
Ashdin Publishing
Journal of Drug and Alcohol Research
Vol. 3 (2014), Article ID 235841, 9 pages
doi:10.4303/jdar/235841

ASHDIN
publishing

Research Article

Long-Term Behavioral Consequences of Prenatal Binge Toluene
Exposure in Adolescent Rats�
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Abstract The continued abuse of inhaled organic solvents, especially
among women of childbearing age, raises the risk of long-term behav-
ioral effects of maternal toluene abuse. In this study, the effects of
short-term exposures to high toluene concentrations (i.e., “binges”)
were tested in independent groups of adolescent rats with different
toluene treatments: (a) acute: 30-day-old animals exposed for 30 min
to air (A) or 6,000 ppm toluene (T); (b) prenatal and postnatal: rats
exposed to T or A from gestation days 8–20 and re-exposed to T or A
from postnatal day (PN) 22 to PN30 (A/A, T/A, A/T, and T/T, resp.).
On PN30, animals were evaluated in different tests. Postnatal toluene
exposure produced anxiolytic-like effects in the burying behavior test,
and the T/T group received the highest number of electrical shocks.
Antinociception was observed in the T, A/T, and T/T groups in the hot-
plate test. All toluene treatments impaired short-term memory in the
object recognition test, but only postnatal exposure impaired long-term
memory in the passive avoidance test. Sensitization occurred in the T/T
group in locomotor activity. These results indicate that prenatal expo-
sure to a concentration of toluene that does not produce evident mal-
formations can modify behavioral toluene’s effects in adolescent rats.
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1. Introduction

Abuse of volatile substances is a hazardous behavior that
has been documented throughout the world [19,33,42].
Once observed almost entirely in males, volatile substance
abuse has increased in females and the gender gap is
narrowing [48]. Because volatile substance abuse has been
documented to progress into adulthood, there are concerns
that abuse by pregnant women may be rising [5,37,41]
with potential adverse pregnancy outcomes, including
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developmental delays and neurobehavioral problems in
children born to inhalant abusers [6,17,27,36].

Merit for these concerns comes from several reports that
have shown that toluene abuse by pregnant women results
in numerous developmental disorders and malformations
in their children [1,2,25,28,29]. Women who abused
toluene during their pregnancy gave birth to infants
who were typically premature, stunted in their growth
and had microcephaly. These infants also had distinct
dysmorphology including deep-set eyes, small face, low-set
ears, micrognathia, spatulate fingertips, and hypoplastic
fingernails [2,25,28,29,32,54]. Also, exposure to very high
levels of abused solvents like toluene during pregnancy has
been reported to result in fetal or infant death [2,25,28,29,
32,54,60].

Very little is known clinically or preclinically about the
effects of prenatal toluene exposure. Only a handful of stud-
ies have examined gross dysmorphology following patterns
of prenatal toluene exposure that mimic inhalant abuse (i.e.,
repeated, high dose short exposures) [8,10,12,26,59]. In
previous work examining prenatal binge toluene exposure,
repeated 15 min (8,000 or 12,000 ppm) exposure twice a day
(30 min total per day) from Gestation Day 8 (GD8) through
GD20 produced significant increases in total minor and
gross malformations, including reduced body weight, soft
tissue anomalies (e.g., missing eyes), and skeletal abnor-
malities (shortened and/or missing digits and missing limbs,
reduced skeletal ossification), “runting” and fetal or postna-
tal death [8,51]. Growth deficits were more prevalent when
repeated exposures to high concentrations were increased to
30 min binge exposures in rats [11] and mice [51]. This pat-
tern of prenatal exposure to toluene also resulted in a higher
incidence of gross morphological anomalies including
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shortened and/or missing digits and missing limbs [12]. In
all of these studies, in utero toluene binge exposures resulted
in significant increases in poor perinatal outcome (i.e., a
combination of malformations, “runting,” and neonatal
death) without affecting maturational milestones.

While the above studies have focused on fetal devel-
opment, little is known about the long-term effects of
in utero toluene exposure on behavior, especially during
adolescence. This is an important period because of the
increased drug use in humans in this age group. During
adolescence, numerous neural changes occur [50] including
an increase in connectivity between the nucleus accumbens
and the prefrontal cortex [20]. Widespread changes in the
brain during adolescence have also been linked to greater
long-term deleterious effects of drug use than use started at
later ages [52,53]. To our knowledge, only one study has
examined the long-term effects of in utero toluene exposure
on adolescent behavior [14]. In this study, prenatal toluene
exposure resulted in small alterations in spontaneous
activity as compared to nonexposed rats with prenatal
exposure to 12,000 ppm toluene resulting in significant
hyposensitivity to the locomotor stimulatory effects of the
amphetamine challenge in male but not female rats on
PN28 [14]. These results suggest that prenatal exposure to
high concentrations of toluene through inhalation can alter
later behavior in rats. To our knowledge, there are no studies
that have analyzed the combination of gestational exposure
and postnatal chronic exposure to toluene in adolescent
rats. Therefore, in the present study we analyzed the
effects of short-term, high-concentration toluene exposure
(6,000 ppm) in rats exposed prenatally and/or during
adolescence on locomotor activity, anxiety-like response,
nociception and learning. This concentration of toluene was
chosen because abuse in humans typically involves > 20
deep inhalations of very high solvent concentrations (likely
greater than 5,000 ppm) over a very short period of time
(10–15 min) [16,40,61]. Also because 6,000 ppm toluene
produces clear effects in several preclinical behavioral
tests [9]. We hypothesized that prenatal toluene exposure
would have an adverse impact in the behavior of adolescent
rats re-exposed to toluene at a concentration that is not high
enough to produce malformations.

2. Materials and methods

2.1. Animals

Wistar rats from our breeding facilities were used in this
study. Animals were individually housed in polycarbonate
cages with wood chip bedding, with ad libitum access to
drinking water and food under controlled conditions of
temperature (22 ± 2 °C) and light (12:12 PM light:dark
cycle). All experimental procedures were approved by our
local Ethics Committee on Animal Experimentation (Pro-
tocol No. 380-07), and were in accordance to regulations

established in the Mexican official norm for the use and
care of laboratory animals “NOM-062- ZOO-1999” and
ethical standards for investigation of experimental pain in
animals [67].

Rats were allowed to acclimatize for one week before
mating; vaginal smears were obtained daily to register the
stage of the cycle. Adult rats (200–250 g) were placed
overnight in harems of two females and one sexually
experienced male. The presence of semen in vaginal smears
confirmed pregnancy and when positive, it was considered
gestational day zero (GD0).

2.2. Toluene exposure

Individual pregnant or adolescent rats were placed into
a static exposure chamber to be exposed to air (control)
or 6,000 ppm toluene (99.8% high-performance liquid
chromatography grade; Sigma-Aldrich, Mexico) for
30 min, twice a day, between 07:00 AM and 16:00 PM.
Exposures were conducted under a fume hood to ventilate
toluene vapors away from laboratory personnel. Toluene
concentrations and exposure times were chosen to mimic
binge patterns of toluene exposure, which are typical of
intentional solvent intoxication. The chambers consisted
of sealed 29-L cylindrical glass jars covered with acrylic
lids with injection ports. The lids were equipped with a
fan and a stainless steel mesh box holding filter paper
that projected into the jar. After placing a rat into the
chamber, the lid was replaced and a calculated amount of
solvent was added to the filter paper from which the fan
volatilized the solvent. Calculated nominal concentrations
were confirmed with a gas chromatograph coupled to a mass
spectrophotometer detector (Model GCQ, Finnigan MAT,
San Jose, CA, USA) and a PONA Chromatography column
of 50 m length, 0.25 mm internal diameter, and 0.5µm film
(Hewlett Packard, Palo Alto, CA, USA). At the end of the
exposure period, dams were returned to the vivarium into
their home cages until the next exposure. Chambers were
routinely cleaned between animal exposures.

2.3. Behavioral evaluation

The evaluation of anxiety-like behavior (burying behavior
test), nociception (hot-plate test), long-term, short-term
memory (step-through inhibitory avoidance task and object
recognition test), and locomotor activity was conducted at
PN30 in all groups, immediately after the last (or only)
exposure to air or toluene. All the experimental sessions
were videotaped and analyzed by an observer unaware of
treatment conditions.

2.3.1. Burying behavior test

Rats were individually placed in a cage (15× 24× 11 cm)
with an electrified prod (7-cm long) emerging from one of
the walls 2 cm above the bedding material consisting of fine
sawdust. Every time the animal touched the prod it received
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an electric shock of 0.3 mA. The source of the shock was a
constant current shocker (La Fayette Instruments Co., model
5806) and the prod remained electrified throughout the test.
Immediately after introducing the animal in the cage, behav-
ior was registered for 10 min. Once the animal received the
first shock, it typically moved towards the prod recognizing
it as the aversive stimulus. The animal would then spray and
push a pile of bedding material ahead with rapid alternating
movements of its forepaws. The parameters registered were
the cumulative burying behavior (cumulative time, in sec-
onds, that the animals spent burying the prod) and the total
number of shocks received during the test. Both a decrease
in the cumulative time of burying behavior and an increase
in the number of shocks were interpreted as anxiolytic-like
responses [56,57]. It is worth mentioning that false posi-
tives can occur in this test if animals are unable to feel the
shock [55] or to recognize the prod as the source of the
aversive stimulus due to learning impairment [43,67].

2.3.2. Hot-plate test

For nociception testing, each rat was introduced into a glass
cylinder (20 cm diameter and 25 cm height) placed at the
center of a metal plate adjusted at 53± 0.5 °C. Within sev-
eral seconds, the animal typically displayed the forepaw lick
behavior, which is a specific response evoked by the ther-
mal stimulus. If this response did not occur, the test was
concluded after 30 s to prevent tissue damage. Increases or
decreases in the latency to forepaw lick indicated antinoci-
ception and pronociception, respectively [65].

2.3.3. Step-through inhibitory avoidance task

This test evaluated long-term, declarative memory and is
based on the natural dark-seeking behavior of rats. It is a
fear-motivated task in which the rat refrains from stepping
through a door to an apparently safer dark compartment
previously (−24 h) linked to a punishment [34,35]. The
apparatus had two acrylic compartments (9 × 15 × 32 cm,
each), one illuminated and one dark, separated by an
automatic door. The illuminated side had a 60-watt light
bulb. The floor of both compartments was made of stainless
steel rods (3 mm diameter) spaced 1 cm apart and the floor
of the dark chamber could be electrified. On habituation day,
animals were placed in the lighted compartment for 30 s,
the door was opened, and the latency to step-through was
measured, after which the animal was returned to its home
cage. The training session (acquisition trial) was conducted
the next day. A single rat was placed in the illuminated
compartment for 30 s, and thereafter the door was opened.
Once the animal entered the dark compartment, the door was
closed and an electric foot-shock (0.8 mA, 1 s in duration)
was delivered through the grid floor. Ten seconds after
receiving this shock, the animal was removed from the dark
compartment and returned to its home cage. Twenty-four

hours later in the retention trial, the rat was placed again
in the illuminated side; 5 s later the door was opened and
the step-through latency was measured. Animals that failed
to enter the dark compartment within 5 min were removed
from the apparatus and assigned a ceiling score of 300 s.

2.3.4. Object-recognition test

This test is based on the spontaneous behavior of rats
to differentially explore familiar and new objects [21]
and it is used to study short-term, declarative memory,
and attention. One day prior to training, animals were
habituated to the arena (44× 34× 20 cm) for 5 min in the
absence of objects. During the training session, each rat
was allowed to explore two identical objects (325-mL red
cans or 250-mL clear plastic bottles) located in the back
corners of the arena during 5 min. Exploration was defined
as the animal reaching or sniffing the object at a maximal
distance of 2 cm. Rats that did not explore the objects for
at least 15 s (less than 10%) were dismissed to avoid false
results due to poor basal exploratory activity. After training,
each rat was returned to its home cage and 30 min later
it was placed again in the arena for testing. During this
retention trial, one of the objects was changed by a novel
one, and the cumulative time spent by the animal exploring
each object was recorded for 5 min. Results are expressed
as the recognition index (RI), which results from dividing
the novel object exploration time by the total exploration
time. An RI value close to 0.5 indicates that animals spent a
similar amount of time exploring the familiar and the novel
object, while RI values greater than 0.5 suggest a preference
to explore the novel object over the familiar one.

2.3.5. Locomotor activity test

Motor activity was evaluated in an arena divided into 12
equal quadrants of 11× 11 cm each, by recording the num-
ber of quadrant crossings per minute during 5 min.

2.4. Experimental design

2.4.1. Acute exposure

Two groups were included as controls: adolescent animals
(30 days of age) exposed only once for 30 min to air (A) or
6,000 ppm toluene (T) and tested immediately after expo-
sure in each behavioral paradigm (n = 10 per group). Each
animal was evaluated only once. To control for stress, rats
were habituated for two consecutive days to the exposure
chamber for 30 min with the fan turned on.

2.4.2. Prenatal exposure

Individual pregnant females were exposed to air (control
group) or 6,000 ppm toluene from GD8 through GD20,
twice daily (7:00 AM and 16 h, 30 min each). Rats were
placed into their home cages in the vivarium with ad libitum
access to food and water between exposures.
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2.4.3. Postnatal exposure protocol

Beginning on GD20-21, dams were checked at 07:00 AM,
13:00 PM, and 19:00 PM to monitor the time of birth. For
animals born between 19:00 PM and 8:00 AM, the time of
birth was recorded at 24:00 PM. The day of birth was desig-
nated as postnatal day (PN) 0 and gestational length was cal-
culated accordingly. Pups were weaned on PN21 and housed
in groups of 5–6 same-sex littermates (or other animals from
the same age and treatment) with ad libitum access to food
and water. To avoid possible sex differences, only male pups
were used for this study. They were individually re-exposed
for 30 min to air or 6,000 ppm toluene, twice a day, 7 h apart,
from postnatal day (PD) 22 to PD30.

With this design, four treatment groups were estab-
lished: prenatal air + postnatal air (A/A); prenatal air +
postnatal toluene (A/T); prenatal toluene + postnatal air
(T/A); prenatal toluene + postnatal toluene (T/T).

2.5. Data analysis

Because data were not normally distributed, nonparametric
statistical tests were used. Differences between treated
and control acute groups (A vs. T) were analyzed using
the Mann-Whitney U test. This test was also used to
compare A versus A/A. A Kruskal-Wallis analysis of
variance (ANOVA) followed by Dunn’s test was utilized to
compare all toluene treated groups. An additional Kruskal-
Wallis ANOVA was performed among A/A, T/A, A/T, and
T/T. Post hoc comparisons were done using Dunn’s test.
All statistical analyses were conducted using Sigma-Plot
program (version 12, Jandel Scientific).

3. Results

Animals that were prenatally exposed to toluene (n = 100;
50 from T/A groups and 50 from T/T groups) were
examined at birth to look for evident skeletal or soft tissue
alterations. As expected, gestational exposure to 6,000 ppm
toluene did not produce craniofacial or morphological
alterations in the offspring.

3.1. Prenatal binge toluene exposure did not modify
toluene’s anxiolytic-like actions in the burying behavior
test, but increased the number of electric shocks
received by adolescent animals re-exposed to toluene

Figure 1(a) shows the effects of different schemes of toluene
exposure (acute, prenatal and/or postnatal) in the time spent
by adolescent rats burying the electrified probe. Acute
toluene (T) exposure significantly decreased the burying
behavior with respect to control rats exposed to air (A).
Chronic exposure to toluene during adolescence, alone
(A/T) or in combination with prenatal toluene treatment
(T/T) also decreased the burying behavior. Prenatal toluene
exposure per se (T/A) had no effect.

Figure 1: Acute and chronic exposure to toluene decreases
cumulative burying behavior (a) and increases the number
of shocks (b) received in the burying behavior test. A
= air, T = acute toluene exposure (6,000 ppm, 30 min);
++P < .01 (Mann-Whitney U test). A/A, T/A, A/T, and T/T
groups = the letters indicate prenatal/postnatal treatment (air
or 6,000 ppm toluene); &P < .05 (comparisons vs. A/A,
Dunn’s test). ∗P < .05 (comparison among toluene-treated
groups, Dunn’s test). Each bar represents the mean ±SEM
of 10 rats.

As to the number of shocks (Figure 1(b)), acute toluene
(T) produced a significant increase in this parameter. A simi-
lar effect was seen in rats chronically exposed to toluene dur-
ing adolescence (A/T). Interestingly, the combination of pre-
natal and postnatal exposure (T/T) resulted in a significant
increase in this effect with animals exposed in utero and re-
exposed later as adolescents receiving an average of almost
50 shocks per session. This value was significantly higher
than those observed in T (+31.23%) and A/T (+37.77%).
Prenatal toluene exposure by itself had no effect.
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Figure 2: Acute and chronic toluene exposure increases
nociception in the hot-plate test. A = air, T = acute toluene
exposure (6,000 ppm, 30 min); +++P < .01 (Mann-Whitney
U test). A/A, T/A, A/T, and T/T groups = the letters indicate
prenatal/postnatal treatment (air or 6,000 ppm toluene);
&P < .05 (comparisons vs. A/A, Dunn’s test). ∗P < .05
(comparison among toluene-treated groups, Dunn’s test).
Each bar represents the mean ±SEM of 10 rats.

3.2. Toluene induced antinociception in adolescent rats and
this parameter was not affected by prenatal treatment

Figure 2 shows the latency to forepaw lick behavior after
exposure to different toluene treatments (acute, prenatal
and/or postnatal) in adolescent rats in the hot-plate test.
A significant increase in the latency to this response was
observed after acute toluene (T) treatment with respect
to control rats exposed to air (A). Similar results were
seen in the groups chronically exposed or re-exposed to
toluene during adolescence (A/T and T/T). No significant
differences were observed among these three groups, as
they all reached the cutoff latency value (30 s). Prenatal
exposure to toluene (T/A) had no effect on the response to
a thermal stimulus as the latency to paw lick was similar to
that of control group.

3.3. Toluene impaired long-term memory in adolescent rats
in the passive avoidance test, independently of prenatal
toluene exposure

The effects of different schemes of toluene exposure in the
passive avoidance task are depicted in Figure 3. Acute and
chronic exposure to this solvent during adolescence, but not
during gestation, impaired long-term memory in the passive
avoidance test because animals entered the dark chamber in
less than 20 s despite having received an electrical shock in
that compartment 24 h before.

Figure 3: Acute and chronic toluene exposure impairs long-
term memory in the passive avoidance test. A = air, T =
acute toluene exposure (6,000 ppm); +++P < .001 (Mann-
Whitney U test). A/A, T/A, A/T, and T/T groups = the first
letter indicates prenatal treatment (air or 6,000 ppm), and the
second letter, postnatal treatment (air or 6,000 ppm toluene);
&P < .05 (comparisons vs. A/A, Dunn’s test). ∗P < .05
(comparison among toluene-treated groups, Dunn’s test).
Each bar represents the mean ±SEM of 10 rats.

3.4. Prenatal binge toluene exposure impaired short-term
memory in adolescent rats in the object recognition test

Figure 4 shows the effect of toluene on the object
recognition index in adolescent rats. In this case, all toluene
treatments, including prenatal exposure by itself (i.e., T,
T/A, A/T, and T/T), impaired object recognition to a similar
extent.

3.5. Prenatal exposure to toluene induced locomotor activity
sensitization in rats re-exposed to toluene

Figure 5 shows the effects of different schemes of toluene
treatment on locomotor activity in adolescent rats. As has
already been described, acute toluene exposure resulted in
a significant increase in locomotion with respect to control
rats (group T). Prenatal toluene exposure (group T/A) did
not affect general activity. Postnatal chronic exposure to
toluene either alone or combined with prenatal exposure
(groups A/T and T/T) significantly augmented locomotor
activity. Chronic postnatal exposure by itself (A/T)
approximately doubled the number of quadrant crossings
with respect to acute toluene exposure (T). Interestingly,
the combination of prenatal and juvenile exposures (T/T)
further increased locomotor activity by an additional 50%.

4. Discussion

The present study evaluated the behavioral effects of
toluene exposure in independent groups of adolescent rats
(acute: 30-day-old animals exposed for 30 min to air (A)
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Figure 4: Acute, prenatal, and chronic toluene exposure
impairs short-term memory in the object recognition test.
A = air, T = acute toluene exposure (6,000 ppm); ++P <
.01 (Mann-Whitney U test). A/A, T/A, A/T, and T/T
groups = the letters indicate prenatal/postnatal treatment (air
or 6,000 ppm toluene); &P < .05 (comparisons vs. A/A,
Dunn’s test). Each bar represents the mean ±SEM of 10 rats.

or 6,000 ppm toluene (T)) and compared these effects to
prenatally and postnatally exposed offspring (rats exposed
to T or A from gestation day 8–20 and re-exposed to T or
A from postnatal day (PN) 22 to PN30 (A/A, T/A, A/T,
and T/T, resp.)). Our results show that this binge pattern of
prenatal toluene exposure, which was not high enough to
produce evident physical malformations, was effective in
significantly impairing short-term memory, modifying the
response to an electrified prod in the burying behavior test,
and sensitizing adolescent rats to the locomotor stimulatory
effects of toluene.

4.1. Effects on memory

Mnemonic processes are particularly vulnerable to toluene
effects. Learning and memory impairments are common
among people chronically exposed to low solvent con-
centrations at work [18,66] or to high concentrations
in order to experience psychoactive effects [22,66]. In
preclinical studies, acute and chronic toluene exposure
through inhalation or via IP results in impaired short-term
memory in the object recognition test in mice [38,49,62]
and rats [31]. Similar results have been reported in other
experimental tests [58], which involve long-term memory or
the use of relatively low toluene concentrations. Our results
show that in utero exposure to toluene altered short-term
memory in the object recognition test, but not long-term
memory in a fear motivated test. This suggests that attention
processes are more sensitive than emotional reactions to
toluene’s prenatal effects.

Figure 5: Acute and chronic exposure to toluene increases
locomotor activity in the open field test. Prenatal toluene
treatment produces sensitization to this effect. A = air,
T = acute toluene exposure (6,000 ppm, 30 min); ++P <

.01 (Mann-Whitney U test). A/A, T/A, A/T, and T/T
groups = the letters indicate prenatal/postnatal treatment (air
or 6,000 ppm toluene); &P < .05 (comparisons vs. A/A,
Dunn’s test). ∗P < .05 (comparisons among toluene-treated
groups, Dunn’s test). Each bar represents the mean ±SEM
of 10 rats.

Deleterious effects on learning and memory have been
associated with changes in the expression of NMDA recep-
tor subunits NR1 and NR2 mRNA in the hippocampus of
mice [18,62], inhibition of hippocampal neurogenesis [49],
NMDA receptor antagonism, and nAChR antagonism [31].
It is necessary to evaluate whether these mechanisms are
also involved in the impaired memory observed in rats
exposed to toluene during gestation.

4.2. Effects on anxiety-like behavior

In the present study, acute and postnatal toluene exposure
(T, A/T, and T/T groups) decreased the cumulative burying
behavior, an effect which is generally considered as
anxiolytic-like [57]. Similar antianxiety actions have been
described in other animal models. For example, it has
been reported that toluene reinstates lever responses that
had been suppressed by punishment in adult rats [23,64]
and reduces ultrasonic vocalizations in neonatal rats [3].
Also, in mice subjected to the plus maze test, toluene
increases the total number of open arm entries and the
total time spent on the open arms [15,39]. These effects
are similar to those produced by classical anxiolytics [15]
and potentiation occurs when toluene is combined with
diazepam [23]. When comparing the effects caused by
acute toluene exposure with chronic postnatal treatments,
no significant differences were found; however, there was
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a lower anxiolytic-like action in rats exposed to toluene
during gestation and later re-exposed during adolescence
(group T/T) compared with those that received toluene only
once or several times during adolescence (T and A/T). This
reduction could be indicative of tolerance development.

Another parameter registered in the burying behavior
paradigm was the number of shocks that animals received
during the 10 min test. An increase in this number is usu-
ally interpreted as a reduction in anxiety [57]; nevertheless,
in a previous study we demonstrated that the unusual high
number of shocks that animals received after acute toluene
exposure was due, at least in part, to the animals’ inability to
recognize the electrified prod as the aversive stimulus [43].
When comparing the effect of different schemes of toluene
administration on this parameter, we found that the com-
bination of prenatal and postnatal toluene exposure (T/T)
resulted in a significant higher number of shocks than what
rats exposed acutely or chronically to toluene (T and A/T)
received, indicating that sensitization occurred.

False positives can occur either when animals do not feel
the electric shock in the burying behavior test [55] or fail
to recognize the prod as the source of the aversive stimu-
lus due to learning impairment [43]. Therefore, it is neces-
sary to be cautious in the interpretation of these data and
design experiments to determine if the observed sensitiza-
tion is related to antianxiety like effects, impaired memory,
decreased antinociception or a combination of these factors.

4.3. Locomotor effects

The locomotor stimulatory effects of toluene have been
extensively evaluated through different approaches. In
accordance with our results, other studies have shown
that acute inhalation and systemic toluene administration
increases locomotion [7,13,44]. The sensitization that we
observed after postnatal chronic toluene exposure (A/T) is
also in line with the observation that sensitization occurs
after binge toluene exposure in mice and rats [4,13,14,30].
We did not see any effect with toluene prenatal exposure
alone (T/A group), but this treatment sensitized animals to
toluene’s effects during adolescence (T/T group) to a degree
that was higher than what we saw with postnatal toluene
exposure (A/T).

Locomotor sensitization has been related to dopaminer-
gic activation in the mesolimbic system [63]. In line with
this idea, it has been demonstrated that toluene exposure
increases dopamine release and dopaminergic neuron activ-
ity in the mesolimbic system [24,45]. The sensitization the-
ory of addiction [46,47] suggests that an increase in locomo-
tor activity can predict reinforcing drug effects and addiction
liability. Based on these findings, it is reasonable to suppose
that rats exposed in utero to toluene can have increased vul-
nerability to the reinforcing effects of toluene and addiction
development.

It is interesting to note that in an earlier study, prenatal
toluene exposure to 12,000 ppm toluene resulted in
hyposensitivity to the locomotor stimulatory effects of
an amphetamine challenge in male but not female rats on
PN28 [14]; however, in that case rats were not re-exposed
to toluene. This suggests that prenatal toluene exposure
may have different impacts on early development of the
monoaminergic systems that might become evident only
under specific conditions (sex and postnatal treatment).

In conclusion, this study extends our animal model
of prenatal exposure to abuse patterns of inhaled toluene
by evaluating relatively brief, repeated exposures to high
concentrations of toluene in adolescent rats via inhalation.
We demonstrated that prenatally toluene-exposed rats
without obvious physical malformations had impaired
short-term memory in the object recognition test, received
the highest number of electrical shocks in the burying
behavior test and were sensitized to the stimulant locomotor
effects of toluene during adolescence.
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[31] A. Huerta-Rivas, C. López-Rubalcava, S. L. Sánchez-Serrano,
M. Valdez-Tapia, M. Lamas, and S. L. Cruz, Toluene impairs
learning and memory, has antinociceptive effects, and modifies
histone acetylation in the dentate gyrus of adolescent and adult
rats, Pharmacol Biochem Behav, 102 (2012), 48–57.

[32] A. G. Hunter, D. Thompson, and J. A. Evans, Is there a fetal
gasoline syndrome?, Teratology, 20 (1979), 75–79.

[33] M. Hynes-Dowell, P. Mateu-Gelabert, H. M. Barros, and
J. Delva, Volatile substance misuse among high school students
in South America, Subst Use Misuse, 46 Suppl 1 (2011), 27–34.

[34] I. Izquierdo, J. H. Medina, M. R. Vianna, L. A. Izquierdo, and
D. M. Barros, Separate mechanisms for short- and long-term
memory, Behav Brain Res, 103 (1999), 1–11.

[35] M. E. Jarvik and R. Kopp, An improved one-trial passive
avoidance learning situation, Psychol Rep, 21 (1967), 221–224.

[36] H. E. Jones and R. L. Balster, Inhalant abuse in pregnancy,
Obstet Gynecol Clin North Am, 25 (1998), 153–167.

[37] T. L. Kurtzman, K. N. Otsuka, and R. A. Wahl, Inhalant abuse by
adolescents, J Adolesc Health, 28 (2001), 170–180.

[38] B. F. Lin, M. C. Ou, S. S. Chung, C. Y. Pang, and H. H.
Chen, Adolescent toluene exposure produces enduring social and
cognitive deficits in mice: An animal model of solvent-induced
psychosis, World J Biol Psychiatry, 11 (2010), 792–802.
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