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Abstract
Extinction of drug-seeking behavior is a form of new and active learning. Facilitation of extinction
learning is of clinical interest since cue exposure therapies for the treatment of addiction have
largely been unsuccessful in preventing relapse, primarily due to the context specificity of
extinction learning. Recently, several studies have shown that potentiation of glutamatergic
transmission can facilitate extinction learning in rodent models of cocaine addiction. In this study
we investigated the effects of the type 5 metabotropic glutamate receptor (mGluR5) positive
allosteric modulator (PAM) 3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide (CDPPB) on
the extinction and contextual reinstatement of methamphetamine-seeking behavior. Rats were
trained and allowed to self-administer methamphetamine (0.1 mg/kg/infusion) in 2 hr daily
sessions in Context A where self-administration chambers had distinct tactile, visual, auditory, and
olfactory cues. Next, CDPPB (60 mg/kg) or vehicle was administered prior to subsequent
extinction training sessions that were conducted in modified self-administration chambers
(Context B) that were Context A. Following 16 days of extinction training in Context B, animals
were placed back in Context A for assessment of contextual reinstatement of methamphetamine-
seeking behavior. CDPPB failed to produce significant reductions in extinction responding or in
the magnitude of contextual reinstatement of methamphetamine-seeking compared to vehicle
treated controls. We postulate that numerous factors, including methamphetamine-induced
changes in mGluR5 receptor expression or function, may have contributed to the observed lack of
effects. Although these findings initially suggest that mGluR5 PAMs may be ineffective in
facilitating extinction learning or preventing context-induced relapse in methamphetamine
addiction, additional studies are warranted examining effects of other mGluR5 PAMs, particularly
those with improved pharmacological properties and devoid of potential side effects at higher
doses.
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Introduction
Two of the most problematic obstacles to the successful treatment of drug addiction are the
persistence of drug-seeking behavior during attempts at abstinence and the motivational
salience of drug-associated cues and contexts. As a result of the associative over-learning
that occurs during chronic drug use in the presence of specific environmental cues and
contexts, drug-associated stimuli can trigger memories of prior drug use and drug craving,
which increase the propensity for drug-seeking behavior and ultimately relapse[1,2].
Unfortunately, cue-exposure therapies based on extinction of the motivational salience of
drug-associated cues has proven to be disappointingly ineffective in reducing relapse in drug
addicts [3–5]. The ineffectiveness of these approaches has been ascribed to the inadequate
consolidation and/or context-specificity of extinction learning [6–9].

Recently, various studies have demonstrated that pharmacological potentiation of
glutamatergic transmission with ligands such as the N-methyl-D-aspartate (NMDA) partial
agonist D-cycloserine (DCS), α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate
(AMPA) receptor potentiators, or the cystine prodrug N-acetylcysteine reduce extinction
responding following active drug self-administration, reduce re-acquisition of drug intake,
and/or facilitate the extinction of a drug-induced conditioned place preference (CPP) [10–
16]. These data suggest that potentiators of glutamatergic transmission may represent a
novel class of adjunctive therapeutics that may facilitate extinction learning not only in the
context of drug addiction, but other psychiatric disorders such as pathological anxiety [17–
21].

Potentiation of the function of the type 5 metabotropic glutamate receptor (mGluR5) is an
attractive target for enhancing the synaptic plasticity associated with glutamatergic
neurotransmission that is thought to underlie learning and memory processes in both normal
and pathological states. mGluR5 receptors are predominantly localized to the perisynaptic
annulus of postsynaptic dendritic spines, where they are positively coupled to NMDA
receptor function and mediate various forms of synaptic plasticity including learning and
memory [22,23]. mGluR5 positive allosteric modulators (PAMs) enhance synaptic plasticity
in the hippocampus [24], and improve spatial learning [24], recognition memory [25,26],
and reverse deficits in various forms of learning induced by NMDA receptor antagonism
[27–29]. In contrast, mGluR5 receptor antagonism (or genetic deletion) has been shown to
have deleterious effects on learning and memory [30] including the extinction of
conditioned fear [31]. These findings suggest an important role for mGluR5 receptors in
various aspects of learning and memory, including extinction learning.

We have recently demonstrated that the mGluR5 PAM 3-cyano-N-(1,3-diphenyl-1H-
pyrazol-5-yl) benzamide (CDPPB) facilitates the extinction of a cocaine-induced CPP [32]
as well as cocaine-seeking following intravenous self-administration [33]. To determine if
these findings generalize to extinction following self-administration of other
psychostimulants, the present study sought to determine if enhancement of mGluR5 receptor
function would enhance extinction learning following intravenous methamphetamine self-
administration. Since mGluR5 PAMs have been shown to increase synaptic plasticity in the
hippocampus and improve performance in hippocampus-dependent learning tasks [24], we
also sought to determine if CDPPB would reduce or eliminate contextual reinstatement of
methamphetamine-seeking behavior, which is known to be mediated by the hippocampus
[34,35].
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Methods
Subjects

All experimental procedures were performed in accordance with protocols approved by the
Institutional Animal Care and Use Committee at the Medical University of South Carolina.
Thirty male Sprague-Dawley rats (Harlan, Indianapolis, IN), approximately 60 days old
(250–275 g), were received at MUSC in three cohorts, each spaced approximately two
months apart. Prior to shipment, rats were surgically implanted with silastic rounded-tip
jugular vein catheters by Harlan Laboratories Surgical Services, and catheters were filled
with HepLock solution (50% v/v glycerol and 50% 70 U/ml heparinized saline) to maintain
patency during shipment. Upon arrival, rats were individually housed in standard Plexiglas
cages with recycled paper bedding in an environmentally-controlled room (230C, ~65%
humidity) on a 12-hour reversed light-dark cycle (lights off at 0800). All rats were allowed a
one-week acclimation period prior to vascular access port implantation, and a one week
recovery period following surgery during which all rats received free access to food and
water. Following recovery from surgery, rats were maintained under mild food restriction
conditions in which each rat received 20 g of food/day and this schedule was maintained
throughout the remainder of the experiment. Animals were weighed daily to ensure adequate
body weight. All behavioral testing (except for the overnight lever press training session)
took place Monday – Friday during the rat’s dark cycle between 1000 and 1200 h.

Apparatus
Behavioral testing was conducted in 12 self-administration chambers (ENV-008; Med
Associates Inc., St. Albans, VT) that were interfaced to a PC computer and located in sound
attenuating melamine enclosures equipped with ventilation fans. The chambers (28 × 27 ×
22 cm) consisted of two aluminum walls and two clear Plexiglas walls. The ceiling was also
constructed of Plexiglas with a 3-cm diameter hole cut in the center to allow a drug delivery
tether to pass through. The floor consisted of parallel stainless steel rods (0.48 cm diameter)
placed 1.6 cm apart. Each chamber contained a 45mg pellet dispenser, a house light located
1.25 cm from the ceiling, a Sonalert speaker that provided an auditory stimulus (~ 65 dB,
2900 Hz) during drug infusion, one retractable response lever, one stationary response lever,
and two 2.5 cm stimulus cue lights located above each response lever. Response levers were
located 7 cm above the floor of the chamber. Centered between the levers was a 5x5 cm
food pellet receptacle. Each chamber was outfitted with a single-speed automated drug
infusion pump (PHM-100; Med Associates). Tygon microbore tubing (0.5 mm ID) was used
to connect the syringe containing the drug solution to a single-channel liquid swivel that was
mounted to the top of the chamber enclosure. The swivel was then connected to the vascular
access port using Tygon microbore tubing that was protected by a stainless steel tether
(Plastics One, Roanoke, VA). All experimental parameters were controlled using Med PC
IV software (MedAssociates). In order to assess contextual reinstatement using the ABA
renewal paradigm [36], self-administration chambers were temporarily modified to create
two distinct contexts (Contexts A and B) that differed in visual, auditory, olfactory, and
tactile cues. For Context A (self-administration and contextual reinstatement), the self-
administration chambers were used as described above. In addition, a vanilla scented foam
air freshener was used as an olfactory stimulus, and the chamber fan was activated to
provide an auditory stimulus. For Context B (extinction), a smooth acrylic floor was inserted
on top of the stainless steel bar floor to create a different tactile environment, and acrylic
panels alternating in 2.5 cm vertical black and white stripes were added to the front and rear
clear Plexiglas walls to create different visual properties of the chamber. In addition, the
ventilation fan was not activated during testing in Context B to provide a different auditory
environment, and a pine scented air freshener was used as a different olfactory cue. All other
aspects of the chambers remained the same during testing in Context B.
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Vascular access port implantation
Rats with pre-implanted jugular vein catheters were anesthetized with isoflurane (2%)
vaporized in medical grade breathing air at a flow rate of 0.4 L/min. Following induction of
anesthesia, carprofen (2.5 mg/kg s.c) was administered to minimize post-surgical
discomfort. The skin area between the scapulae where the catheter exited the dorsum was
shaved and scrubbed with betadine and 0.1% v/v H2O2. A 2 cm incision was made to
connect the catheter to a backmount threaded vascular access port (Plastics One). The access
port was stabilized to the surrounding tissue using a polyethylene mesh collar and the wound
was sutured closed with 3-0 Vicryl sutures and treated with 2% bacitracin/polymixin B/
neomycin and 5% xylocaine (Henry Schein Veterinary Supply, Melville, NY). The
HepLock solution was then evacuated from the catheter and the catheter was flushed with
0.2 ml heparin (70 U/ml). The access port was then sealed with a piece of Tygon tubing
closed at one end and a protective cap was screwed onto the access port. Rats were then
allowed 7 days of recovery from surgery, during which they received daily intravenous
infusions of 0.1 ml antibiotic solution (100 mg/ml cefazolin) and 0.2 ml heparin (70 U/ml)
to minimize postsurgical infection and maintain catheter patency. Rats were also given daily
injections of carprofen (2.5 mg/kg s.c.) to minimize postsurgical discomfort.

Self-administration procedures
Training—Following recovery from surgery, all rats underwent food-reinforced lever press
training that consisted of a single, 16 hr overnight session in which presses on the active
lever were reinforced with a single 45 mg food pellet (Bio-Serv, Frenchtown, NJ) on an FR1
schedule of reinforcement. Presses on the other (inactive) lever had no programmed
consequences. Most rats acquired operant responding and lever discrimination during the
single overnight training session; however, several rats required a second overnight training
session conducted during the subsequent night in order to learn the operant task.

Methamphetamine self-administration (context A)—Self-administration of
methamphetamine procedures began on the day following lever press training and were
conducted in Context A. Prior to each session, rats were weighed, injected with 0.1 mL of
heparin to ensure catheter patency, placed in the test chambers, and infusion tethers were
connected to the vascular access port. Upon initiation of the session, the active lever was
inserted into the chamber, the houselight was illuminated, and the ventilation fan was
activated. Following each press on the active lever (FR1 schedule of reinforcement), the
syringe pump was activated for 2 sec to deliver methamphetamine (0.1 mg/kg) in a volume
of 0.06 ml. During the 2 sec drug infusion, the stimulus light above the lever was
illuminated and the tone was presented. Following each methamphetamine infusion,
presentation of the stimulus light and tone was terminated and a 20 sec timeout commenced
during which additional active lever presses were recorded but had no programmed
consequences. Responses on the inactive lever were also recorded but had no programmed
consequence at any time during the experiment. Methamphetamine self-administration
sessions were 2 hr in duration and were conducted daily (M-F) from 1000–1200 for a total
of 12 sessions. Following the last session of self-administration training, a matching
procedure based on the number of active lever presses was used to assign the rats to either
the CDPPB (n=16) or vehicle control group (n=14) with equal levels of responding.

Extinction (context B)—Extinction of lever pressing was conducted in Context B and
rats were assigned to different chambers than those during drug self-administration to create
a spatially unique environment. Twenty min prior to each extinction session, rats were
weighed and given a subcutaneous injection of CDPPB (60 mg/kg) or vehicle (10% v/v
Tween 80) in a volume of 1 ml/kg. This dose was chosen based on our previous findings of
effectiveness in reducing extinction responding following cocaine self-administration [33],
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as well as an observed lack of efficacy of a lower (30 mg/kg) dose (n=6, data not shown).
During the extinction sessions, rats were not connected to the infusion tether and did not
receive any drug infusions (to further distinguish the extinction context from Context A). All
other contingencies and drug-related cues present during self-administration of
methamphetamine (i.e., activation of the infusion pump, presentation of the stimulus light
and tone, and a 20-sec timeout period) were present during extinction. Extinction sessions
were 2 hr in duration and were conducted M-F between 1000–1200 for a total 16 sessions.

Contextual reinstatement (context A)—On the day immediately following the last day
of extinction training, all rats underwent a single session of testing contextual reinstatement
of methamphetamine-seeking behavior (i.e., renewal testing) by placing them in the
chambers configured as in Context A. Upon placement in the chambers, rats were attached
to the infusion pump tether and all of the contingencies and drug-related stimuli present
during drug self-administration were present. However, no drug was infused during
reinstatement testing. The single reinstatement test session was 2 hr in duration and
conducted at the same time of day as self-administration and extinction sessions.

Drugs
Methamphetamine hydrochloride was obtained from Sigma-Aldrich Inc. (St. Louis, MO)
and dissolved in sterile saline (0.9% w/v sodium chloride) for intravenous infusion. CDPPB
was custom synthesized by Azopharma Product Development Group (Hollywood, FL)
according to previously published methods [37] and suspended in 10% v/v Tween 80
(Sigma-Aldrich).

Statistical analyses
The primary dependent measures were the number of active and inactive lever presses
emitted during each 2 hr self-administration, extinction, or reinstatement session. The
number of methamphetamine infusions per session, duration of active and inactive lever
presses (as a measure of gross motor changes to drug- and non-drug-directed behavior), and
the number of time-out responses were also assessed. All data were analyzed using either a
repeated measures ANOVA with treatment (vehicle or CDPPB) as the between-groups
factor and session as the repeated measures factor, or as a one-way ANOVA with treatment
as the between groups factor. Because a matching procedure based on the number of active
lever presses emitted during drug self-administration was used to create treatment groups
with equivalent levels of responding, only the statistical analyses from the extinction and
reinstatement conditions are reported. Significant interactions, where applicable, were
further investigated using Bonferroni post-hoc tests. The level for statistical significance was
set at p < 0.05.

Results
Figure 1 shows the number of active lever presses emitted during the methamphetamine
self-administration (SA), extinction, and reinstatement conditions. A significant contextual
reinstatement of methamphetamine-seeking was evidenced by a significant increase in the
number of active lever presses during the reinstatement test session as compared to the last
day of extinction training (F(1,28) = 71.220, p < 0.001). During extinction training, CDPPB
produced a slight trend towards a reduction in the overall number of active lever presses
(mean 20.24 vs. 16.98 lever presses per session for vehicle and CDPPB-treated animals,
respectively), but this difference was not statistically significant (F(1,28) = 1.636, p =
0.211). Similarly, no interaction between treatment group and session was observed
(F(15,420) = 1.071, p = 0.382), suggesting that the pattern of active lever responding
throughout extinction was similar for both groups. The number of active lever presses
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during reinstatement testing was not significantly different between CDPPB and vehicle-
treated rats (F(1,29) = 1.499, p = 0.231). Lastly, when active lever presses during contextual
reinstatement were separated into those resulting in cue presentation and those during the 20
sec time-out period (time-out responses), no significant differences were observed between
treatment groups (F(1,29) = .295, p = 0.592 and F(1,29) = 3.184, p = 0.085 for initial and
time-out responding, respectively).

Figure 2 plots the number of inactive lever presses during the SA, extinction, and
reinstatement conditions. There was no difference in overall number of inactive lever
presses during extinction (F(1,28) = 1.389, p = 0.249) or during contextual reinstatement
(F(1,29) = 0.354, p = 0.557). However, an analysis of the duration of each inactive lever
press revealed CDPPB-treated rats exhibited significantly longer lever presses than vehicle-
treated rats during contextual reinstatement testing (mean duration 1.61 and 0.67 s in
CDPPB- and vehicle-treated rats, respectively; F(1,28) = 6.224, p = 0.019). No group
differences in active lever press duration were observed during the SA, extinction, and
reinstatement conditions.

Discussion
Results from the present study show that the mGluR5 PAM CDPPB did not facilitate the
acquisition of extinction learning following methamphetamine self-administration, nor did
treatment with this compound alter context-induced reinstatement of methamphetamine-
seeking behavior. Based on these observations, it could be speculated that mGluR5 PAMs
may be of limited therapeutic benefit in cue exposure-based therapies for the treatment of
addiction to methamphetamine, which is characterized by high rates of relapse and a lack of
approved medications for the treatment of this disorder [38–40]. However, such a
conclusion may currently be premature, as this is the first study examining the effects of an
mGluR5 PAM on extinction and reinstatement of methamphetamine-seeking behavior.
Clearly, additional studies examining the effects of other mGluR5 PAMs with greater brain
penetrance, improved solubility in aqueous solutions, and fewer side effects at higher doses
are warranted to further explore the potential efficacy of mGluR5 PAMs in the treatment of
methamphetamine addiction.

The observed lack of effects of CDPPB in the present study were somewhat surprising, since
we have previously demonstrated that similar doses of CDPPB facilitate the extinction of
cocaine CPP [32] as well as cocaine-seeking behavior in rats with a history of intravenous
cocaine self-administration [33]. The reasons for these discordant results are currently
unknown. While administration of CDPPB prior to each extinction session had no effect on
the acquisition of extinction learning in the present study, it is possible that administration of
CDPPB following each extinction session might have some effects on the consolidation of
extinction learning, as we have previously demonstrated [33]. In addition, levels of
extinction responding prior to reinstatement testing were slightly higher than those that we
and others have observed following cocaine self-administration. As a consequence, higher
levels of extinction responding may have influenced the effects of CDPPB when
administered prior to extinction training sessions, as well as subsequent context-induced
reinstatement.

Moreover, cocaine and methamphetamine have different pharmacological effects on
monoaminergic neurotransmission which may have contributed to the observed lack of
effects of CDPPB. Cocaine blocks the reuptake of monoamines by inhibiting plasma
membrane monoamine transporters, while methamphetamine acts as a pseudo substrate for
vesicular monoamine transporters, displacing monoamines from synaptic vesicles and
causing an accumulation of these neurotransmitters in the cytoplasm of the presynaptic
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terminal, which are then released into the synaptic cleft due the ability of methamphetamine
to reverse plasma membrane monoamine transporters. Precisely how the different
mechanisms of action of these two psychostimulants affect glutamatergic transmission at
mGluR5 receptors, and thus possible differences in the efficacy of mGluR5 PAMs, requires
further study.

It is also possible that higher doses of CDPPB may be necessary to produce effects on
extinction and/or contextual reinstatement in rats with a history of methamphetamine self-
administration. However, we do not believe that doses of CDPPB higher than 60 mg/kg
would produce observable effects without potentially introducing potential confounding side
effects. First, the vast majority of behavioral studies conducted with CDPPB have shown
effectiveness at doses between 10 and 60 mg/kg; therefore, we do not believe the 60 mg/kg
dose used in the present study to be a lower threshold dose. Second, it has been
demonstrated that high doses (100 mg/kg and greater) of ADX47273, an mGluR5 PAM with
similar potency and dose-response relationships as CDPPB, decrease extracellular levels of
dopamine in the nucleus accumbens [41], which potentially reflects decreased brain reward
function and/or decreased limbic-motor integration, and also suppress vertical locomotor
activity (i.e., rearing) [42], suggesting motor side effects. Thus, we do not believe doses of
CDPPB higher than 60 mg/kg would produce effects without introducing potential side
effects that would confound the interpretation of reductions of responding during extinction
and/or reinstatement. As mentioned earlier, however, testing of mGluR5 PAMs with greater
potency, brain penetrance, and fewer side effects at higher doses is clearly warranted.

Other possible factors that might have contributed to the lack of effects of CDPPB on
extinction and contextual reinstatement of methamphetamine-seeking behavior are the
reported effects of methamphetamine on the expression and subcellular distribution of
mGluR5 receptors in key extinction and reinstatement-related brain regions. For example, it
has been recently demonstrated that place preference conditioning with only 3
administrations of methamphetamine produces a loss of cell surface expression of mGluR5
receptors in the prefrontal cortex (PFC) [43]. If the same phenomenon were to be observed
following active methamphetamine self-administration, it could be postulated that the
sequestration of mGluR5 receptors away from the cell surface would render these receptors
less available for positive allosteric modulation by CDPPB, thereby reducing its ability to
facilitate extinction learning. In addition, repeated administration of amphetamine has been
shown to reduce levels of mGluR5 mRNA in the nucleus accumbens (NAc) [44]. Since the
PFC becomes dysregulated following chronic methamphetamine exposure in humans and
animals [45–49], and PFC-NAc glutamatergic pathways are important mediators of
extinction, relapse-related behaviors and numerous other addiction-related behaviors [50–
52], it is therefore plausible that methamphetamine-induced alterations in the levels and/or
sub cellular distribution of mGluR5 receptors in these regions may have contributed to the
observed lack of efficacy of CDPPB in the present study.

In summary, we observed that positive allosteric modulation of mGluR5 receptors with
CDPPB failed to alter extinction learning or reduce contextual reinstatement of
methamphetamine-seeking behavior. While these findings may initially suggest that
mGluR5 PAMs may not be of potential use in the treatment of methamphetamine addiction
as adjunctive therapies to cue exposure-based approaches, additional studies with other
mGluR5 PAMs with improved pharmacological properties are clearly warranted before this
conclusion can be substantiated.
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Figure 1.
Number of active lever presses emitted per 2 hr session during the last 5 days of
methamphetamine self-administration (SA), 16 days of extinction training (E1–E16) and
contextual reinstatement (Reinst). Data (mean ± SEM) from animals treated with vehicle
during extinction (n=14) are shown in filled symbols, and from animals treated with CDPPB
during extinction (n=16) are shown in open symbols.
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Figure 2.
Number of inactive lever presses emitted per 2 hr session during the last 5 days of
methamphetamine self-administration (SA), 16 days of extinction training (E1–E16) and
contextual reinstatement (Reinst). Data (mean ± SEM) from animals treated with vehicle
during extinction (n=14) are shown in filled symbols, and from animals treated with CDPPB
during extinction (n=16) are shown in open symbols.
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