Psychopharmacology (2015) 232:3259-3268
DOI 10.1007/s00213-015-3973-3

@ CrossMark

ORIGINAL INVESTIGATION

The group II metabotropic glutamate receptor agonist LY379268
reduces toluene-induced enhancement of brain-stimulation
reward and behavioral disturbances

Ming-Huan Chan ' . Yi-Ling Tsai® - Mei-Yi Lee* - Astrid K. Stoker* -

Athina Markou* - Hwei-Hsien Chen>?

Received: 13 November 2014 / Accepted: 24 May 2015 /Published online: 6 June 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract

Rationale Toluene, a widely abused solvent with demonstrated
addictive potential in humans, hasbeen reported to negatively
modulate N-methyl-D-aspartate receptors (NMDARs) and al-
ter glutamatergicneurotransmission. The group II metabotropic
glutamate receptor (mGluR) agonist LY379268 has beenshown
to regulate glutamate release transmission and NMDAR func-
tion and block toluene-induced locomotorhyperactivity. How-
ever, remaining unknown is whether group II mGluRs are in-
volved in the toluene-induced reward-facilitating effect and
other behavioral manifestations.

Objectives The present study evaluated the effects of
LY379268 on toluene-induced reward enhancement, motor
incoordination, recognition memory impairment, and social
interaction deficits.

Results Our data demonstrated that LY379268 significantly
reversed the toluene-induced lowering of intracranial self-
stimulation (ICSS) thresholds and impairments in novel object
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recognition, rotarod performance, and social interaction with
different potencies.

Conclusions These results indicate a negative modulatory
role of group II mGluRs in acute toluene-induced reward-fa-
cilitating and behavioral effects and suggest that group II
mGluR agonists may have therapeutic potential for toluene
addiction and the prevention of toluene intoxication caused
by occupational or intentional exposure.

Keywords Toluene - mGluR2/3 - Motor coordination -
Object recognition - Social interaction -
Intracranial self-stimulation

Introduction

The recreational abuse of toluene-containing volatile solvents
has become widespread, especially among children and adoles-
cents, because it is readily available and inexpensive. Toluene-
containing volatile solvents are often intentionally inhaled at
high concentrations to produce alcohol-like intoxication and
intense euphoria. Toluene has high potential for abuse and ad-
diction in humans. In animal studies, toluene has been shown to
facilitate brain reward function using the intracranial self-
stimulation (ICSS) procedure in rats (Bespalov et al. 2003)
and mice (Chan et al. 2012a; Tracy et al. 2014). In addition to
possessing abuse liability, toluene intoxication produces motor
incoordination, mental confusion, delusions, and amnesia (An-
dersen et al. 1983 ; Chouaniere et al. 2002; Meulenbelt et al.
1990; Saito and Wada 1993). Behavioral disturbances that re-
sult from toluene use, including motor incoordination and cog-
nitive impairment, have been reported in rats (Lo et al. 2009)
and mice (Chan et al. 2012a; Chan et al. 2012b).

The mechanisms that underlie the acute behavioral effects
of toluene remain inconclusive. The majority of the acute
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behavioral effects appear to be underpinned by changes in
receptor or ion channel activity, although nonspecific interac-
tions can also arise at high concentrations (Lubman et al.
2008). The inhibition of N-methyl-D-aspartate receptors
(NMDARS) presents one of the most attractive hypotheses.
Toluene blocks NMDAR-mediated currents in vitro (Cruz
et al. 1998) and partially substitutes for the discriminative
properties of the NMDAR antagonist phencyclidine (PCP;
Bowen et al. 1999). Furthermore, our previous studies dem-
onstrated that positive NMDAR modulators, such as D-serine
and sarcosine, can reverse motor incoordination, memory im-
pairment, and hypothermia associated with toluene exposure
(Chan et al. 2012a; Lo et al. 2009). Accordingly, these behav-
ioral and physiological effects of toluene are proposed to be at
least partially mediated through the inhibition of NMDAR
activity. However, the toluene-induced lowering of ICSS re-
ward thresholds were unaffected by sarcosine treatment, argu-
ing against the involvement of NMDAR inhibition in the brain
stimulation reward-facilitating effect of toluene.

Group II metabotropic glutamate receptors (mGluRs),
comprising mGluR2 and mGluR3, are G-protein-coupled re-
ceptors that negatively regulate adenylate cyclase. Although
group II mGluRs are predominantly located presynaptically
where they function as autoreceptors and heteroreceptors and
inhibit the release of glutamate and other neurotransmitters,
including dopamine (Cartmell et al. 2000), mGIluR2 and
mGluR3 are also found in postsynaptic and glial localizations
that may reflect the differential modulation of excitatory ami-
no acid transmission (Petralia et al. 1996; Tamaru et al. 2001).
In fact, the selective group II mGIuR agonist LY379268 en-
hanced postsynaptic NMDAR function in prefrontal (Xi et al.
2011) and hippocampal (Trepanier et al. 2013) neurons. In
parallel, LY379268 reversed the hyperlocomotion (Cartmell
et al. 1999; Imre et al. 2006), falling, turning and back pedal-
ing (Cartmell et al. 2000) and release of dopamine in the
nucleus accumbens (Greenslade and Mitchell 2004) and glu-
tamate in the dentate gyrus (Imre et al. 2006) induced by the
NMDAR antagonists PCP, MK-801, or ketamine.

Given the opposite modulatory effects of LY379268 and
toluene on NMDAR function, one hypothesis is that
LY379268 counteracts the behavioral and possibly rewarding
effects of toluene. L'Y379268 has been reported to attenuate
toluene-induced locomotor hyperactivity (Riegel et al. 2003).
However, still unknown is whether L'Y379268 is able to sup-
press other behavioral manifestations and rewarding effects elic-
ited by acute toluene exposure. The aim of the present study was
to assess the effects of LY379268 on the toluene-induced low-
ering of ICSS reward thresholds and behavioral disturbances,
including motor incoordination and recognition memory defi-
cits. Furthermore, toluene-induced schizophreniform psychosis
is commonly observed in abusers (Byrne and Zibin 1991; Mohd
Isa et al. 2013; Rao et al. 2009). Social withdrawal, which is
believed to correspond to certain aspects of the negative
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symptoms of schizophrenia, has been elicited by acute ketamine
treatment (Silvestre et al. 1997) and adolescent toluene exposure
(Lin et al. 2010). Thus, we examined whether social interaction
is possibly affected by acute toluene exposure and also assessed
if LY379268 could reverse the effect of toluene.

Materials and methods
Animals and drugs

Male NMRI mice (8-9 weeks of age, 33-40 g) were supplied
by the Laboratory Animal Center of Tzu Chi University
(Hualien, Taiwan) and housed in groups of four to five mice
per cage on a 12:12-h light/dark cycle with ad libitum access to
water and food. All the experiments except ICSS were conduct-
ed at Tzu Chi University, in accordance with the Republic of
China animal protection law (Chapter III: Scientific Applica-
tion of Animals) and approved by the Review Committee of
Tzu Chi University. The ICSS experiments were conducted at
the University of California, San Diego, in accordance with the
guidelines of the American Association for the Accreditation of
Laboratory Animal Care and the National Research Council’s
Guide for Care and Use of Laboratory (NIH publication no. 85-
23, revised 1996) and approved by the University of California
San Diego Institutional Animal Care and Use Committee. Male
C57BL/6J mice were used for the ICSS experiments and pur-
chased from Jackson Laboratories (Sacramento, CA, USA).
Toluene (high-performance liquid chromatography grade,
99.8 %; Mallinckrodt Baker, Paris, K, USA) was diluted in
corn oil to achieve an injection volume of 10 ml/kg and admin-
istered intraperitoneally. LY379268 (Tocris Bioscience) was
dissolved in saline, intraperitoneally injected in a volume of
10 ml/kg and administered 30 min prior to toluene treatment.
The ICSS experiment was conducted using a within-
subjects Latin square design (n=6), such that each mouse
received all of the treatments. The other experiments used a
between-subjects design, such that each mouse received only
one treatment. The doses of toluene used in the different tests
were based on our previous studies (Chan et al. 2012a ).

Electrode implantation and ICSS procedure

The surgical and operating procedures of ICSS in mice were
operated as described in our previous work (Chan et al. 2012a;
Stoker et al. 2008). Briefly, the stainless steel bipolar elec-
trodes (0.2-mm diameter, 6-mm length; Plastics One, Roa-
noke, VA, USA) were implanted into the medial forebrain
bundle at the level of the lateral hypothalamus: anterior/pos-
terior, 1.58 mm; medial/lateral, 1.0 mm; dorsal/ventral,
5.3 mm (Paxinos and Franklin 2001). The mice were allowed
7 days to recover after surgery.
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For the ICSS procedure, mice were trained in operant
chambers (Med Associates, St. Albans, VT) containing run-
ning wheels using a discrete-trial current-threshold procedure
in which stimulation intensities were varied according to the
classical psychophysical method of limits. Each test session
provided two dependent variables for behavioral assessment:
threshold and response latency. The overall threshold for the
session is defined as the mean of the thresholds for the indi-
vidual series. The response latency was defined as the average
time that elapsed between the delivery of the electrical stimu-
lus and a positive response for all of the trials.

After establishing stable ICSS thresholds, the effects of
drug treatment on thresholds were assessed. Two ICSS ses-
sions were conducted daily, separated by 2 h. ICSS thresholds
obtained during session 2 were expressed as a percentage of
the baseline values obtained from a drug-naive state obtained
during session 1. To test whether LY379268 could reverse the
lowering effect of toluene on ICSS thresholds, LY379268 (0,
1, or 3 mg/kg) was administered 30 min prior to toluene
(500 mg/kg) or corn oil administration and 45 min prior to
the start of session 2. Test days were separated by 48 h. On
each day between test days, the animals were similarly tested
twice daily, with saline and corn oil injected 45 and 15 min
prior to the start of session 2, respectively.

The mice used in the current study received either one of
the two sets of experiments before the experiment reported
here. One of the experiments examined the effect of sarcosine
on toluene-induced lowering of ICSS thresholds. With treat-
ment of sarcosine (300 or 600 mg/kg) 30 min prior to toluene
(500 mg/kg) or corn oil by a Latin square design, the results
have shown in our previous report (Chan et al. 2012a). An-
other set of experiments assessed the effect of N-
acetylcysteine (10 or 30 mg/kg) pretreatment on toluene-
induced lowering of ICSS thresholds with the same design
(manuscript in preparation). Animals were kept ICSS training
without any treatment for 5—7 days between each set of ex-
periments. The ICSS thresholds returned to baseline in 1—
2 days and kept stable for the rest of training days. It appears
that the drug treatments would not produce a long term effect
on ICSS thresholds in our experimental condition.

Rotarod motor coordination test

Motor coordination was examined using an automated rotarod
apparatus (TSE Systems, Bad Homburg, Germany) as de-
scribed previously (Chan et al. 2012a ). The mice were first
trained on the rotarod at a constant speed of 20 rotations per
minute (rpm) until all of the mice were able to spend at least
3 min on the rod. LY379268 (0, 3, and 10 mg/kg) was admin-
istered 30 min prior to the toluene (750 mg/kg) or corn oil
(vehicle) injection. The test included six time points and was
initiated 30 min after toluene treatment at 20 min intervals.

Novel object recognition test

The novel object recognition apparatus and procedure were
adapted from our previous work (Chan et al. 2012a). At first,
each mouse was habituated in the testing chamber without
objects for 10 min daily on three consecutive days. During
the training session, each animal was placed in the chamber
for 5 min. Subsequently, two identical objects were simulta-
neously introduced in two corners and allowed the animal to
explore the objects for 5 min. Two retention sessions were
conducted 30 min and 24 h after the training session to deter-
mine the short-term and long-term memory, respectively. One
of the two objects of the training session was replaced with a
novel object in the 30 min retention session. Another novel
object and a familiar one were introduced in 24-h retention
session. The animals were allowed to explore the chamber
freely for 5 min, and the time spent exploring each object
was recorded. A preference index, a ratio of the amount of
time spent exploring the original object that was replaced in
the retention session (training session) or the novel object
(retention session) over the total time spent exploring both
objects, was used to evaluate recognition memory.
LY379268 (0, 1, and 3 mg/kg) was administered 30 min prior
to the toluene (750 mg/kg) or corn oil (vehicle) injection. The
training session was initiated 30 min after receiving toluene or
corn oil. Mice exploring the two objects for less than 10 s
during the training session were excluded from testing.

Social interaction test

The social interaction between pairs of mice was examined in
an open-field box (35x35%30 cm) as described in our previ-
ous study (Lin et al. 2010). Each pair of unfamiliar mice in the
same treatment group were placed in the testing box for
10 min. The number and duration of social interactions (e.g.,
sniffing and grooming the partner, following, mounting, and
crawling under or over the partner) were recorded. The mice
received toluene (250, 500, and 750 mg/kg) or corn oil
(vehicle) 30 min before the test. LY379268 (0, 1, 3, and
10 mg/kg) was administered 30 min prior to the toluene
(750 mg/kg) or corn oil (vehicle) injection.

Locomotor activity

Dose-dependent effects of toluene on locomotor activity were
assessed with a 1-h habituation in the testing cages prior to
toluene (500 and 750 mg/kg) injection to reduce the explora-
tion in a novel environment. The distance (cm) traveled per
10-min interval was recorded for 1 h in the activity cages
(TruScan Mouse chamber, Coulbourn Instruments Allentown,
PA, USA) after toluene injection.

To evaluate the effect of LY379268 and toluene on loco-
motor activity, the animals were habituated in the activity
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cages for 2 h. LY379268 (0, 1, 3, and 10 mg/kg) was given
30 min prior to the toluene (750 mg/kg) or corn oil (vehicle)

injection. The distance (cm) traveled was recorded for 30 min.

A 70 % alcohol solution was used to clean the inner surface
of all the testing apparatus between trials to remove any po-
tentially interfering odors left by the previous mouse.

Statistical analyses

All of the data are expressed as mean+SEM. A two-way
repeated measures analysis of variance (ANOVA) was
used to analyze the effects of LY379268 and toluene on
ICSS thresholds and response latencies. The data from the
rotarod test were analyzed using a three-way mixed-design
ANOVA, with time as the within-subjects factor. The data
from the novel object recognition test and social interac-
tion test, and total distance in locomotor activity test were
analyzed using two-way ANOVAs. The Student-Newman-
Keuls test was used for post hoc comparisons. Values of
p<0.05 were considered statistically significant.

Results

Effects of LY379268 on toluene-induced lowering of ICSS
reward thresholds

A Latin square design was used to determine the effects of
LY379268 on the enhancement of brain stimulation reward
induced by toluene in the ICSS procedure. A two-way repeat-
ed-measures ANOVA revealed significant main effects of tol-
uene (F,10=9.23, p<0.05) and LY379268 (F, 0=23.81,
p<0.001). The post hoc tests revealed that toluene (500 mg/kg)
significantly reduced ICSS thresholds, and LY379268 (1 and
3 mg/kg) reversed the toluene-induced lowering of ICSS
thresholds (Fig. 1a). LY379268 (3 mg/kg) modestly enhanced
ICSS thresholds prior to oil treatment (p=0.09). However, the
ICSS response latencies were unaffected by LY379268 or
toluene treatment (Fig. 1b).

Effects of LY379268 on toluene-induced motor
incoordination in rotarod test

A mixed-design three-way ANOVA revealed significant main
effects of toluene (£ 235=55.87, p<0.001) and time (Fs,35=
38.70, p<0.001) on rotarod performance and a toluene X time
interaction (£ »35=38.70, p<0.001). The post hoc tests revealed
that toluene significantly decreased the latency to stay on the
rotarod, and a higher dose of LY379268 (10 mg/kg) significant-
ly attenuated toluene-induced motor incoordination (Fig. 2).
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Fig. 1 Effects of LY379268 on toluene-induced lowering of ICSS
thresholds. A Latin square design was used. LY379268 (0, 1, and
3 mg/kg) was administered 30 min prior to corn oil or toluene
(500 mg/kg) administration. ICSS thresholds (a) and ICSS response
latencies (b) were measured. The data are expressed as mean+SEM
(n=6). ***p<0.001, compared with respective control group;
#1h<0.001, compared with vehicle+toluene group

Effects of LY379268 on toluene-induced memory
impairment in the novel object recognition test

The effects of LY379268 (1 and 3 mg/kg) on toluene-induced
(750 mg/kg) impairment in the novel object recognition test
are shown in Fig. 3. Two-way ANOVA revealed significant
main effects of toluene (30 min: F 3=28.06, p<0.001; 24 h:
F136=27.04, p<0.001) and LY379268 (30 min: F, 36=4.15,
p<0.05; 24 h: F,36=5.29, p<0.01) on recognition index in
the 30-min and 24-h retention sessions but not in the training
session. The Student-Newman-Keuls post hoc test revealed
that LY 379268 pretreatment (3 mg/kg) significantly attenuat-
ed toluene-induced recognition memory impairment in the 30-
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number of contacts (F3,4=4.21, p<0.05) in the social interac-
tion test. The Student-Newman-Keuls post hoc test revealed that
toluene (750 mg/kg) significantly reduced social interaction.
Therefore, this dose of toluene was used to test the preventive
effect of LY379268. A two-way ANOVA revealed a statistically
significant main effect of toluene (/; 5=39.91, p<0.001) on the
total duration of contacts and a toluene x LY379268 interaction
(F556=12.78, p<0.001). The Student-Newman-Keuls post hoc
test indicated that toluene significantly reduced the total duration
of contacts (Fig. 4c). Only a main effect of toluene (| s¢=
16.80, p<0.001) on the number of contacts was observed. The
difference between corn oil and toluene disappeared with
LY379268 (10 mg/kg) pretreatment (Fig. 4d).

Effects of LY379268 and toluene on locomotor activity

Toluene (500 and 750 mg/kg) did not produce locomotor hy-
peractivity (Fig. 5a). A two-way mixed-design ANOVA only
revealed the main effect of time (Fs 120=2.842, p<0.01). Total
distances in 30 min measured after LY379268 (0, 1, 3 and
10 mg/kg) and toluene (0 and 750 mg/kg) are shown in

Training session Retention Session

Fig. 3 Effects of LY379268 on toluene-induced recognition memory
impairment in the novel object recognition test. LY379268 (0, 1, and
3 mg/kg) was administered 30 min prior to corn oil or toluene
(750 mg/kg) administration. The recognition memory was assessed by
novel object recognition test. The recognition index (a) and total time
exploring objects (b) for the training and retention sessions are
expressed as mean+SEM (n=7). **p<0.01, ***p<0.001, compared
with respective control group; *#p<0.001, compared with vehicle+
toluene group

Fig. 5b. Two-way ANOVA revealed a statistically significant
main effect of LY379268 (F5,5=14.44, p<0.001). The
Student-Newman-Keuls post hoc test revealed that
LY379268 (10 mg/kg) pretreatment significantly reduced lo-
comotor activity in animals received either corn oil or toluene.

Discussion

The present study revealed that the mGluR2/3 agonist
LY379268 counteracted the toluene-induced lowering of
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Fig. 4 Effects of toluene and LY379268 on social interaction. The total
duration of social interaction and the number of contacts in the social
interaction test were determined after the mice were injected with corn
oil or toluene (250, 500, and 750 mg/kg) (n=7) (a, b) or LY379268 (0, 1,

ICSS reward thresholds and cognitive impairment in the novel
object recognition test and, to a lesser degree, attenuated mo-
tor incoordination in the rotarod test and deficits in the social
interaction test produced by toluene. The neurobehavioral
profiles of toluene, including a biphasic effect on locomo-
tor activity (Chan et al. 2004; Riegel et al. 2003; Riegel
and French 1999b), ataxia (Chan et al. 2012a; Lo et al.
2009), and learning impairment (Huerta-Rivas et al.
2012; Lo et al. 2009; Win-Shwe et al. 2010), overlap those
of noncompetitive NMDAR antagonists, such as PCP,
MK-801, and ketamine. The present study further revealed
that the impairment in social interaction is also a common
behavioral effect induced by toluene and NMDAR antag-
onists (Gururajan et al. 2012; Sams-Dodd 1995; Spano
et al. 2010). Together with the evidence that toluene sup-
presses NMDAR-mediated currents (Cruz et al. 1998) and
partially substitutes for the discriminative properties of the
NMDAR antagonist PCP (Bowen et al. 1999), the overlap-
ping behavioral effects of toluene and NMDAR antago-
nists further support the hypothesis that toluene-induced
behavioral disturbances might be at least partially associ-
ated with NMDAR hypofunction.
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#1h<0.001, compared with vehicle+toluene group

In fact, NMDAR hypofunction hypothesis of toluene-
induced behavioral responses has been tested by NMDA re-
ceptor glycine binding site co-agonist D-serine and sarcosine,
an NMDA receptor co-agonist and also a type I glycine trans-
porter inhibitor (Chan et al. 2012a; Lo et al. 2009). D-Serine
reduced toluene-induced locomotor hyperactivity, motor inco-
ordination in the rotarod test, and memory impairment in the
step-through avoidance learning task in rats (Lo et al. 2009).
Sarcosine attenuates toluene-induced motor incoordination,
recognition memory impairment, and hypothermia but not
brain stimulation reward enhancement in mice (Chan et al.
2012a). It appears that positive modulation of NMDA receptor
activity through glycine binding site is capable of suppressing
most, although not all, behavioral responses to toluene.

In the present study, mGluR2/3 agonist LY379268 was
used as a different approach to modulate NMDAR.
LY379268 significantly attenuated the toluene-induced low-
ering of ICSS thresholds, recognition memory impairment,
motor incoordination, and social interaction deficit. In fact,
LY379268 has been reported to counteract locomotor hyper-
activity (Lorrain et al. 2003b) and novel object recognition test
(Pitsikas and Markou 2014) elicited by ketamine and to
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Fig. 5 Effects of toluene and LY379268 on locomotor activity. The
locomotor activity was determined after the mice were injected with
corn oil or toluene (500 and 750 mg/kg) (n=7~8) (a) or LY379268 (0,
1, 3, and 10 mg/kg) 30 min prior to corn oil or toluene (750 mg/kg)
administration (n=4~6) (b). The data are expressed as mean+SEM.
**%p<0.001, compared with respective vehicle control group

ameliorate the MK-801-induced impairment of spatial work-
ing memory (Blot et al. 2013). Although remaining to be
determined, LY379268 may attenuate motor incoordination
recognition memory impairment, and social deficits induced
by NMDAR antagonists, based on the similar behavioral pro-
files of toluene and NMDAR antagonists.

In the ICSS experiment, LY379268 pretreatment blocked
the toluene-induced enhancement of brain reward function.
Notably, LY379268 modestly increased ICSS thresholds in
corn-oil-treated controls, although this did not reach statistical
significance (p=0.09). LY379268 has been found to enhance
ICSS thresholds in animals that are withdrawn from chronic
saline administration (Liechti and Markou 2007). Further-
more, the mGIuR2 positive allosteric modulator potassium
3'-([(2-cyclopentyl-6-7-dimethyl-1-0x0-2,3-dihydro-1H-
inden-5-yl)oxy]methyl) biphenyl 1-4-carboxylate (BINA)

decreased brain reward function when administered alone,
despite counteracting the reward-enhancing effects of cocaine
(Jin et al. 2010). These findings suggest that mGIuR2 activa-
tion might impair reward function. Activation of mGIluR2/3
suppressed dopamine release in the nucleus accumbens
in vivo (Hu et al. 1999) and in brain slices (Chaki et al.
2006). Thus, mGlu2/3 receptors may be recruited subsequent
to the toluene-induced increase in dopamine neurotransmis-
sion (Riegel et al. 2003). Dopamine D, receptor antagonism
has been shown to elevate ICSS thresholds (Panagis and
Spyraki 1996). Interestingly, LY379268 has been reported to
exhibit properties of a dopamine D, receptor partial agonist,
with a low level of agonist activity and a high level of inhib-
itory activity (Seeman et al. 2008). However, another study
failed to show evidence of direct D, receptor interactions of
LY379268 in vitro or in vivo (Fell et al. 2009). Collectively,
these findings suggest an additive, rather than interactive, ef-
fect of LY379268 and toluene on ICSS thresholds.

LY379268 might comprehensively regulate toluene-
induced behavioral responses, but the precise mechanisms
remain unclear. Group II mGluRs are predominantly
expressed on presynaptic terminals where they inhibit the re-
lease of glutamate (Lorrain et al. 2003a), leading to the pro-
posal that specific agonists should be useful for treating dis-
orders associated with excessive extracellular glutamate
levels. In addition, the activation of group II mGluRs by
LY379268 significantly enhanced NMDA-induced currents
in dissociated neuron cultures (Tyszkiewicz et al. 2004) and
postsynaptically in the prefrontal cortex (Cheng et al. 2013; Xi
et al. 2011) and hippocampus (Trepanier et al. 2013). The
ameliorating effect of LY379268 on the MK801-induced dys-
function of NMDARSs in the prefrontal cortex has also been
reported (Xi et al. 2011). Therefore, the reversing effects of
LY379268 on toluene-induced behavioral responses might be
based on its actions at presynaptic autoreceptors and ability to
modulate the function of NMDARs through postsynaptic
actions.

LY379268 acts on both mGluR2 and mGIluR3, but the
present results could not differentiate which receptor subtype
may be more critical for each behavioral response to toluene.
Nonetheless, the reduction of synaptic transmission primarily
involves mGluR2, whereas mGIuR3 exhibits predominantly a
postsynaptic dendritic localization (Kew et al. 2002; Tamaru
et al. 2001). In fact, toluene-induced behavioral manifesta-
tions are affected by different doses of LY379268. Lower
doses of LY379268 (3 mg/kg) completely suppressed the ef-
fects of toluene on ICSS reward thresholds and novel object
recognition, whereas a higher dose (10 mg/kg) required to
attenuate the toluene-induced impairment of social interaction
and motor incoordination. The reasons for this discrepancy
remain unclear but may be related to regional and anatomical
differences in NMDAR subunit and mGluR2/3 expression in
the neural circuitry that underlies each behavioral response.
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It is of note that the voluntary use of toluene and related
solvents is by inhalation and not by i.p. injection. Although
i.p. injection of toluene has little face validity to the human
exposure route, it has been extensively reported to produce the
same behavioral signs in rats (Bale et al. 2005; Kondo et al.
1995; Riegel and French 1999b) or mice as does inhalation.
Actually, it has been reported that 560 mg/kg i.p. toluene
produced 99 % toluene vapor-lever responding for the
10 min 6000 ppm toluene vapor training condition in drug
discrimination studies (Shelton 2007; Shelton and Slavova-
Hernandez 2009). In addition, the toluene blood concentra-
tions measured under several exposure conditions which pro-
duced full substitution were all nearly identical (Shelton and
Slavova-Hernandez 2009). Accordingly, the doses of toluene
used in the present study (250-750 mg/kg, i.p.) might produce
interoceptive stimulus effects and toluene blood concentra-
tions equal to 10 min of 2500-8000 ppm toluene vapor
exposure.

Administration of toluene by ip injection has been repeat-
edly reported to produce locomotor hyperactivity in rats (Chan
et al. 2004; Lo and Chen 2005; Riegel et al. 2003; Riegel and
French 1999a). Surprisingly, we found that toluene could not
produce locomotor hyperactivity in NMRI mice in the doses
which increased locomotor activity in rats. In fact,
hyperlocomotor activity induced by toluene inhalation has
been compared in different mouse strains (Bowen et al.
2010), revealing that C57BL/6J mice used for ICSS in the
present study are relative insensitive. Our results further dem-
onstrated that NMRI mice are also extremely insensitive. Con-
sidering the increased locomotor activity is one of the possible
confounding factors in behavioral tests, the mouse strains with
low sensitivity might be more suitable for evaluating behav-
ioral effects of toluene.

LY379268 has been reported to regulate toluene-induced
locomotor hyperactivity in rats by repeated injection to initiate
a tolerance to motor-depressants effects associated with
LY379268 (Riegel et al. 2003). As previous reports, our re-
sults demonstrated that acute treatment of LY379268
(10 mg/kg) at high dose produced remarkably motor suppres-
sive effect, whereas only slightly affected by lower doses (1
and 3 mg/kg). LY379268 (10 mg/kg) has been applied for
rotarod and social interaction tests in the present study.
Rotarod is not influenced by locomotor activity. Furthermore,
as we present here, LY379268 did not affect behavioral per-
formance in rotarod test either by a constant velocity (Sharpe
et al. 2002) or an accelerating protocol (Reiner et al. 2012).
Social interaction might be confounded by locomotor sup-
pression. However, there is no interaction between
LY379268 and toluene, that is, LY379268 produced the same
level of locomotor suppressing effect on toluene-treated and
the respective control mice. In addition, LY379268-treated
(10 mg/kg) animals exhibited similar level of social behaviors
to vehicle-treated control mice. It appears that the locomotor
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suppressing effect of LY379268 did not interfere with the
social interactions in mice.

The prevalence of solvent use among adolescents is similar
to or greater than that of other abused drugs in certain coun-
tries even though solvent abuse is often overlooked. Given the
potential for adverse effects of solvent use in younger individ-
uals, basic research that seeks to identify potential medications
for solvent addiction and related health effects is important.
The present study demonstrated that LY 379268 markedly re-
duced the rewarding and behavioral disturbances associated
with acute toluene exposure. These findings shed light on
possible treatment targets for toluene addiction and the pre-
vention of toluene intoxication by occupational or intentional
exposure.
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