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Abstract

Rationale Adolescent inhalant use is an understudied and undertreated disorder, particularly in females. Chronic exposure
to inhalants, like toluene, can have long-lasting effects on behavior. However, most animal studies lack the incorporation of
both sexes and do not focus on the abstinence period.

Objective We assessed the behavioral effects during prolonged abstinence following repeated toluene inhalation in adoles-
cent male and female rats.

Methods We repeatedly exposed adolescent male and female Sprague Dawley rats to toluene vapor (1500 or 3000 ppm) for
6 days using the conditioned place preference (CPP) procedure. We tested drug-associated context preference, locomotion,
anxiety-like behavior, object memory, social preference, and cognitive flexibility across 22 days of abstinence.

Results In females, 3000 ppm toluene increased CPP on days 8 and 22 of abstinence but this effect did not reach significance
in males. Instead, males showed a significant increase in locomotion on days 7 and 21. Toluene also impaired social novelty
preference and reversal learning during long-term abstinence, but not anxiety-like behavior or object recognition memory.

Conclusions Our rodent findings suggest that female inhalant users may show persistent drug preference during abstinence
following chronic use. Furthermore, prolonged cognitive and social deficits should be addressed in treatment programs for
adolescents.
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lescents (Nguyen et al. 2016). During the COVID-19 pan-
demic, inhalant use in adolescents increased and remained
elevated (Pelham et al. 2023). While some countries report
a higher prevalence of IUD in males, others report a higher
prevalence in females (ESPAD Group 2020; Crossin and
Arunogiri 2020). Treating IUD remains a challenge and can
be hampered by long-lasting impairments in social and cog-
nitive functions associated with chronic use (Howard et al.
2010; Woodward and Braunscheidel 2023). Animal studies
could be helpful in characterizing the long-term effects of
toluene, the most commonly abused inhalant (Cruz et al.
2014). However, most prior studies did not characterize the
effects of prolonged abstinence following repeated toluene
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exposure, and assessed only males (reviewed in Cruz &
Bowen 2021).

A commonly used animal model of IUD is conditioned
place preference (CPP) with inhaled toluene vapor. Repeated
exposure to toluene vapor (700-5000 ppm for 6 condition-
ing sessions) has been shown to increase CPP in adolescent
male rodents (Gerasimov et al. 2003; Schiffer et al. 2006;
Lee et al. 2006; Wayman and Woodward 2018) for up to
7 days, but not 30 days, into abstinence (Wayman and Wood-
ward 2018). Toluene has also been found to impair object
memory in adolescents for several weeks into abstinence
(Lin et al. 2010; Montes et al. 2017), but had no lasting
effect on anxiety-like behavior (Lin et al. 2010; Bowen
et al. 2018). Repeated exposure to toluene has also been
shown to decrease social interaction in adolescent male
mice (Lin et al. 2010). However, toluene's effects on prefer-
ence for social novelty has never been tested in adolescents,
nor its effects on most cognitive behaviors.

In our study, we used an adolescent rat model of tolu-
ene CPP to assess the behavioral effects of repeated toluene
inhalation at moderate exposure concentrations (1500 and
3000 ppm). We assessed behavior during 22 days of absti-
nence in both males and females. We examined drug-associ-
ated context preference, locomotion, anxiety-like behavior,
object memory, social preference, and cognitive flexibility.
Our aim was to carry out a comprehensive assessment of the
behavioral effects of repeated toluene exposure in both sexes
that could be relevant for designing treatment programs.

Methods
Animals

Male (n=96) and female (n =99) adolescent Sprague Daw-
ley (SD) rats at 21 days of age (P21) were purchased from
BioLASCO (Taiwan). Rats of the same sex were pair-housed
in polypropylene cages (425 %266 X 185 mm) with corn cob
beddings and given ad libitum access to water and feeds
(Altromin 1324, Germany). The animal facility was a tem-
perature- and humidity-controlled environment (20-22 °C,
40-70% humidity) with a 12-h reversed light—dark cycle
(lights on: 1900-0700). Experimental procedures started in
adolescent (P29) rats after 7 days of acclimatization and
under the dark phase. All experiments were approved by the
University of the Philippines Manila Institutional Animal
Care and Use Committee (protocol no. 2021-008).

Conditioned place preference

The toluene conditioned place preference (CPP) proto-
col was adapted from previous studies in male SD rats
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(Gerasimov et al. 2003; Lee et al. 2004, 2006; Wayman and
Woodward 2018) with some modifications.

The CPP apparatus (La Jolla Alcohol Research, Inc.
(LJARI), USA) consisted of three distinct chambers: a
smaller gray middle chamber with a smooth acrylic floor
(21 x13x21 cm), a white conditioning chamber with a
smooth rubber floor (21 X27 %21 cm), and a black condition-
ing chamber with a textured rubber floor (21 X27 %21 cm).
Manually operated guillotine doors separated the cham-
bers. The black chamber where toluene was given had a
gasket installed around the lid and an inlet for air or tolu-
ene vapor was installed at the top. The white chamber had
holes at the lid to let air in. All three chambers had exhaust
tubes installed. Liquid toluene (99.5% analytical grade,
RCI Labscan, Thailand) was vaporized using custom-made
bubblers attached to computer-controlled air flow regulators
(LJARI, USA) at 2 or 3 Ipm (for 1500 or 3000 ppm toluene
vapor output, respectively). Toluene vapor concentrations
within the black chamber were calibrated to averages of
1500 ppm (range: 1000 to 1900 ppm) or 3000 ppm (range:
2200 to 3600 ppm) using a portable toluene gas detector
(Cosmos XP-336011, DOD Technologies, USA) with meas-
urements recorded every 15 s. Once rats were placed inside
the chamber, there was an initial 5-min period to allow tol-
uene vapor concentrations to reach target levels (1500 or
3000 ppm) which was then maintained for 30 min (Sup-
plementary Fig. 1).

We chose 1500 and 3000 ppm to determine if there is
a relationship between the toluene exposure concentra-
tion and behavioral effects. Toluene CPP has been previ-
ously demonstrated using a concentration of as low as
700 ppm in mice (Funada et al. 2002) and 1895 ppm in
rats (Gerasimov et al. 2003), hence we explored whether
1500 ppm will produce CPP in SD rats. We chose 3000 ppm
as the higher concentration based on previous studies dem-
onstrating CPP at this level (Gerasimov et al. 2003; Lee
et al. 2006; Wayman and Woodward 2018). We did not
include 5000 ppm in our study based on prior reports that
this concentration failed to produce CPP, and even trig-
gered conditioned place aversion (Schiffer et al. 2006; Lee
et al. 2006). In a pilot study in which we exposed rats to
5000 ppm toluene vapor, we observed lethargy and excessive
salivation, which could interfere with learning drug-context
associations during CPP conditioning.

The CPP protocol consisted of three phases: precon-
ditioning, conditioning, and test phases. Preconditioning
phase: Adolescent rats (P29 to P52) were placed in the
center gray chamber with the guillotine doors closed. After
2 min, the doors were opened, and the rats were allowed to
explore all three chambers for 15 min. Each rat’s initial pref-
erence score was calculated by the time spent in the black
chamber (where toluene will be given) over the sum of the
time spent in both black and white conditioning chambers.
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Rats were assigned to match the average group preference
scores between air (control group), 1500 ppm toluene, or
3000 ppm toluene groups. Conditioning phase: Toluene
groups were exposed to toluene vapor in the black cham-
ber and air in the white chamber with the guillotine doors
closed (Fig. 1A). The control group was exposed to air in
both conditioning chambers. For 12 days, rats underwent one
30-min conditioning session per day. Rats received air on the
first day, then air (control group) or toluene vapor (toluene
groups) the next day, with alternating air and toluene con-
ditioning sessions on subsequent days. The toluene groups
received a total of six air and six toluene conditioning ses-
sions, while the control group received 12 air conditioning
sessions (Fig. 1B). Test phase: One day after the last toluene
conditioning day (day 13, termed test day 1 (D1), rats were
placed in the center gray chamber with the guillotine doors
closed. After 2 min, the doors were opened, and the rats
were allowed to explore all three chambers for 15 min. A
CPP ratio score was calculated as the time spent in the black
chamber (where toluene was given) divided by the sum of
the time spent in both black and white chambers (Yates et al.
2013; Sun et al. 2017; Jia et al. 2023). A CPP difference
score was calculated as the time spent in the black chamber
minus the time spent in the white chamber during test. The
CPP test was repeated on D8 and D22 of test phase.

Experimental design

To determine the behavioral effects of repeated toluene
exposure during the test phase, a total of 87 male and 90
female adolescent SD rats were exposed to air, 1500 ppm
toluene, or 3000 ppm toluene. These rats were then tested for
various behaviors during the 22-d test phase (Fig. 1B). Due
to a large number of behavioral tests, we did not run all tests
in each rat. Prior to all behavioral tests, rats were allowed to
habituate to the testing room for 1 h. Behavior was recorded
using video cameras and analyzed using ANY-Maze version
7.33 (Stoelting Co., USA).

To determine the concentration of toluene in the blood
following inhalation, 9 male and 9 female rats were exposed
to air or 3000 ppm toluene vapor under the CPP condition-
ing schedule (Fig. 1B). Blood was drawn from the tail vein
immediately after the first and last toluene vapor exposure
and 24 h after the last exposure. Toluene levels from the
blood samples were measured using a validated headspace
gas chromatography method.

Elevated plus maze test

Rats underwent the elevated plus maze (EPM) test on D2,
D6, and D20 of test phase. The EPM (Stoelting Co., USA)
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Fig.1 Experimental design. A Toluene CPP conditioning was
performed using a three-chambered apparatus in which rats were
exposed to air in a white chamber and to toluene vapor in a black
chamber. Control rats were exposed to air in both chambers. Dur-
ing test, rats were tested for chamber preference. B The condition-
ing phase consisted of 12 days of alternating air and toluene expo-

sures. One day after the last toluene exposure, rats initiated 22 days
of drug-free abstinence and underwent a battery of behavioral tests.
CPP Conditioned Place Preference, EPM Elevated Plus Maze, OFT
Open Field Test, NOR Novel Object Recognition, SSN Sociability and
Social Novelty Tests, Reversal Reversal Learning
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had two enclosed arms (50 X 10 cm) with 40 cm-high walls
and two open arms without walls (50% 10 cm). The maze
was elevated 50 cm above the floor. Rats were placed in the
center of the maze facing one of the open arms and allowed
to explore freely for 5 min. The ratio of time spent on the
open arms divided by the time spent in both open and closed
arms was calculated. Two female rats were excluded from
the D2 test because they fell from the apparatus.

Open field test

Rats underwent the open field test (OFT) on D3, D7, and
D21 of test phase. The open field apparatus (Stoelting Co.,
USA) was a 100 100 cm box with 50 cm-high opaque walls
and a smooth acrylic floor. Rats were placed in the center of
the open field and allowed to explore freely for 10 min. Dis-
tance travelled and percentage of time spent in the center of
the open field (50X 50 cm, 25% of total area) were obtained.

Novel object recognition test

Rats underwent the novel object recognition (NOR) test
on D5-D7 of test phase. The arena used for the NOR test
was the open field apparatus (Stoelting, USA) divided into
four quadrants by a wooden divider (height: 60 cm), which
enabled rats to be tested four at a time. Each NOR arena
measured 50X 50 x 60 cm. The NOR test consisted of three
phases: acclimatization, habituation, and testing phases.
Acclimatization: On D5 of test phase, rats were placed in
the empty arena for 5 min. Habituation: On D6 of test phase,
the rats were presented with two identical objects in the
arena for 10 min. We used circular glass jar lids (5.5 cm
height X 11.5 cm diameter) in half of the rats and wooden
spherical blocks (9 X 8 X 3.5 cm) in the other half. NOR Test:
On D7 of test phase, rats were presented with one of the
familiar objects from the previous day and a novel object
(wooden block or glass lid) for 5 min. Exploration time for a
given object was defined as the time spent sniffing or moving
within 2 cm of the object. Time was measured manually with
stopwatches, with observers blinded to the group and object
novelty. The NOR score was calculated as the exploration
time for the novel object divided by the sum of exploration
times for both objects.

Sociability and social novelty test

Rats underwent the sociability and social novelty (SSN)
test on D10-D12 of test phase. This task was based on a
prior study that modeled social deficits in a mouse model of
autism spectrum disorder (Moy et al. 2004). Several prior
studies have adapted this task in rats to study social motiva-
tion and stress (Lukas et al. 2011; Netser et al. 2020; Potrebié
et al. 2022; Shirenova et al. 2023), but not addiction. The
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social test apparatus (Ugo Basile, Italy) was a rectangular
three-chamber testing apparatus with transparent acrylic
walls, with each chamber measuring 40 xX40x40 cm. The
middle chamber was separated from the left and right cham-
bers by manually operated guillotine doors. Two identical
cylindrical enclosures (25 cm height X 15 cm diameter) with
metal railings and polyvinyl chloride roof and floor were
placed in the middle of the left and right chambers. The SSN
test consisted of three phases: habituation, sociability test,
and social novelty test. Habituation: On D10 of test phase,
test rats were initially placed in the closed center chamber
for 2 min and were allowed to explore the three chambers
and empty cylindrical enclosures for 10 min. Sociability test:
On D11 of test phase, a demonstrator rat of the same sex
and age as the test rat was placed in one of the cylindrical
enclosures, while wooden blocks were placed in the other
cylindrical enclosure. The chamber containing the demon-
strator rat (left vs. right) was counterbalanced for all the
groups. Each tested rat was given the opportunity to explore
both side chambers for 10 min after being placed into the
center chamber. Exploration time for a given enclosure was
defined as the time spent sniffing or moving within 3 cm
of the enclosure and excluded time when the center of the
animal was on top of the enclosure. Exploration time was
measured using ANY-Maze version 7.33 (Stoelting Co.,
USA). The sociability score was calculated as the explo-
ration time for the cylindrical enclosure with the demon-
strator rat divided by the sum of the exploration times for
both cylindrical enclosures. Social novelty test: On D12 of
test phase, demonstrator rats of the same sex and age as the
test rat were placed in both cylindrical enclosures, one of
which was the rat used during the sociability test (familiar
rat) and the other rat was one that the test rat has not encoun-
tered prior to the test (novel rat). The position of the demon-
strator rats was counterbalanced for all the groups. Each test
rat was allowed to explore both enclosures for 10 min. The
social novelty score was calculated as the exploration time
for the cylindrical enclosure with the novel rat divided by the
sum of the exploration times for both cylindrical enclosures.

Reversal learning

Appetitive reversal learning (adapted from Stephenson-
Jones et al. 2016 with some modifications) was assessed
in an operant conditioning apparatus with two bars (left
and right) and a pellet feeder between the bars (Coulbourn
Instruments, USA). The bars and feeder were controlled
by ANY-Maze version 7.33 (Stoelting Co., USA). We per-
formed reversal learning in a limited number of new animals
that did not undergo CPP training and other behavioral tests.
We chose to examine only the 3000 ppm concentration of
toluene because the 1500 ppm concentration did not induce
CPP. This subset of rats was food-restricted to maintain
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90-95% of their free-feeding weight. The reversal learning
experiment consisted of the following phases: initial train-
ing, toluene exposure, retraining, discrimination, reversal
1, reversal 2, and reversal 3, with each reversal of increas-
ing difficulty. Initial training: Before toluene exposure, rats
underwent bar press training for sucrose pellets for 10 days.
Each press for either left or right bar was rewarded with one
sucrose pellet (100% reinforcement). Toluene exposure: Rats
were then exposed to 3000 ppm toluene vapor in the CPP
apparatus for 30 min every other day across a 12-d period.
During non-toluene exposure days, rats remained in their
home cages. Retraining: On D1 of test phase, retraining for
bar pressing was performed with 100% reinforcement. Dis-
crimination: On D2-D3 of test phase, rats were trained to
discriminate a bar that delivers pellets 3 out of 4 times (75%
reinforcement) from a bar that never delivered pellets (0%
reinforcement). Each session lasted 8 min. Reversal 1, 2,
and 3: On D4 of test phase, for reversal 1, the positions of
the 75%-bar and 0%-bar were reversed. On D5 of test phase,
for reversal 2, the positions were reversed again, however,
the reinforcement schedule of the 0%-bar was modified to
20% (2 out of every 5 presses). On D6 of test phase, for
reversal 3, the positions were reversed again, however, the
20%-bar was modified to give 33% reinforcement (1 out of
every 3 presses), and the 75%-bar was modified to give 67%
reinforcement (2 out of every 3 presses). Each day started
with the prior day’s reinforcement schedule for 2 min before
switching to the new schedule for 8 min. For each minute, a
bar preference score was calculated as the number of presses
for the 75% bar during D3 divided by the total number of
presses for both bars. The learning rate was calculated as the
absolute value of the slope of the line of the bar preference
score from minute 2 to minute 6 of the session.

Determination of blood toluene concentration

Rats were placed in toluene inhalation chambers measuring
21x27%21 cm (LJARI, USA) and exposed to 3000 ppm
toluene vapor (toluene group). The toluene vapor concen-
tration inside the chamber was calibrated with a portable
toluene gas detector (Cosmos XP-3360I1, DOD Technolo-
gies, USA). Toluene (99.5%, analytical grade, RCI Labscan,
Thailand) was delivered to the chamber via custom-made
bubblers attached to air flow regulators (LJARI, USA). The
toluene group received six 30-min toluene exposure sessions
on alternating days, similar to the conditioning schedule
used for the behavioral studies (Fig. 1B). Control rats were
only exposed to air. Blood samples (500 pl) were collected
from the tail vein into heparin tubes 10 min after the first
toluene exposure (D1), 10 min after the last toluene expo-
sure (D6), and 24 h after the last toluene exposure (D7 or
abstinence D1). From each tube, triplicates of 100-pL hep-
arinized blood samples were immediately transferred to a

headspace vial that was capped and sealed with parafilm
before storage at 4 °C. Gas chromatographic analysis of the
samples using a validated protocol was conducted the next
day. The concentration of toluene in the blood samples was
determined using static headspace gas chromatography with
flame ionization detector (HS-GC-FID) using the GC-FID
Nexus 2030 with HS-20 headspace autosampler and LabSo-
lutions Post-Run Software (Shimadzu Corp., Japan). The GC
column used was a silicone capillary column (SH-I1-624Sil
MS, 30 mx0.25 mm X 1.40 ym, Shimadzu Asia Corp.,
Japan). Nitrogen carrier gas flow rate was set at 200 mL/min,
headspace oven temperature was set at 80 °C, and column
oven temperature program commenced at 50 °C for 2 min
and ramped up to 175 °C at a rate of 25 °C/min, holding the
final temperature for 5 min. FID was set at 250 °C.

A five-point calibration curve was used to estimate the
levels of toluene in the blood. The calibration solutions in
the concentration range of 0 to 25 pug/mL toluene were pre-
pared using blood from naive animals, spiked with appropri-
ate amounts of stock standard toluene solutions (Chem-Sup-
ply Pty Ltd, Australia). Samples and calibration solutions
in each headspace vial contained 5 pg/mL isobutanol (J.T
Baker, USA) as internal standard (IS) and were dissolved
in 2% ethanol. Deionized water was added to samples and
calibration solutions to achieve a final volume of 500 pL.
Calibration curves were constructed by plotting the peak
area ratio of toluene to IS of each calibration solution against
its toluene concentration.

Statistical analysis

Data were analyzed using Prism version 10.1.1 (GraphPad
Software, USA). Two-way repeated measures ANOVA (for
complete datasets) or mixed-effects analysis (for incomplete
datasets) was used to analyze data for all behavioral tests and
blood toluene levels, followed by post-hoc Dunnett’s test (for
experiments with 3 groups: both toluene groups compared
to air control group) or Sidék’s test (for experiments com-
paring 2 datasets: males compared to females; habituation
compared to test scores in NOR, sociability, and social nov-
elty; 3000 ppm toluene group compared to air control group
in reversal learning). Differences were considered signifi-
cant for p<0.05. Data are presented as a mean and standard
error of the mean (SEM). Linear regression analysis was
performed on the GC calibration data using Microsoft Excel.

Results

Rats were exposed to air in the white chamber and toluene
vapor in the black chamber for 30 min per day, for 6 days
distributed over a 12-day period (Fig. 1A). We administered
toluene vapor at exposure concentrations of 1500 ppm or
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3000 ppm through a vapor delivery system that maintained
toluene levels constant across a given session (Supplemen-
tary Fig. 1). All behavioral tests were performed during the
test (drug-free) phase (Fig. 1B).

Prior toluene exposure increased
locomotion in males, but not in females

We measured the effects of repeated toluene exposure on
locomotion on days 3, 7, and 21 of test phase (D3, D7, and
D21) in an open field arena for 10 min (Fig. 2A). In con-
trol rats (Fig. 2B), we observed a pronounced sex difference
in locomotion, with males showing significantly less dis-
tance travelled compared to females at all three timepoints
(D3 males, females: 52.01 m, 70.07 m; D7 males, females:
46.38 m, 69.95 m; D21 males, females: 49.90 m, 74.71 m).
Two-way repeated measures ANOVA showed a main effect
of sex (F ,3=32.36 p<0.001) and significant between-
group differences (post-hoc tests males vs. females on D3,
D7, and D21 of test phase: all p’s <0.001).

Due to this sex difference in controls, we next analyzed
the effects of toluene on locomotion in males and females
separately. Males given 3000 ppm toluene exhibited sig-
nificantly increased locomotion on D7 (58.08 m) and D21
(62.15 m) of test phase compared to controls (46.38 m,
49.90 m) (Fig. 2C, two-way RM ANOVA main effect of

Fig. 2 Effects of prior toluene

drug: F, 490=3.761 p=0.032; post-hoc tests control vs.
3000 ppm toluene on D7: p=0.023; D21: p=0.017). There
was no significant effect of 1500 ppm of toluene in males
(post-hoc test control vs. 1500 ppm toluene: p=0.186).
Female rats showed no significant effect of prior toluene
exposure at either exposure concentration (Fig. 2D, two-way
RM ANOVA main effect of drug: F, 4,=2.324 p=0.110).

Prior toluene exposure resulted
in long-lasting CPP in females,
but not in males

We first performed an analysis of males and females com-
bined, as both male and female rats underwent the CPP
protocol at the same time (Fig. 3A, B). During precondi-
tioning, groups were matched for CPP ratio scores (con-
trol=0.52, 1500 ppm=0.52, 3000 ppm=0.53). Two-way
RM ANOVA of D1, D8, and D22 of CPP test showed a main
effect of drug (F, ¢;=5.600 p=0.005) but not of test day
(p=0.500) or drug X test day interaction (p=0.954). Post-
hoc analysis to determine main group differences across all
test days revealed significantly increased CPP scores in rats
exposed to both 1500 and 3000 ppm toluene compared to
controls (control vs 1500 ppm toluene p=0.027; control vs
3000 ppm toluene p=0.005). We then tested whether these
group differences were significant at each test day and found

exposure on locomotion. A A Locomotion in Open Field Males
Locomotion was assessed in an ,\1 209 * *
open field over 10 min. B Male é? £ T 1 T |
control rats showed significantly ° - B 90+ °
less locomotion compared to S T>> M
female control rats on D3, D7, RN g 60 :' -
and D21 of test phase (n=15 o--—" g o [ ?
per group). C Male rats exposed S ;. . . s
to 3000 ppm toluene (n=14) @ 30 - ¢
showed significantly increased B Q
locomotion compared to con- Controls 0
trols (n=15) on D7 and D21 1204 %%k sk
of test phase. Males exposed to - 1 1 1
1500 ppm toluene (n = 14) did E R . . Test day
not differ from controls. D Tolu- 3 90 ‘ ant N
ene had no effect on locomo- 5] a8 T N D Females
tion in female rats (n=15 § 60 o:. “ ; 3 3 ,\120_
per group). * p<0.05; *¥* g & | " £ N N s
p<0.001 = 304 L ° B 90 . N

E ¢ © AL A A

o E 4 i by

S Nk :
S
Test day 2 307
1 Control
® Males 0
[ Tol 1500 ppm
A Females

[ Tol 3000 ppm

@ Springer

Test day



Psychopharmacology (2025) 242:1335-1349

1341

A CPP Test

?

agne o >
>pE >

Pop oo

>

CPP ratio score
O

7 A

1
Precon

Test day
] Control
® Males
=3 Tol 1500 ppm
A Females
[ Tol 3000 ppm
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ence (CPP) ratio score. A Representation of the CPP test. B Analy-
sis of combined sexes showed significantly increased CPP ratio
scores for rats exposed to 3000 ppm toluene (n=29) compared to
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(p=0.117). We then tested whether these group differ-
ences are significant at each timepoint and found that the
3000 ppm group showed significantly increased CPP ratio
scores on D8 (0.50) and D22 (0.47) of test phase compared
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(two-way RM ANOVA main effect of drug p=0.213; control n=17,
toluene 1500 ppm n= 14, toluene 3000 ppm n=14). D Analysis of
female rats showed significantly increased CPP ratio scores for rats
exposed to 3000 ppm toluene compared to controls on D8 and D22
of test phase and a trend on D1 (two-way RM ANOVA main effect of
drug p=0.007). Females exposed to 1500 ppm toluene did not signif-
icantly differ from controls (n= 15 per group). * p <0.05; ** p<0.01

to controls (0.39, 0.39) (control vs. 3000 ppm toluene on
D8: p=0.005; D22: p=0.041). There was a trend towards
significance for D1 (p =0.056). We also analyzed our data
using a CPP difference score (time in black chamber minus
time in white chamber) (McKendrick and Graziane 2020).
Our statistical findings using this score were similar to those
using the ratio score (see Supplementary Fig. 2). There was
no effect of toluene on the number of entries in each cham-
ber for either males or females (data not shown). Thus, after
separating the sexes, we observed significant CPP in females
only.

Prior toluene exposure did not alter
anxiety-like behavior, object memory,
or preference for social cues

We used two tests to measure anxiety-like behavior during
test phase: elevated plus maze (EPM) (Fig. 4A) and open
field test (OFT). In the EPM, we found a pronounced sex dif-
ference in controls, with females showing significantly less
anxiety-like behavior (increased time in the open arms) on
D2 and D6 of test phase compared to males (Fig. 4B). This
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Fig.4 Lack of toluene effects on anxiety-like behavior. A Repre-
sentation of the elevated plus maze (EPM). B Female control rats
spent significantly more time in the open arms on D2 and D6 of test
phase compared to male control rats (n=15 per group). C-D Tolu-

was apparent in the ratio of time spent in the open arms (D2
males, females: 0.20, 0.41; D6 males, females: 0.29, 0.45;
D20 males, females: 0.42, 0.54; mixed effects analysis main
effect of sex: F ,3=10.51 p=0.003; post-hoc tests males vs.
females on D2: p=0.007; D6: p=0.046; D20: p=0.180).
However, we did not observe any effect of prior toluene
exposure in the EPM in either males (Fig. 4C, two-way RM
ANOVA main effect of drug: F, 4,,=1.295 p=0.285) or
females (Fig. 4D, mixed effects analysis main effect of drug:
F, 4,=1.418 p=0.254). In the OFT, we observed a trend
toward less anxiety-like behavior (more time in the center)
in control females compared to control males (consistent
with the EPM findings) (Supplementary Fig. 3 A, two-way
RM ANOVA main effect of sex: p=0.068). As in the EPM,
there was no significant effect of toluene exposure on OFT
in either males or females (Supplementary Fig. 3 B-C).
We measured novel object recognition memory (NOR)
on D7 of test phase (Fig. 5A). An NOR score reflecting
the ratio of time spent exploring the novel vs. the familiar
object was calculated. We analyzed the first 2 min in the
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ene did not alter the time spent in the open arms in males (control
n=15, toluene 1500 ppm n= 14, toluene 3000 ppm n = 14) or females
(n=15 per group). * p<0.05; ** p<0.01

NOR test because the memory effect in controls (increase
in the NOR score from habituation to test) reached sig-
nificance during the first 2 min (p <0.001), but not dur-
ing the last 2 min (p=0.078). Analysis of the combined
sexes showed an increase in the NOR score from habitu-
ation to test in all three groups, indicating intact object
memory (Fig. 5B, test day NOR score control: 0.60,
1500 ppm toluene: 0.62, 3000 ppm toluene: 0.62; post-
hoc tests habituation vs. test control: p=0.005, 1500 ppm
toluene: p=10.005, 3000 ppm toluene: p<0.001). There
was no effect of exposure to either concentration of tolu-
ene on NOR (two-way RM ANOVA main effect of drug:
F,47,=0.731 p=0.484; phase: F, g;=45.48 p<0.001;
interaction: F,g;=1.335 p=0.268). When the sexes
were analyzed separately, exposure to toluene did not
affect object recognition memory in either males (Sup-
plementary Fig. 4 A, two-way RM ANOVA main effect
of drug: F, ,,=0.726 p=0.490; interaction: F, 4, =0.072
p=0.930) or females (Supplementary Fig. 4 B, two-way
RM ANOVA main effect of drug: F, 4,=0.154 p=0.857;
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Fig.5 Lack of toluene effects
on object memory and sociabil-
ity. A Representation of the |

Test day (drug-free)

test. B On D7 of test phase,
analysis of the sexes combined
showed an increase in the
NOR score from habituation
to test, indicating intact object A
memory (control n=32, toluene

1500 ppm n =29, toluene

3000 ppm n=29). There was no |
effect of toluene on NOR (two- Familiar
way RM ANOVA main effect of
drug p=0.484; phase p <0.001; @)
interaction p =0.268). C) Novel
Representation of the sociability
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analysis of the sexes combined B
showed an increase in sociabil-
ity score from habituation to
test, indicating a preference for
social cues (control n=32, tolu-
ene 1500 ppm n =29, toluene
3000 ppm n=29). There was no
effect of toluene on sociability
(two-way RM ANOVA main
effect of drug p=0.825; phase
p<0.001; interaction p=0.733).
** p<0.01; *** p<0.001
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interaction: F, 4, =1.999 p=0.148). There was no effect
of toluene on exploration time during the NOR test (Sup-
plementary Fig. 5 A).

We next performed a sociability test on D11 of
test phase, in which rats explored side chambers contain-
ing either a wooden object or a same-sex rat (Fig. 5C).
Analysis of the sexes combined showed an increase in
sociability score from habituation to test, indicating a
preference for social cues (Fig. 5D, test day sociability
score control: 0.75, 1500 ppm toluene: 0.76, 3000 ppm
toluene: 0.76; post-hoc tests habituation vs. test: all
p’s<0.001). There was no effect of either toluene con-
centration on sociability (two-way RM ANOVA main
effect of drug: F, ¢;=0.192 p=0.825; phase: F; g;=207.6
p <0.001; interaction: F, ¢;=0.312 p=0.733). When the
sexes were analyzed separately, exposure to toluene did
not affect sociability in either males (Supplementary Fig. 4
C, two-way RM ANOVA main effect of drug: F, 4,=0.044
p=0.957; interaction: F, 4, =0.239 p=0.788) or females
(Supplementary Fig. 4 D, two-way RM ANOVA main
effect of drug: F,,,=0.218 p=0.805; interaction:
F, 4,=0.350 p=0.707). There was no effect of toluene on

exploration time during the sociability test (Supplemen-
tary Fig. 5 B).

Prior toluene exposure impaired preference
for social novelty

On D12 of test phase, the day following the sociability
test, we again presented rats with a choice in the 3-cham-
ber social apparatus. One side contained the same rat
from the day before, whereas the other side contained a
novel rat of the same sex (Fig. 6A). For this test, we used
the last 5 min of the session because the social novelty
effect in controls with both sexes combined (increased
time spent with the novel rat) was observed only during
the last 5 min (p <0.001), but not during the first 5 min
(p=0.786). There was a significant interaction between
drug and phase (two-way RM ANOVA main effect drug:
F,33;=1.688 p=0.201; phase: F, ;3=0.924 p=0.344;
interaction: F, ;3=9.408 p <0.001). Controls showed a
significant increase in the social novelty score (Fig. 6B,
habituation: 0.47, test: 0.68, post-hoc test: p<0.001),
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Fig.6 Effects of prior toluene Test day (drug-free)
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indicating preference for social novelty. Rats exposed to
1500 ppm toluene (habituation: 0.57, test: 0.42; post-hoc
test: p=0.110) or 3000 ppm toluene (habituation: 0.49,
test: 0.52; post-hoc test: p=0.937) did not show an
increase in the social novelty score. Between-group com-
parison during test phase showed significantly lower social
novelty scores in the 1500 ppm (p=0.001) and 3000 ppm
toluene (p=0.012) groups when compared to the control
group.

Analyzing the sexes separately yielded similar results.
Male rats showed an increase in the social novelty score
in controls (Fig. 6C, habituation: 0.48, test: 0.69; two-way
RM ANOVA main effect drug: F, ;5=1.096 p=0.360;
phase: F ;5=0.536 p=0.475; interaction F, ;5=3.913
p=0.043; post-hoc test: p=0.041) but not in the toluene
groups (1500 ppm toluene habituation: 0.54, test: 0.40,
post-hoc test: p=0.498, 3000 ppm toluene habitua-
tion: 0.54, test: 0.57, post-hoc test: p=0.975). However, we
observed that male rats exposed to 1500 ppm toluene, but
not 3000 ppm, showed significantly lower social novelty
scores compared to controls (1500 ppm toluene: p=0.015;
3000 ppm toluene: p=0.300). Female controls also showed
an increase in the social novelty score (Fig. 6D, habitua-
tion: 0.46, test: 0.67, two-way RM ANOVA main effect
drug F, ;5=1.861 p=0.190; phase F; ;5=0.313 p=0.584;
interaction: F, ;5=4.700 p=0.026; post-hoc test: p=0.034)
but not in the toluene groups (1500 ppm toluene habitua-
tion: 0.60, test: 0.44, post-hoc test: p=0.343, 3000 ppm tolu-
ene habituation: 0.44, test: 0.47, post-hoc test: p=0.985).
Furthermore, females in both toluene groups showed sig-
nificantly lower scores than controls (1500 ppm toluene:
p=0.032; 3000 ppm toluene: p=0.025).

This effect of toluene on social preference is apparent
in the heat maps (Fig. 6E) of representative rats from each
experimental group. Importantly, toluene did not alter the
total time exploring both chambers (Supplementary Fig. 5
C). This impairment in social preference was unlikely due
to toluene-induced anosmia because we observed that a
separate group of rats exposed to 3000 ppm toluene for
6 days were unimpaired in their preference for peanut oil
odor (vs. no odor) during day 13 of test phase (control n=6,
3000 ppm toluene n=6; unpaired t-test comparing odor
preference between control and 3000 ppm toluene groups:
t,0=0.063 p=0.951).

Prior toluene exposure slowed reversal
learning

In a separate group of rats, we tested reversal learning in
an appetitive bar pressing task using food reward (Ste-
phenson-Jones et al. 2016) during D2—-D6 of test phase
(Fig. 7A). On D2-D3, rats were trained to discriminate

between one bar that yielded no food pellets (0%) from
a bar that yielded a pellet 75% of the time (0%—75%, 3
out of every 4 presses). On D4-D6, we assessed reversal
behavior with increasing difficulty: D4 (75%—0%, reversal
1), D5 (20%—75%, reversal 2), D6 (67%—35%, reversal
3). Each day started with the prior day’s reinforcement
schedule for 2 min before switching to the new schedule for
8 min. For total bar pressing rates (both bars combined),
we found a significant interaction of drug and phase (Sup-
plementary Fig. 6 A, two-way RM ANOVA main effect
of drug: F;35=0.115 p=0.737; phase: F, ,,=53.74
p <0.001; interaction: Fy 1,0=2.488 p=0.046; post-hoc
tests control vs. toluene: all p’s >0.441), suggesting that
the toluene group increased their rate of bar pressing
across phases more than the control group.

In reversal learning (Fig. 7B), toluene did not impair
the ability of rats to perform reversal 1, as indicated by an
equivalent decrease in bar preference score in both control
and toluene rats. However, during reversal 2, toluene rats
learned more slowly than controls, and in reversal 3, toluene
rats reversed faster than controls. We observed a significant
main effect of drug exposure across the two more difficult
reversals (from the start of reversal 2 until the end of reversal
3) (two-way RM ANOVA main effect of drug: F, ;5=4.237
p=0.047; minute: F; 595 =40.67 p <0.001; interaction:
F17505=0.514 p=0.947). For the learning rate, we found
a significant interaction between groups and reversal phase
(Supplementary Fig. 6 B), indicating that toluene rats were
slower than controls in reversal 2 and faster in reversal 3
(two-way RM ANOVA main effect of drug: F, 35=0.009
p=0.923; phase: Fi35=10.52 p=0.003; interaction:
F)35=4.441 p=0.042). Analysis of males and females sepa-
rately showed no significant effect of toluene on the rate of
reversal learning (Supplementary Fig. 6 C-F).

Measurement of blood levels of inhaled
toluene

In a separate group of adolescent rats (9 males and 9
females), we used gas chromatography to measure the blood
levels of toluene in rats exposed to 3000 ppm of toluene
vapor (Supplementary Fig. 7 A-B). Rats were exposed to
toluene (or air) across 6 alternating days and blood sam-
ples were analyzed at D1 exposure, D6 exposure, and D7
(drug-free day). Blood levels of toluene were equivalent
on D1 and D6 (mixed effects analysis main effect of time:
F9=2.953 p=0.120). On D7, there was no detectable tolu-
ene in both groups. There were no significant sex differences
at any timepoint (D1 male, female: 8.210 ug/mL, 9.586 ug/
mL; mixed effects analysis main effect of sex: F; ;,=0.209
p=0.657) and (D6 male, female: 7.338 ug/mL, 7.095 ug/
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Fig.7 Effects of prior toluene
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mL). Thus, the sex differences in behavior we observed were
not due to a difference in toluene levels in the blood. We
did not detect toluene in the blood of air controls at any
timepoint.

Discussion

We report long-lasting effects of toluene on specific behav-
iors during the abstinence period in adolescent male and
female rats. We found that 3000 ppm toluene vapor induced
CPP lasting at least 22 days during abstinence in females,
but not in males. In contrast, toluene increased locomotion in
males but not in females. Toluene had no effect on anxiety-
like behavior or object memory, but impaired preference for
social novelty and reversal learning. Thus, we present a com-
prehensive behavioral evaluation of the long-term effects of
toluene, incorporating sex differences and addressing disa-
greements in the literature.

@ Springer

CPP is a well-established procedure that measures con-
ditioned rewarding effects of drugs and has been posited
to reflect drug seeking behavior (McKendrick et al. 2020;
O’Neal et al. 2022). Toluene has been previously reported to
induce CPP in male rodents, however, no prior study exam-
ined CPP in female rodents, despite clinical data showing
inhalant use in females (Crossin and Arunogiri 2020). We
found a significant effect of toluene on CPP in females that
lasted 22 days into abstinence, which is longer than prior
reports in males of 7 days duration (Wayman and Woodward
2018).

We were surprised to observe no significant toluene
CPP in males after 6 conditioning sessions. Previous
studies using 6 conditioning sessions have demonstrated
toluene CPP in male rats at exposure concentrations
of 2000-5000 ppm (Gerasimov et al. 2003; Lee et al.
2006; Wayman & Woodward 2018; but see Lee et al.
2004). Unlike prior studies, we delivered toluene always
in the same (black) chamber, which prevented us from
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controlling for any conditioned chamber preferences, inde-
pendent of the drug (Cunningham et al. 2006; McKend-
rick et al. 2020). Any conditioned aversion to the black
chamber would tend to mask the rewarding effects of tolu-
ene. It is also possible that a concentration higher than
3000 ppm (e.g., 5000 ppm) would have yielded a signifi-
cant CPP effect in males. 3000 ppm is considered to be
in the low range of typical human inhalant use (Crossin
et al. 2019; Hubkova et al. 2022; Woodward and Braun-
scheidel 2023). However, the blood toluene levels that we
obtained after exposure to 3000 ppm were in the range
observed in human adolescent inhalant users (Thiesen
et al. 2007). It is also possible that increasing the dura-
tion of exposure to 12 days (Lee et al. 2004; Schiffer et al.
2006) would have yielded a significant effect in males. In
contrast to females, males showed increased locomotion
during abstinence, a finding consistent with other drugs
such as cocaine (Maifas-Padilla et al. 2021). Thus, there
may be a sex difference in how toluene history is expressed
behaviorally during the abstinence period.

We did not observe increased anxiety-like behavior dur-
ing prolonged abstinence, similar to prior studies (Lin et al.
2010; Bowen et al. 2018). With respect to novel object mem-
ory, we found no impairments, which disagrees with two
prior reports (Lin et al. 2010; Montes et al. 2017). However,
compared to our study, these studies used a longer period
of exposure (4 weeks vs. 6 days) (Montes et al. 2017) or a
higher exposure concentration (63 pg/mL vs. 8 pg/mL in
blood) (Lin et al. 2010), suggesting that a higher exposure
may yield a memory impairment.

With respect to social behavior, we found that prior
toluene exposure did not impair sociability but eliminated
preference for social novelty, in both males and females.
This suggests that toluene-exposed rats preferred a social
stimulus vs. a non-social stimulus, but did not prefer a novel
rat vs. a familiar rat. This deficit was unlikely due to a loss
of memory, because their novel object memory was intact.
Rather, toluene appeared to decrease interest in relevant
social cues. Our finding agrees with a prior toluene study
that found decreased interaction with a novel mouse (Lin
et al. 2010). This effect may be unique to toluene, as deficits
in social novelty preference were not observed with other
drugs of abuse, such as cocaine, ethanol, fentanyl, or mor-
phine (Morisot et al. 2018; Sidhu et al. 2018; Fujii et al.
2018; Piccin and Contarino 2020).

We found modest cognitive impairments in our reversal
learning task. Toluene rats showed intact reversal learning
during an easy reversal task (75% vs. 0%) but were slower
in learning the correct lever in a more difficult task (20% vs.
75%), suggesting reduced discrimination of reward prob-
abilities. The impairment in reversal 2 (less time at the cor-
rect bar) may have carried over to the following day (more
likely to leave that bar, i.e., the correct bar in reversal 2),

hence leading to a faster reversal 3. Prior studies of tolu-
ene in adults also showed slower reversal learning (Dick
et al. 2014; Furlong et al. 2016) as well as impairments in
similar tasks varying reward probability such as contingency
degradation (Furlong et al. 2016) and delayed discounting
(Braunscheidel et al. 2019).

Our findings resemble some of the deficits seen in human
adolescents with IUD. Male teenagers showed high relapse
rates after attempts to abstain from inhalant use (Verma
et al. 2011; Dhawan et al. 2015). However, data on females
are lacking despite a higher prevalence of inhalant use in
females in some studies (Crossin and Arunogiri 2020). Thus,
there is a pressing need to include females in future stud-
ies of IUD. Regarding other behaviors, deficits in cognitive
flexibility (similar to our reversal learning deficits) persist
for long periods of time (Dingwall et al. 2011; Yuncu et al.
2015). The impairment in social preference we found has
not been described clinically, however, inhalant users have
a higher prevalence of antisocial behavior (Howard et al.
2010). Our social task was designed to model social deficits
observed in autism spectrum disorder (ASD) in mice (Moy
et al. 2004), and our results suggest the interesting possibil-
ity that the abstinence period following inhalant use may be
associated with some features of ASD.

Future clinical studies on toluene-induced cognitive and
social deficits are warranted, as these effects could inter-
fere with treatment. Rehabilitation programs could consider
incorporating cognitive training (Verdejo-Garcia et al. 2023)
and social-based interventions (Meyers et al. 2011; Venniro
et al. 2021), with the aim of reducing persistent drug seek-
ing and relapse.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00213-024-06731-5.
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