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mGIuR5 Antagonism Attenuates Methamphetamine
Reinforcement and Prevents Reinstatement of
Methamphetamine-Seeking Behavior in Rats

Justin T Gass', Megan PH Osborne', Noreen L Watson', Jordan L Brown' and M Foster Olive®'

'Department of Psychiatry and Behavioral Sciences, Center for Drug and Alcohol Programs, Medical University of South Carolina,
Charleston, SC, USA

Addiction to methamphetamine is a significant public health problem, and there are currently no pharmacological agents that are
approved for the treatment of addiction to this powerful psychostimulant. Chronic methamphetamine use leads to cognitive dysfunction
as well as numerous psychiatric, neurological, and cardiovascular complications. There is a growing body of literature implicating an
important role for glutamate neurotransmission in psychostimulant addiction. In the present study, we examined the effects of the
selective type 5 metabotropic glutamate receptor (mGIURS) antagonist 3-((2-methyl-1,3-thiazol-4-yl)ethynyl)pyridine (MTEP) on
intravenous self-administration of methamphetamine and reinstatement of methamphetamine-seeking behavior. Adult male Sprague—
Dawley rats were trained to respond for intravenous methamphetamine (0.1 or 0.2mg/kg per infusion) or food pellets and were
subsequently administered vehicle or MTEP (0.3-3 mg/kg) before drug or food self-administration on a fixed-ratio | (FRI) schedule of
reinforcement or a progressive ratio (PR) schedule of reinforcement. We also examined the effects of vehicle or MTEP (0.3-3 mg/kg) on
cue- and drug-induced reinstatement of methamphetamine-seeking behavior as well as cue-induced reinstatement of food-seeking
behavior. Our results show that MTEP dose dependently reduced the reinforcing effects of methamphetamine under FRI and PR
schedules of reinforcement without altering overall responding for food. MTEP also dose dependently prevented cue- and drug-induced
reinstatement of methamphetamine-seeking behavior, but did not alter cue-induced reinstatement of food-seeking behavior. Together,
these results indicate that mGIuR5 receptors mediate methamphetamine reinforcement and methamphetamine-seeking behavior, and
that pharmacological inhibitors of mGIuRS5 receptor function may represent a novel class of potential therapeutic agents for the

treatment of methamphetamine addiction.
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INTRODUCTION

Methamphetamine is a potent and highly addictive psycho-
motor stimulant. According to recent epidemiological esti-
mates, approximately 5.8% of people in the United States age
12 or older have used methamphetamine at least once in their
lifetime, and use of the drug within the last month is estimated
to occur in approximately 0.3% of the population (Maxwell
and Rutkowski, 2008). These estimates also indicate that
although the overall number of people using methampheta-
mine regularly has remained stable over the past 5 years, the
number of people entering treatment for methamphetamine
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abuse and addiction has more than doubled in the same time
period. There is a high degree of comorbidity of other
psychiatric disorders in methamphetamine users, and chronic
use of the drug leads to serious health consequences, including
cardiovascular abnormalities, increased incidences of infec-
tious diseases such as HIV and hepatitis C, and significant
cognitive dysfunction (Barr et al, 2006; Darke et al, 2008;
Lineberry and Bostwick, 2006; Meredith et al, 2005; Winslow
et al, 2007). Current methods for the treatment for
methamphetamine addiction include psychosocial or cognitive
behavioral therapy in inpatient and outpatient settings (Lee
and Rawson, 2008; Ling et al, 2006). In addition, numerous
compounds have been studied in both humans and animals
for potential use as therapeutic aids in the treatment of
addiction to methamphetamine (Srisurapanont et al, 2001;
Vocci and Appel, 2007). However, currently there are no
therapeutic agents the have gained approval specifically for the
treatment of methamphetamine addiction, and relapse rates
remain high.
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Methamphetamine is a potent monoamine-releasing
agent that increases dopamine, norepinephrine, and ser-
otonin neurotransmission (Barr et al, 2006; Sulzer et al,
2005). Methamphetamine also increases the efflux of
glutamate from intracellular stores (Abekawa et al, 1994;
Bustamante et al, 2002; Nash and Maickel, 1999; Raudensky
and Yamamoto, 2007; Rocher and Gardier, 2001; Shoblock
et al, 2003; Stephans and Yamamoto, 1995), but most
investigators have viewed methamphetamine-induced glu-
tamate release as contributing to the neurotoxic effects of
the drug rather than its reinforcing effects (Marshall
et al, 1993; Ohmori et al, 1996; Stephans and Yamamoto,
1994; Tata and Yamamoto, 2007). However, there is a
small body of literature suggesting that glutamate transmis-
sion is involved in the reinforcing effects of methamphe-
tamine. Receptors for glutamate are classified as either
ionotropic (such as the N-methyl-p-aspartate (NMDA),
o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) and kainic acid receptor subtypes) or metabotropic
(mGluRI-8) subtypes. Pharmacological blockade of NMDA
receptors with MK-801 has been reported to inhibit the
development of a methamphetamine conditioned place
preference in mice (Kim and Jang, 1997), and the
nonselective NMDA receptor antagonist dextromethorphan
has been shown to decrease intravenous methamphetamine
self-administration in rats (Glick et al, 2001; Jun and
Schindler, 2000).

Given the preponderance of evidence suggesting a critical
role for glutamatergic transmission in psychostimulant
addiction (Gass and Olive, 2008; Kalivas, 2000, 2007;
Tzschentke and Schmidt, 2003), we chose to investigate
the effects of the selective mGluR5 antagonist 3-((2-methyl-
1,3-thiazol-4-yl)ethynyl)pyridine (MTEP; Cosford et al,
2003) on methamphetamine reinforcement and reinstate-
ment of methamphetamine-seeking behavior. Previous
studies have suggested a significant role for this glutamate
receptor subtype in self-administration of various drugs of
abuse as well as the reinstatement of drug-seeking behavior
(Chiamulera et al, 2001; Gass and Olive, 2008; Kenny and
Markou, 2004; Olive, 2005).

MATERIALS AND METHODS

Subjects

All experimental procedures conformed to the 1996 NIH
Guide for the Care and Use of Laboratory Animals, the 2003
Guide for the Care and Use of Mammals in Neuroscience
and Behavioral Research, and were conducted with the
approval of an institutional animal care and use committee
at the Medical University of South Carolina. Male Sprague-
Dawley rats (250-350g; Charles River Laboratories, Wil-
mington, MA, USA) were individually housed upon arrival.
Animals were maintained on a 12 h light-dark cycle (lights
off at 0600 hours) in a temperature- and humidity-
controlled animal facility. All experimentation was con-
ducted during the dark phase of the light-dark cycle, with
exception of 16 h overnight training and progressive ratio
(PR) sessions that commenced near the end of the dark
phase (at approximately 1600 hours) and continued through
the light phase into the following morning (ending at
approximately 0800 hours). Rats were given ad libitum
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access to food and water upon arrival until initial self-
administration training procedures. Thereafter, all groups
of animals were given access to 20 g of food per day and ad
libitum access to water (except during behavioral testing)
s0 as to maintain consistent nutritional and metabolic
states across all experimental groups (ie animals self-
administering food or methamphetamine). Food restriction
was also imposed because we have previously noted that ad
libitum access to food resulted in poor performance in
operant food self-administration test sessions (unpublished
observations).

Apparatus

Drug self-administration and reinstatement testing were
conducted in operant self-administration chambers (ENV-
008; Med Associates, St Albans, VT, USA). Chambers were
housed in melamine sound-attenuating cubicles equipped
with a houselight and exhaust fan designed to mask external
noise and odors, and was interfaced to a PC. Each chamber
was equipped with two stainless-steel response levers
located on one wall that flanked a 4.2 x 5cm food pellet
receptacle. Each response lever was located approximately
7 cm above a stainless-steel rod floor, and positioned above
each lever was a 2.5cm diameter white stimulus light.
Located near the top of the self-administration chambers
was a Sonalert speaker that provided an auditory stimulus
during drug delivery or cue-induced reinstatement proce-
dures. Outside each chamber was a syringe pump that was
interfaced to the computer and delivered the drug solution
through a single-channel liquid swivel mounted atop the
chamber by polyethylene tubing.

Methamphetamine and Food Self-Administration

Before self-administration training, rats were prepared with
intravenous catheters into the jugular vein. Briefly,
rats were anesthetized with isoflurane (2% v/v) vaporized
in medical-grade breathing air at a flow rate of 0.41/min,
and the right jugular vein was isolated and a sterile silastic
catheter filled with 100 U/ml heparin was inserted 2.5cm
into the vein. The catheter was secured to the surrounding
tissue with sutures, and the opposite end of the catheter was
tunneled subcutaneously to the dorsum where it exited the
skin between the scapulae. This end of the catheter was
secured to the surrounding tissue by sutures and a
mesh collar attached to a threaded vascular access port
(Plastics One, Roanoke, VA, USA). The access port was
sealed with a piece of Tygon tubing closed at one end
and a protective cap. Following surgical procedures, rats
were allowed at least 5 days of recovery and received
daily intravenous infusions of 70U/ml heparin (0.2ml
volume) to maintain catheter patency and 100 mg/ml
cefazolin (0.1 ml volume) to protect against infection.
Catheter patency was tested periodically throughout
the experiment by infusion of 10 mg/ml sodium methohex-
ital (0.2ml volume) and observation of brief loss of
postural muscle tone. Rats that were to be tested for effects
of MTEP on food self-administration, breakpoints for food
reinforcement under a PR schedule, and cue-induced
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reinstatement of food-seeking behavior did not undergo
catheter implantation.

After recovery from surgical procedures, all animals
regardless of experimental group were limited to access to
20 g of food per day for the remainder of the experiment. To
initiate operant responding, rats were placed in the self-
administration chambers for 16h overnight training ses-
sions whereby each press on the designated active lever
delivered a 45mg food pellet (Bio-Serv, Frenchtown, NJ,
USA) into the food receptacle on a fixed-ratio 1 (FR1)
schedule of reinforcement. Each food pellet delivery was
followed by a 20-s timeout period, during which additional
active lever presses were recorded but produced no
programmed consequences. Presses on the designated
inactive lever were recorded but produced no consequences
at any time during the experiment. Approximately 24h
following the initial overnight training session, rats were
then placed into 2h daily self-administration sessions
whereby each press on the active lever resulted in delivery
of methamphetamine (0.1 or 0.2mg/kg per infusion,
delivered in a volume of 0.06 ml over a 2s period), or a
single 45 mg food pellet, on an FR1 schedule of reinforce-
ment. Each methamphetamine infusion or food pellet
delivery was followed by a 20-s timeout period, during
which additional active lever presses were recorded but
produced no programmed consequences. Methampheta-
mine was delivered to the vascular access port by
polyethylene tubing housed in a stainless-steel spring tether
that was attached to the liquid swivel. Each methampheta-
mine infusion or food pellet delivery was accompanied by
concurrent illumination of the stimulus light and presenta-
tion of an auditory stimulus (~ 65 dB, 2900 Hz) for 2 s. Self-
administration sessions were conducted 5 consecutive days
per week, and each was preceded by intravenous infusion of
0.1 ml of 70 U/ml heparin and followed by infusion of 0.1 ml
of 100 mg/ml cefazolin.

Pharmacological Testing During Methamphetamine and
Food Self-Administration

To determine the effects of MTEP on active methamphe-
tamine or food self-administration, each animal was
allowed to self-administer methamphetamine (0.1 or
0.2 mg/kg per infusion, n=10-11 per group) or food pellets
(n=12) in 2h daily sessions as described above until
response patterns stabilized (ie the number of active lever
presses per 2h session varied less than 15% across two
consecutive sessions, with a minimum of eight and a
maximum twelve sessions). Next, animals were adminis-
tered MTEP (0.3, 1, or 3 mg/kg, i.p.) or vehicle 10 min before
the start of subsequent self-administration sessions in a
randomized counterbalanced within-subjects design,
with a maximum of two treatments being given per week
and at least one treatment-free session being conducted
between each drug administration to allow for washout of
any drug effects. The primary dependent variables mea-
sured during each 2 h session were the number of active and
inactive lever presses emitted, as well as the number of
reinforcers delivered (ie methamphetamine infusions or
food pellets).
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Pharmacological Testing Under a Progressive Ratio
Schedule of Reinforcement

To determine the effects of MTEP on the reinforcing
efficacy of methamphetamine or food, separate groups
of animals were trained to self-administer methampheta-
mine (0.1 or 0.2 mg/kg per infusion, n=11 per group) or
food pellets (n=12) in 2h daily sessions under an FR1
schedule of reinforcement as described above for a
minimum of 5 days. Next, animals were subject to PR
schedules of reinforcement, where the number of lever
presses required to obtain a single infusion of methamphe-
tamine or delivery of a food pellet was determined by
the following the equation: responses per reinforcer
delivery =5 x glinjection “numberx 0.2) 5 (jo 1 2 4 6, 9, 12,
15, 20, 25, 32, 40, etc) (Richardson and Roberts, 1996). All
PR testing was conducted in 16h overnight sessions, and
each drug infusion or food pellet delivery was followed by a
20-s timeout period, during which additional active lever
presses were recorded but produced no programmed
consequences. Breakpoints were considered to be obtained
when the animal emitted no lever responses for 1h. At least
two baseline PR sessions were conducted before drug
administration to establish baseline performance on the PR
schedule of reinforcement. Ten minutes before subsequent
PR test sessions, rats were administered MTEP (0.3, 1, or
3 mg/kg, i.p.) or vehicle in a randomized counterbalanced
within-subjects design, with a maximum of two treatments
being given per week and at least one treatment-free session
being conducted between each drug administration to allow
for washout of any drug effects. The primary dependent
variables measured during each 16h session were the
number of active and inactive lever presses emitted, the
number of reinforcers earned (methamphetamine infusions
or food pellet deliveries), and the latency for each animal to
reach its respective breakpoint.

Pharmacological Testing During Reinstatement

To determine the effects of MTEP on cue- and drug-induced
reinstatement of methamphetamine-seeking behavior or
cue-induced reinstatement of food-seeking behavior, sepa-
rate groups of animals were allowed to self-administer
methamphetamine (0.1 mg/kg per infusion) or food pellets
in 2h daily sessions under an FR1 schedule of reinforce-
ment as described above until response patterns stabilized
(ie the number of active lever presses per 2 h session varied
less than 15% across two consecutive sessions, with a
minimum of eight and a maximum of twelve sessions).
Next, all animals were subjected to extinction training,
whereby presses on the active lever no longer produced any
programmed consequences (ie no tone/light presentation
and no activation of the syringe pump). Extinction training
sessions were 2h in length and were conducted until
extinction criteria were met by all animals in each group (ie
the number of active lever presses was <20% than that
observed during the final 2 days before commencement of
extinction training). Next, animals were administered
MTEP (0.3, 1, or 3mg/kg, i.p.) or vehicle 10 min before
cue- or drug-induced reinstatement testing procedures (2h
each). For cue-induced reinstatement (Cue-Meth, n =17 or
Cue-Food, n=19), each press on the active lever resulted in



the presentation of the light-tone stimulus complex that
was presented during active methamphetamine or food self-
administration as described above, as well as activation of
the computer-controlled syringe pump in the Cue-Meth
group; however, no drug solution or food pellet was
delivered. For drug-induced reinstatement testing (Drug-
Meth, n=11), animals received a single injection of
methamphetamine (1mg/kg, i.p.) 30min before the re-
instatement test session, and during testing presses on the
active lever resulted in no programmed consequences (ie no
tone/light presentation and no activation of the syringe
pump, so as to eliminate all cues that may have previously
been associated with methamphetamine delivery). Follow-
ing the first reinstatement test, animals underwent daily 2h
extinction sessions until extinction criteria were again
obtained. This sequence was performed three times so that
all animals received treatment with vehicle and two of the
three doses of MTEP (0.3, 1, and 3mg/kg, ip.) in a
randomized, counterbalanced within-subjects dose-re-
sponse design. This ‘crossover’ design with one subset of
animals always receiving vehicle treatment allowed for
quantification of reinstatement magnitude during each test
session by examining the behavior of vehicle-treated
animals that were tested in parallel with MTEP-treated
animals. The number of reinstatement tests was limited to a
maximum of three per animal so as to avoid the diminution
of reinstatement of drug- or food-seeking behavior due to
the absence of delivery of the primary reinforcer (ie
methamphetamine or food). The primary dependent vari-
ables measured during reinstatement testing were the
number of active and inactive lever presses emitted.

Drugs

MTEP hydrochloride was obtained from Alexis Biochem-
icals (San Diego, CA, USA) and was dissolved by sonication
in a vehicle consisting of 20% w/v 2-hydroxypropyl-f-
cyclodextrin (Sigma-Aldrich, St Louis, MO), as it was found
that MTEP was not readily soluble in water or saline.
Injection volumes for MTEP were 1ml/kg and were
delivered by the intraperitoneal (i.p.) route. (+)Metham-
phetamine hydrochloride was obtained from Sigma-Aldrich
and prepared in sterile 0.9% sodium chloride for intrave-
nous infusion, or in the case of drug-induced reinstatement,
was prepared at a concentration of 1 mg/ml in saline and
administered ip. in a volume of 1ml/kg. Doses of
MTEP and methamphetamine are expressed as the weight
of the salt.

Statistical Analyses

Data were analyzed using SigmaStat version 3.0 software
(Systat Inc., San Jose, CA, USA). Effects of MTEP on the
number of active lever presses, methamphetamine infusions
delivered, or responding during the timeout period in the
2h self-administration sessions were analyzed by a mixed
two-way analysis of variance (ANOVA), with unit dose of
methamphetamine reinforcement as a between-subjects
factor and MTEP dose as a within-subjects factor. Effects
of MTEP on the number of active lever presses for food,
food pellets delivered, or responding during the timeout
period were each analyzed by a one-way ANOVA. Effects of
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MTEP on temporal patterns of active lever presses (in 15-
min time bins) during the 2h self-administration sessions
were analyzed by a two-way repeated-measures ANOVA,
with MTEP dose and time bin as factors. For PR testing,
separate two-way repeated-measures ANOVA were con-
ducted on the number of methamphetamine reinforcers
earned and the time to reach breakpoint, with unit dose of
methamphetamine reinforcement as a between-subjects
factor and MTEP dose as a within-subjects factor. A
separate repeated-measures one-way ANOVA was con-
ducted to determine effects of MTEP on the number of
food reinforcers earned and the time to reach breakpoint
for food reinforcement. Effects of MTEP on temporal
patterns of active lever presses during the PR test sessions
were analyzed by a two-way repeated-measures ANOVA,
with MTEP dose and time bin as factors. Because the time to
reach breakpoint varied greatly between all groups after the
first 90 min of the PR session, we analyzed the first 90 min
of each session in 15-min bins, and all subsequent responses
were analyzed in a single time bin (ie 90 + min). Cumulative
response records were plotted for animals whose total
number of active lever presses was at or within one standard
deviation of the group mean.

For analysis of reinstatement testing, the number of active
lever presses on the last 2 days of drug self-administration
before extinction training was averaged to obtain a value for
self-administration (SA). Values for extinction (Ext) repre-
sent the number of active lever presses on the last day of
extinction training before the first reinstatement test
session. Effects of MTEP on the number of active lever
presses exhibited during reinstatement testing were com-
pared against the respective group’s Ext values using a one-
way ANOVA. All inactive lever data were analyzed by either
a mixed two-way ANOVA (for effects of MTEP in the fixed
ratio and PR schedules of reinforcement) or by one-way
ANOVA (in reinstatement testing). All ANOVAs were
followed by pairwise Holm-Sidak multiple comparisons
post hoc tests. p<0.05 was considered statistically signifi-
cant for all tests performed. All data are presented as
mean + SEM.

RESULTS

Effects of MTEP on Methamphetamine and Food
Self-Administration Under an FR1 Schedule of
Reinforcement

For the 2 h self-administration sessions conducted under an
FR1 schedule of reinforcement, significant effects of MTEP
dose on the number of active lever presses (Fss;=6.43,
p<0.001) and the number of reinforcers delivered
(F355=28.21, p<0.001) were observed in the 0.1 and
0.2 mg/kg per infusion methamphetamine groups, and post
hoc analysis revealed that the 3mg/kg dose of MTEP
significantly reduced the number of active lever presses
and number of infusions delivered in each group (Figure la
and c). A significant interaction between methamphetamine
dose and MTEP dose was not observed with respect to
active lever presses (F;s;=2.05, p>0.05), suggesting that
the effects of MTEP on the number of active lever presses
was not dependent on the unit dose of methamphetamine.
However, a significant interaction between methamphetamine
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Effects of the type 5 metabotropic glutamate receptor (mGIuR5) antagonist (MTEP) on self-administration of methamphetamine or food under

a fixed-ratio | (FRI) schedule of reinforcement. Rats were trained to self-administer methamphetamine at 0.1 mg/kg per infusion (a, n= I 1), 0.2 mg/kg per
infusion (c, n=10), or food pellets (e, n=12) until response pattemns stabilized. Vehicle or MTEP (0.3, I, or 3 mg/kg) was given |0 min before 2h self-
administration sessions. The number of active lever presses and infusions or pellets delivered is shown, whereas the number of inactive lever presses is
presented in Table |. Panels b, d, and f show the temporal pattern of responding during the 2 h self-administration session in | 5-min time bins. Asterisk (*)
indicates data values are significantly different (p<0.05) from those of vehicle-treated animals.

dose and MTEP dose was observed with respect to the
number of methamphetamine infusions delivered
(F5,55 =4.19, p<0.05), indicating that effects of MTEP on
the number of infusions delivered were dependent on the
unit dose of methamphetamine. In rats trained to self-
administer food (Figure le), no significant effects of MTEP
dose on the total number of active lever presses
(F33,=0.70, p>0.05) or the number of pellets delivered
(F5,3, =0.41, p>0.05) were observed, indicating that MTEP
did not alter overall food self-administration.

Analysis of the number of active lever presses made
during the 20s timeout period following each methamphe-
tamine infusion (ie ‘timeout responding’) revealed a
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significant main effect of methamphetamine dose
(F1,53:11.85, p<0.005) and MTEP dose (F3’53:4.18,
p<0.05), but no significant interaction between these two
factors (Fss53=0.84, p>0.05). Post hoc analysis revealed
that MTEP at a dose of 3mg/kg significantly reduced
timeout responding in rats self-administering the 0.1 mg/kg
per infusion but not the 0.2mg/kg per infusion dose of
methamphetamine (data not shown). MTEP did not alter
timeout responding in rats self-administering food pellets
(F33,=1.25, p>0.05) (data not shown). The number of
inactive lever presses was also unaltered by MTEP (Table 1).

In rats self-administering the 0.1 mg/kg per infusion dose
of methamphetamine, temporal analysis of the effects of
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Table | Effects of MTEP on Inactive Lever Presses During Methamphetamine or Food Self-Administration, Progressive Ratio Testing, and

Reinstatement Testing

MTEP dose (mg/kg)

0 0.3 I 3

Self-administration

0.1 mg/kg/infusion methamphetamine 39+ 1.1 38+08 34%13 |.7+£08

0.2 mg/kg/infusion methamphetamine [.1+04 12+07 0.6+0.5 0.6+04

Food 44+12 37x 1.1 24%10 23109
Progressive ratio

0.1 mg/kg/infusion methamphetamine 244163 183+95 324%179 95+54

0.2 mg/kg/infusion methamphetamine 1900752 739 +44.1 19551945 169.3 £ 140.1

Food 08+04 06+03 1.2+04 22%10
Reinstatement

Cue-Meth 25%1.2 30£25 [.3+£07 [3+12

Drug-Meth 83148 14+04 49141 25124

Cue-Food 24+£ 1.1 .7+07 04+02 04+03

MTEP, 3-((2methyl- | 3-thiazole-4-yl)ethynyl)pyridine.

All data are presented as mean + SEM. ANOVA revealed no significant effects of MTEP dose on inactive lever presses were found in any of the treatment groups (all

p-values >0.05).

MTEP on the number of active lever presses in 15-min time
bins revealed a significant effect of time bin (F; ;o =28.35,
p<0.001), MTEP dose (F;,;9=>5.11, p<0.01), as well as an
interaction between time bin and MTEP dose (F,; 210 = 2.76,
p<0.001). Post hoc analysis revealed that the number of
active lever presses were reduced in the first three time bins
in rats treated with the 3 mg/kg dose of MTEP as compared
with vehicle-treated animals (Figure 1b). Likewise, in rats
self-administering the 0.2mg/kg per infusion dose of
methamphetamine, temporal analysis of the effects of
MTEP revealed a significant effect of time bin
(Fy147=15.89, p<0.001), MTEP dose (Fs4;=>5.38,
p<0.01), as well as an interaction between time bin and
MTEP dose (F;;147=3.46, p<0.001). Post hoc analysis
revealed that the number of active lever presses was reduced
in the first time bin in rats treated with the 1 and 3 mg/kg
dose of MTEP compared with vehicle-treated animals
(Figure 1d). However, rats treated with the 1 mg/kg dose
of MTEP showed an increase in active lever presses during
time bin 3 as compared with vehicle-treated animals. In rats
self-administering food, temporal analysis of the effects of
revealed a significant effect of time bin (F;,;9=15.92,
p<0.001) but no effect of MTEP dose (F;,;0=0.46,
p>0.05). However, a trend toward a reduction in the
number of active lever presses for food was observed in the
first two time bins in rats receiving the 1 or 3 mg/kg dose of
MTEP.

Representative cumulative plots of the number of active
lever presses during the 2 h self-administration sessions are
presented in Figure 2. As can be seen, the 3 mg/kg dose of
MTEP delayed the onset of responding for the 0.1 mg/kg per
infusion dose of methamphetamine, and decreased the total
number of responses emitted during the first 15min time
bin at both doses of methamphetamine. The 3 mg/kg dose of
MTEP also appeared to attenuate the initial ‘loading’ phase

of food self-administration during the first 1 h of the session
as compared with vehicle-treated animals, but did not affect
the overall number of responses.

Effect of MTEP on Methamphetamine and Food Self-
Administration Under a PR Schedule of Reinforcement

Figure 3 shows the effects of MTEP treatment on respond-
ing for two doses of methamphetamine (0.1 and 0.2 mg/kg
per infusion) or food under a PR schedule of reinforcement.
A significant effect of methamphetamine dose (F; 9 = 63.38,
p<0.001), MTEP dose (F3¢ =15.94, p<0.001), and an
interaction between methamphetamine dose and MTEP
dose (F;40=3.08, p<0.05) were observed with regard to
total reinforcers earned. Post hoc analyses revealed that the
3mg/kg dose of MTEP reduced the total number of
reinforcers earned in both methamphetamine groups
(Figure 3a). A significant effect of methamphetamine dose
on time to reach breakpoint was observed (F,qp=22.34,
p<0.001), with animals self-administering 0.2 mg/kg per
infusion requiring significantly more time to reach break-
points as compared to the 0.1 mg/kg per infusion group.
However, there was no effect of MTEP dose on time to reach
breakpoint for either group (F36=1.94, p>0.05;
Figure 3b). In animals self-administering food, there was
no effect of MTEP dose on the total number of reinforcers
earned (F; 33 =1.33, p>0.05; Figure 3a) or the time to reach
breakpoint (F; 33 =0.53, p>0.05; Figure 3b). The number of
inactive lever presses during PR testing was unaltered by
MTEP (see Table 1).

Temporal analysis of responding under a PR schedule of
reinforcement in animals self-administering the 0.1 mg/kg
per infusion dose of methamphetamine revealed a sig-
nificant effect of time bin (Fs;50=7.46, p<0.001),
MTEP dose (Fs ;50 =2.82, p<0.05), but not an interaction
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Figure 2 Representative cumulative response records from the 2h fixed-ratio | (FRI) self-administration sessions in animals from each of the three
experimental groups (0.1 or 0.2 mg/kg per infusion methamphetamine or food). Records were selected from animals treated with vehicle (panels a, ¢, and e)
or 3mg/kg MTEP (panels b, d, and f) whose total number of active lever presses was at or within one standard deviation of the group mean.

between these two factors (Fig 150 = 1.09, p>0.05). Post hoc
analysis showed that the number of active lever presses
was significantly reduced in animals treated with 3 mg/kg
MTEP during the first six time bins but not during the
remainder of the session (Figure 3c). In animals self-
administering the 0.2 mg/kg per infusion dose of metham-
phetamine, a significant effect of time bin (Fs ;50 =33.31,
p<0.001), MTEP dose (F;;50=2.90, p<0.05), and an
interaction between these two factors (F;g;50=2.50,
p<0.005) was observed. Post hoc analysis revealed
that the number of active lever presses was significantly
reduced in animals treated with 3 mg/kg MTEP during
the first six time bins as well as during the remainder
of the session (Figure 3d). In animals self-administering
food, a significant effect of time bin (F4 ;05 =45.33,
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p<0.001) but not MTEP dose (F; 195 =0.80, p>0.05) was
observed.

As seen in the representative cumulative plots in Figure 4,
MTEP at a dose of 3 mg/kg appeared to delay the onset of
responding as well as reduce the overall number of
responses for both doses of methamphetamine in the PR
test sessions. Despite the delayed onset and reduced overall
active lever presses, animals treated with 3 mg/kg MTEP
continued to respond for the same duration of time as
vehicle-treated animals, and thus time to reach breakpoint
was not altered. As under the FR1 schedule of reinforce-
ment, MTEP appeared to attenuate the initial ‘loading’
phase of food self-administration during the first 1h of the
PR session as compared to vehicle-treated animals, but did
not reduce the overall number of responses.
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progressive ratio (PR) schedule of reinforcement. Vehicle or MTEP (0.3, I, or 3 mg/kg) was given |0 min before 16h overnight PR sessions. (a) The total
number of reinforcers earned in the PR session is given along the left y axis, and as a reference, the final ratio completed is given along the right y axis. (b)
Time taken to reach breakpoint, as defined by lack of any response emitted for | h. Panels ¢, d, and e show the temporal pattern of responding during the 2 h
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Inactive lever data are presented in Table |. Asterisk (*) indicates data values are significantly different (p<0.05) from those of vehicle-treated animals.

Effect of MTEP on Reinstatement of Methamphetamine-
or Food-Seeking Behavior

The effects of MTEP on the ability of drug-associated cues
and drug priming to reinstate methamphetamine-seeking
behavior, as well as the ability of food-associated cues to
reinstate food-seeking behavior, are shown in Figure 5.
During Cue-Meth reinstatement testing, a significant effect

of MTEP dose on the number of active lever presses was
observed (F,so=28.80, p<0.001), and post hoc analyses
revealed that cue-exposed animals treated with vehicle or
0.3 mg/kg MTEP demonstrated reinstatement of metham-
phetamine-seeking behavior, as evidenced by a significant
increase in the number of active lever presses as compared
with Ext values. However, cue-exposed animals treated with
1 or 3mg/kg MTEP failed to show reinstatement of
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Figure 4 Representative cumulative response records from the progressive ratio (PR) sessions in animals from each of the three experimental groups (0. |
or 0.2 mg/kg per infusion methamphetamine or food). Records were selected from animals treated with vehicle (panels a, ¢, and €) or 3 mg/kg MTEP (panels
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methamphetamine-seeking behavior (Figure 5a). In addi-
tion, the number of active lever presses exhibited by these
animals was significantly lower than that of vehicle-treated
animals. During Drug-Meth reinstatement testing, a sig-
nificant effect of MTEP dose on the number of active lever
presses was observed (F,4; =4.48, p<0.005), and post hoc
analyses revealed that cue-exposed animals treated with
vehicle or 0.3 mg/kg MTEP demonstrated reinstatement of
methamphetamine-seeking behavior (Figure 5b). However,
drug-exposed animals treated with 1 or 3 mg/kg MTEP
failed to show reinstatement of methamphetamine-seeking
behavior. In addition, the number of active lever presses
exhibited by these animals was significantly lower than that
of vehicle-treated animals. During Cue-Food reinstatement
testing, all cue-exposed animals demonstrated a reinstate-
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ment of food-seeking behavior (F,s¢=3.41, p<0.05), and
no significant effects of MTEP dose were observed
(Figure 5c). The number of inactive lever presses during
reinstatement testing was unaltered by MTEP treatment (see
Table 1).

DISCUSSION

To our knowledge, the present studies are the first to
demonstrate that mGluR5 receptors are involved in the
reinforcing properties of methamphetamine as well as
the reinstatement of methamphetamine-seeking behavior.
We observed that administration of the selective mGluR5
antagonist MTEP dose dependently reduced intravenous
methamphetamine self-administration on an FR1 schedule
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of reinforcement at two unit doses of methamphetamine.
These effects did not appear to be a result of nonspecific
suppression of appetitive behaviors or motor function, as
overall responding for food reinforcement under an FR1 or
PR schedule of reinforcement was unaffected by all doses of
MTEP tested. However, temporal analysis of effects of
MTEP on food reinforcement revealed inhibitory effects
during the first 30 min of the food self-administration
session (see below), yet these effects were statistically
nonsignificant. Our results support previous findings that
mGluR5 receptors are important in the reinforcing effects of
numerous drugs of abuse, as it has been shown previously
that mice lacking mGIuR5 receptors do not self-administer
cocaine (Chiamulera et al, 2001), and selective mGluR5
antagonists reduce the self-administration of various drugs
of abuse including cocaine (Chiamulera et al, 2001; Iso et al,
2006; Kenny et al, 2003; Lee et al, 2005; Paterson and
Markou, 2005; Tessari et al, 2004), nicotine (Kenny et al,
2003; Paterson and Markou, 2005; Paterson et al, 2003;
Tessari et al, 2004), and alcohol (Backstrom et al, 2004;
Besheer et al, 2008; Cowen et al, 2005, 2007; Hodge et al,
2006; Lominac et al, 2006; Olive et al, 2005; Schroeder
et al, 2005).

Temporal analysis of responding revealed that the
effective dose of MTEP (3 mg/kg) in reducing methamphe-
tamine-reinforced responding primarily exerted its inhibi-
tory effects during the first 15-45min of the 2h self-
administration sessions. As the majority of responding for
methamphetamine reinforcement occurred during this time
period, it appears that MTEP reduced methamphetamine
reinforcement by suppressing the initial burst of responding
during the first period of access to the drug. The lack of
effects of MTEP in reducing responding for methampheta-
mine during subsequent time bins is not likely due to a
clearance of MTEP from the brain, as it has been
demonstrated that a 3mg/kg dose of MTEP produces
>75% occupancy of brain mGluR5 receptors for 2h
(Anderson et al, 2003). We also observed that MTEP
reduced the number of active lever presses during the 20s
timeout period following each infusion of the 0.2 mg/kg per
infusion dose of methamphetamine, but not in rats trained
to self-administer food or the 0.1mg/kg per infusion
methamphetamine dose. The reasons for this differential
ability of MTEP to reduce timeout responding are currently
unclear, and need to be addressed in future studies
employing different timeout period lengths and/or different
response requirements for methamphetamine infusion (ie
FR3 or FR5 schedules of reinforcement).

The ability of MTEP to reduce methamphetamine self-
administration and reinforcement may be a rate-dependent
effect. The rate-dependency hypothesis (Dews, 1977; Sanger
and Blackman, 1976) asserts that a psychoactive drug will
increase the frequency of a certain behavior if the baseline
levels of that behavior are low, whereas the opposite will be
true for behaviors that are emitted at higher baseline rates.
In the present study, under an FR1 schedule of reinforce-
ment at methamphetamine doses of 0.1 and 0.2 mg/kg per
infusion, vehicle-treated animals displayed an average
response rate of approximately 0.5 and 0.25 active lever
presses per min, respectively. In contrast, vehicle-treated
animals responding for food reinforcement exhibited an
average response rate of 2.5 active lever presses per min. As
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MTEP reduced overall responding primarily for metham-
phetamine, the effects of MTEP do not fit the traditional
definition of a rate-dependent drug effect. However, the
possibility remains that MTEP reduces responding only
when response rates for a particular reinforcer are relatively
low, and future studies are needed to determine if MTEP
reduces responding for a nondrug reinforcer that produces
response rates similar to those observed in the present
study for methamphetamine reinforcement.

MTEP at a dose of 3 mg/kg also reduced responding for
methamphetamine under a PR schedule of reinforcement,
which is consistent with earlier studies demonstrating that
the mGluR5 antagonist 2-methyl-6-(phenylethynyl)-pyri-
dine (MPEP) reduces responding for cocaine, nicotine, or
alcohol reinforcement under FR or PR schedules of
reinforcement (cf Backstrom et al, 2004; Besheer et al,
2008; Chiamulera et al, 2001; Cowen et al, 2007; Hodge et al,
2006; Kenny et al, 2003; Lee et al, 2005; Paterson and
Markou, 2005; Schroeder et al, 2005; Tessari et al, 2004).
However, some investigators have found that certain
pharmacological agents reduce responding for a drug
reinforcer under FR or PR testing, and not both (Stafford
et al, 1998). Our observations that MTEP attenuated
methamphetamine self-administration under both FR and
PR schedules of reinforcement underscores the notion that
mGluR5 antagonism attenuates the reinforcing effects of
this psychostimulant, and such ligands may be of potential
clinical benefit in the treatment of methamphetamine
addiction.

In contrast to the effects of MTEP on responding for
methamphetamine under an FR1 schedule of reinforcement,
in which observed effects appeared to be confined to the
first 45 min of the session, more striking effects of MTEP on
responding were observed under a PR schedule of
reinforcement. Temporal analysis of responding during
PR testing showed that the 3mg/kg dose of MTEP
suppressed the number of active lever presses during the
first 90 min of the PR session when 0.1 mg/kg per infusion
was used as the reinforcer, and suppressed responding
throughout the PR test session when 0.2 mg/kg per infusion
was used as the reinforcer. Thus, under a PR schedule of
reinforcement, MTEP appears to exert a more dramatic and
prolonged effect on methamphetamine reinforcement than
under an FRI1 schedule, suggesting pharmacological block-
ade of mGluR5 receptors may be more influential on drug
self-administration behavior when response requirements
for reinforcement are exponentially increased. However,
MTEP did not alter the time to reach breakpoint, indicating
that responding for methamphetamine (albeit reduced by
MTEP) persisted for the same length of time as in vehicle-
treated animals. Thus, MTEP appears to reduce the
reinforcing efficacy of methamphetamine as well as
response rates without producing a premature cessation of
responding.

MTEP did not alter overall responding for food under an
FR1 or PR schedule of reinforcement. The former findings
are consistent with findings of a previous study in which it
was demonstrated that MPEP at doses up to 9 mg/kg did not
alter food-maintained responding in rats (Paterson et al,
2003). However, these same investigators later reported that
MPEP decreased breakpoints for food self-administration
under a PR schedule of reinforcement (Paterson and
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Markou, 2005), whereas in the current study we found no
effect of MTEP on breakpoints for food reinforcement.
These discrepant findings could be a result of the increased
incidence of off-target effects of MPEP as compared with
MTEP (Lea and Faden, 2006), as well as procedural
differences between these two studies, such as the use of
an FR5 schedule of reinforcement by Paterson and
colleagues during self-administration training (as opposed
to an FRI in the present study) and the use of a different
strain of rats (Wistar vs Sprague-Dawley rats in our study).
Nonetheless, as shown in Figures 1f and 3e, MTEP appeared
to reduce responding for food during the first 15-30 min of
the FR1 and PR test sessions, although overall effects of
MTEP dose throughout the session were not statistically
significant. Thus, it is possible that under different
experimental conditions, MTEP at similar doses might have
inhibitory effects on food intake (see also Bradbury et al,
2005).

In the present study we also demonstrated that MTEP
reduced cue- and drug-induced reinstatement of metham-
phetamine-seeking behavior, but had no effect on cue-
induced reinstatement of food-seeking behavior. Other
investigators have similarly shown that the mGIuR5
antagonist MPEP also reduces cue- and/or drug-induced
reinstatement of drug-seeking behavior (Backstrom and
Hyytia, 2006; Backstrom et al, 2004; Bespalov et al, 2005;
Lee et al, 2005; Tessari et al, 2004). In contrast to the effects
of MTEP on methamphetamine reinforcement under FR1
and PR schedules of reinforcement, in which only the 3 mg/
kg dose was found to be effective, MTEP appeared to be
more efficacious in preventing reinstatement of metham-
phetamine-seeking behavior, as effects at both the 1 and
3 mg/kg were observed. It is interesting to note that the
magnitude of cue-induced reinstatement of food-seeking
behavior that we observed was approximately 20% of values
that were observed during active food self-administration
before extinction training. However, regardless of treatment
group, the magnitude of cue-induced reinstatement of food-
seeking behavior was statistically significant when com-
pared with those on the last day of extinction training. The
reasons for this ‘partial’ reinstatement of food-seeking
behavior induced by food-associated cues are currently
unknown, and may likely reflect a weaker incentive salience
of environmental cues associated with food as compared
with those associated with methamphetamine. Similar
‘partial’ reinstatement of seeking of natural reinforcers
such as food or sucrose elicited by environmental cues has
been reported by other investigators (Bossert et al, 2006;
Dravolina et al, 2007; Liechti et al, 2007; Liu et al, 2007;
McLaughlin and Floresco, 2007).

MTEP selectively antagonizes the function of mGIuR5
with an in vitro ICs, value of approximately 16 nM, and does
not exhibit significant affinity for other mGluR subtypes
(Cosford et al, 2003). In addition, unlike its predecessor
MPEP, MTEP does not exhibit significant affinity for NMDA
receptors, and thus is considered more selective for mGluR5
receptors than MPEP. Studies examining the displacement
of selective mGIuR5 radioligands in various species have
shown that a 3mg/kg dose of MTEP produces full
occupancy of rat brain mGluR5 receptors within 5min of
i.p. administration, and that this receptor occupancy
remains at >75% for 2h before declining to near 0%



occupancy by 4h postadministration (Anderson et al,
2003). Thus, the 3mg/kg dose was chosen as the highest
dose used in the present study. In addition, the terminal
half-life of MTEP in plasma is approximately 8h in rats
(Green et al, 2006). In light of this moderate duration of
action, we assessed the time to reach breakpoint in each
16h PR test session to control for the possibility that the
delay in onset of responding for methamphetamine
produced MTEP would be countered by a post-drug
elimination increase in responding for the reinforcer.
However, we did not observe any increases in this
parameter following administration of MTEP, suggesting
that the drug did in fact decrease the reinforcing efficacy of
methamphetamine.

The neurobiological mechanisms by which MTEP reduces
methamphetamine reinforcement and reinstatement of
methamphetamine-seeking behavior are unclear at this
point and need to be further investigated. Although
methamphetamine is a potent monoamine-releasing agent,
its ability to potentiate glutamatergic neurotransmission has
been documented (Abekawa et al, 1994; Bustamante et al,
2002; Nash and Maickel, 1999; Raudensky and Yamamoto,
2007; Rocher and Gardier, 2001; Shoblock et al, 2003;
Stephans and Yamamoto, 1995). However, most of these
studies have shown significant elevations in extracellular
glutamate only after high doses of methamphetamine, and
the increases observed tend to be delayed by at least 1h
following drug administration. Despite this, there is a small
body of literature suggesting that glutamate transmission
mediates the rewarding and reinforcing effects of metham-
phetamine. Pharmacological blockade of NMDA receptors
with MK-801 inhibits the development of methampheta-
mine conditioned place preference (Kim and Jang, 1997),
and the administration of the nonselective NMDA receptor
antagonist dextromethorphan decreases intravenous
methamphetamine self-administration (Glick et al, 2001;
Jun and Schindler, 2000). Numerous studies have shown
that mGluR5 receptors are functionally and biochemically
linked to NMDA receptor function (cf Collett and Collin-
gridge, 2004; Homayoun et al, 2004; Pisani et al, 2001;
Ugolini et al, 1999), such that mGIuR5 receptor activation
enhances NMDA receptor function, and the reverse is true
upon blockade of mGluR5 receptors. Given the aforemen-
tioned studies showing that NMDA antagonists reduce the
rewarding and reinforcing effects of methamphetamine, it is
possible that the ability of MTEP to reduce methampheta-
mine reinforcement may be secondary to reductions in
NMDA receptor function. Additional studies examining the
effects of disconnection of mGluR5 and NMDA receptor
function are needed to examine this possibility.

A likely site of action of MTEP in reducing the reinforcing
effects of methamphetamine as well as cue- and drug-
induced reinstatement is the nucleus accumbens, which
expresses high levels of mGluR5 receptor mRNA and
protein (Romano et al, 1995; Shigemoto and Mizuno,
2000; Shigemoto et al, 1993), and is a site where glutamate
neurotransmission is critical for psychostimulant reinforce-
ment and relapse (Baker et al, 2003; Cornish and Kalivas,
2000; Cornish et al, 1999; Di Ciano et al, 2001; McFarland
et al, 2003; Pulvirenti et al, 1992; Schmidt et al, 2005).
Recently, it has been demonstrated that microinjections of
MPEP into the core of the nucleus accumbens attenuate
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cue-induced reinstatement of cocaine-seeking behavior
(Backstrom and Hyytia, 2007). Similar studies utilizing
site-specific microinjections are needed to confirm that
mGluR5 receptors in this region mediate methamphetamine
reinforcement and reinstatement of methamphetamine-
seeking behavior.

In conclusion, we have demonstrated that the selective
mGluR5 antagonist MTEP attenuates the self-administra-
tion of methamphetamine as well as the reinforcing efficacy
of this highly addictive drug under a PR schedule of
reinforcement. MTEP also dose dependently prevented cue-
and drug-priming induced reinstatement of methampheta-
mine-seeking behavior. These results suggest that pharma-
cological agents that reduce mGluR5 receptor function may
be a novel class of ligands that might be of clinical benefit in
the treatment of methamphetamine addiction.
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