for age
differences seen here.

Age differences in toluene pharmacokinetics are another factor
that could have affected response following exposure. Levels of
isoenzymes of cytochrome P450, a primary hepatic enzyme
responsible for toluene metabolism to benzyl alcohol and o- and
p-cresol, have been shown to vary across age and sex in drug-
naïve rats [34,35,61], although functional consequences of these
differences on behavior have not been demonstrated. Since
pharmacokinetic parameters were not measured in the present
study, their influence cannot be completely eliminated. For
example, levels of CYP2E1, the P450 isoenzymemost commonly
associated with toluene metabolism, decrease between the ages of
3 and 8 weeks in both male and female and levels of CYP2C11,
which is associated with toluene metabolism in male rats only,
increase [57], suggesting that younger rats might metabolize
toluene more quickly. Several other findings, however, argue
against age-related pharmacokinetic differences as a sole explana-
tion for the observed age differences in toluene's effects on
activity. First, whereas 4000 ppm toluene dramatically increased
activity in adult and PN44–PN55 rats during the first week of
exposure, a 2-fold increase (4000 to 8000 ppm) or decrease
(4000 to 2000 ppm) in toluene concentration failed to produce any
change in responsivity of the adolescent rats, as compared to air
exposure. Some degree of change would have been expected over
this concentration range if younger rats were merely metabolizing
toluene at a faster or slower rate. Second, prior to puberty male
and female rats have approximately equal levels of CYP2E1 [34];
yet, female adolescent rats in this study exhibited greater toluene-
induced stimulation of activity than did male adolescent rats,
particularly during the second week of exposure. Finally, adoles-
cent animals have also been found to be differentially sensitive to
the acute effects of other CNS depressants that do not share the
same pharmacokinetic mechanisms as toluene. Indeed, previous
studies have shown that the degree to which a specific drug will
affect adolescents differently than adults may be affected by
multiple factors, including the specific behavior measured [55],
the exact age of the animal [59], and the route of administration
[43]. For example, adolescent rodents are less sensitive to ethanol-
induced motor disruption and loss of righting reflex than are adult
rodents [23,33]. Similarly, zolpidem, but not pentobarbital, also
produced shorter sleep times in adolescent mice than in adults
[33]. Mechanistic studies have suggested that these behavioral
differencesmay co-occurwith developmental changes in underly-
ing neural systems [for review [55]], including alterations in
GABAA receptor binding [33]. Similar to ethanol, toluene inter-
acts with GABAA receptors [1,2], suggesting that this mechanism
may also contribute to the age differences observed in the present
study. In addition, younger animals have been shown to develop
less locomotor sensitization than adult animals following repeated
exposure to other drugs of abuse such as alcohol [12,39], cocaine
[14,28], amphetamine [29], and methylphenidate [9,10]. Togeth-
er, these results suggest that initial sensitivity to the acute loco-
motor effects of toluene (and perhaps those of other inhalants)
follows a developmental time-course in which sensitivity increases
as rats leave adolescence and enter adulthood.

In addition to age differences in toluene's effects on activity,
our results also demonstrate pronounced sex differences.
Although both sexes showed the same general pattern of
enhanced sensitivity with age, both acute and repeated effects of
toluene on locomotion were more pronounced in females of all
ages as compared to age-matched males. Further, these
differences were observed without evidence of any sex
differences in baseline activity (i.e., activity after air exposure),
which are sometimes reported [58]. The fact that these sex
differences in toluene's effect on activity occurred in pre-
pubertal adolescents and in both groups of older rats suggests
that the differences were not entirely related to hormonal status.
These results are also in agreement with other studies
demonstrating that females may be more sensitive to the effects
of abused drugs [15]. For example, several studies have shown
that females are more sensitive than males to alterations in
locomotor activity following administration of stimulants such
as cocaine [36,49,50], d-amphetamine [20,56] and MDMA
[37]. Development of the sensitization to the elevated locomotor
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activity seen in rats treated repeatedly with stimulants has been
demonstrated to be mediated by dopaminergic activation [38].
Interestingly, there is now evidence that dopaminergic systems
may also play a role in the acute, and possibly the long term,
effects of toluene on locomotor activity as well [40–42]. Indeed,
cross-sensitization has been shown from cocaine to toluene [3].
Sex differences have also been reported in preclinical studies
with CNS depressants, including ethanol and pentobarbital [17–
19,69], although pharmacokinetics likely contributes strongly to
sex differences in ethanol sensitivity. In contrast, males were
reported to be more sensitive to the locomotor effects of high
concentrations of toluene (10,000–30,000 ppm) in an early
study [21], although comparisons were based upon observation
of a few rats without accompanying statistical analysis. The
extent to which sex-dependent differences in metabolism or
other pharmacokinetic parameters may contribute to the
observed sex differences in the behavioral effects of toluene
and other CNS depressants has not yet been determined.

In summary, this study presents initial evidence that repeated
exposure to abuse patterns of high concentrations of toluene
through inhalation can significantly alter spontaneous locomotor
behavior in rats and the expression of these sensitivities appears to
depend upon both the age and sex of the animal. Compared to
adults, adolescent rats exhibit less sensitivity to the initial effects
of toluene and show less sensitization with repeated exposure.
The reasons for these differences are unclear. The sensitization
theory proposes that sensitization represents a neural adaptation
within dopaminergic reward pathways; hence, one possibility is
that the decreased sensitization to the effects of toluene and other
abused substances observed in adolescent animals may reflect
developmental differences in the brain's dopamine system, as
previous research has shown that this system undergoes massive
pruning and re-organization during adolescence [52,53].Whether
these early exposures result in enduring effects on behavior or
brain development, however, remains to be determined. It is
possible that repeated toluene exposure may produce long-lasting
changes in brain development which may lead to brain systems
being hypersensitive to toluene and other drugs of abuse. How-
ever, these results also indicate that further studies are necessary to
evaluate neurochemical and metabolic activity in animals
exposed to toluene to ascertain the degree to which these factors
may play a role in the observed age-dependent differences in
sensitivity. Finally, these results emphasize the importance of sex-
related behavioral differences in response to toluene.
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